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Academic papers often end with a callforfurther research—
this one is not so modest. We have started to look inside the

black box ofhigher education, an industry with complex pro¬

duction technologies which still enjoys substantial government

financial support. A major research initiative is needed so that
our understanding of these issues, which at present remains

rather sketchy, can grow and be put to practical use.

G. Johnes, 1999, p. 520.
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Abstract of the thesis

The purpose of research carried out in this
thesis is to make a contribution to knowledge

by empirically examining the applicability
of standard efficiency analysis to the case

of non-profit organisations. The particular
research objects are institutions in higher ed¬
ucation in the UK at their institutional level.

Research questions addressed in this context

are how the characteristics of institutions in

higher education (such as their multiple input,

multiple output production process, their non-

market environment, and the inapplicability
of duality theory) need to be taken into ac¬

count when standard efficiency analysis pro¬

cedures are applied.

In terms of the methodological approach cho¬

sen, a formal representation of the higher ed¬

ucation production process has been sought.
Different aspects of this production process

have been considered, such as (i) the input

perspective (functional link of input to out¬

put), (ii) the output perspective (functional
link of output to cost), and (iii) an intertem¬

poral perspective (consideration of two time

periods). Empirical analysis has been car¬

ried out for the academic years 1994/1995

and 1999/2000 for a total number of 138 in¬

stitutions in higher education in the UK (82

for the intertemporal case). Both Stochastic
Frontier Analysis (SFA—a parametric effi¬

ciency analysis technique) and Data Envel¬

opment Analysis (DEA—a non-parametric

technique) have been used in a complemen¬

tary way when efficiency coefficients were

derived. Results were presented by means of

league tables.

Core findings from the empirical analysis
are that results from SFA and DEA are cor¬

related very low when the output perspec¬

tive is considered. Results are highly corre¬

lated when the input perspective is adopted,
however. Furthermore, despite their different

methodological assumptions, results from the

input perspective are highly correlated with
the ones from the output perspective. It is
therefore concluded that those institutions are

highly cost efficient that are also highly ef¬
ficient in terms of production. As far as the

intertemporal context of higher education is

concerned, there is strong empirical evidence
in the data that there are both institution spe¬

cific and time related (i.e. fixed) effects in UK

xvn



institutions in higher education. analysis in the context of higher education.

Research carried out in this thesis has led to a The contribution made in this thesis there-

number of contributions, namely (i) a critical fore consists of two components, namely a

assessment of the applicability of efficiency theoretical contribution based on the theo-

analysis to institutions in higher education, retical advances made when the higher edu-

(ii) an in depth examination of the higher ed- cation production process was examined and
ucation production process, (iii) a derivation an applied contribution based on the research
of current efficiency coefficients for UK insti- findings as such. Results derived in this thesis
tutions in higher education, (iv) a validation therefore provide a valuable basis for further
of results via a methodological cross-check research in this area both at a theoretical and

(when SFA and DEA were used in a comple- an applied level. The contribution made in

mentary way) and (v) the critical evaluation this thesis is therefore of particular interest
of controversial issues related to efficiency both for academics and practitioners.

JEL Classification: C61, D61,121, L31

Keywords: Economics of institutions, higher education,

productivity and efficiency analysis, non-profit organisations
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Introduction

A recent report titled The future ofhigher education published by clarke [2003] on behalf
of the Department for Education and Skills (DfES) in the UK has suddenly brought the topic
ofhigher education back to the forefront of attention of a wider public in the UK. As a result,
the debate regarding the competitiveness and sustainability of the UK higher education
sector has regained new emphasis. Within this debate, the future of higher education in

the UK is controversially discussed and the difficult situation that institutions in higher
education in the UK find themselves in today has been examined in depth. It is therefore
not surprising that clarke [2003] concludes in his report that both participation in higher
education and resource allocation to institutions in higher education are the two main areas

that require substantial action in the near future in order to ensure the leading role that UK

higher education plays in the world. Reforms to assure competitiveness of the UK higher
education sector both nationally and internationally and at an academic and non-academic
level therefore seem inevitable.

The report published by clarke [2003] finds itself in a 'tradition' of publications
that have examined in great detail the nature and sustainability of the UK higher education
sector [cf. HMSO, 1945, 1963, 1991; Dearing, 1997; DFEE, 1998; Ramsden, 2001].1
Apart from the political dimension of higher education as a topic on the political agenda
and apart from the macroeconomic dimension of the topic as an academic research issue

(e.g. at the sectoral level), the centre of academic interest in this area is very much on the
individual institution in higher education. It is assumed that a differentiated understanding of
institutional aspects of institutions in higher education allows a better understanding of the

higher education sector as a whole.

Despite the research that has previously been carried out in this area, a central ques¬

tion that still remains relatively vague is what happens inside institutions in higher education.
The purpose of this thesis is therefore to examine the familiar, but still curious economics

1



of institutions in higher education with special application to the UK case. Although
economics as a social science has many fields of application, it has taken economists quite
some time to start examining one of the most particular institutions, namely institutions
in higher education, an institution that a considerably large number of economists work
in and almost all of them have been educated in. These institutions are quite particular
for various reasons. Their organisational structures date back to the Middle Ages, their

multiple-input, multiple-output production process is quite remarkable, and higher education
is a representative example for a customer-input-technology production process. Due
to their multiple functions, it remains unclear what the core activities of institutions in

higher education are (in reality) and what they should be (from a normative viewpoint).
Most interestingly, research and teaching are considered to be the most important tasks
of these institutions. However, mission and objectives of these institutions have become
much more diversified and at the same time less (formally) specified (not less specific,

however). Particularly since World War II, the economic, social and political environ¬
ment of institutions in higher education has changed in quite a remarkable way. Since

then, institutions in higher education have increasingly been the subject of economic analy¬
sis and professional research, e.g. most recently within an institutional economics framework.

Economics as a science provides valuable frameworks which help to explain the eco¬

nomics of institutions. Especially within the New Institutional Economics approach [NORTH,

1991; WILLIAMSON, 1998, 2000], new—i.e. alternative approaches to conventional mi-
croeconomic theory—have been developed to explain the complex structures of institutions
in terms of economic theory. Conventional microeconomic theory, however, certainly has
its limits. For instance, one major assumption of this theory is that institutional objectives
are well defined and clear. Another key assumption is that, following the duality theory

approach, institutions in the standard textbook case (e.g. firms) either maximise profits or

save cost. Firms typically engage in 'standard' market transactions where prices exist both
for all units of input and output.

A key question is therefore what happens if these prerequisites for the applicability of

duality theory are not fulfilled. Particular questions of interest are:

- How reliable is economic theory when it comes down to explaining research questions
which lie beyond the standard assumptions that economics as a science makes?

- Is the conventional 'duality approach' applicable even in situations where the frame-
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work and surrounding conditions of institutions are less clear than it is required in the
standard microeconomic textbook case?

Bearing these theoretical and almost philosophical questions in mind, it seems to be sensible
to approach the envisaged research topic from different perspectives. The aim of this doctoral
thesis is to firstly review the theoretical work that has been done in this area. Secondly,

empirical analysis is carried out with the main aim being to expand the stock of knowledge
about institutions in higher education in the UK. This, in turn, is meant to promote a better

understanding of recent changes both in institutions in higher education and within the

higher education sector in the UK (at an aggregate level). Both from the practitioner's and
the academic's viewpoint, these issues seem to be of particular interest since changes in the

past two decades have enormously affected the higher education sector in the UK. In order
to follow a general and comprehensive approach, various econometric techniques and both
static and dynamic approaches will be used for examination purposes. It is assumed that a

sound empirical knowledge about institutions in higher education is of utmost importance in
order to better understand the foundations of these institutions. Given the results obtained

from research in this area, policy implications are derived and recommendations for further

empirical and modelling work in this area will be given.

To motivate the research topic further, it is suggested that institutions in higher educa¬
tion in the UK are a particularly interesting and promising research area for a number of
reasons.

— Firstly, when examining these institutions, existing concepts from the theory of the firm
should certainly be looked at in combination with most recent findings from the New
Institutional Economics literature.

— Secondly, the particular nature of the quasi-market environment of these institutions
should be closely examined. This includes the theory of non-profit organisations and
of higher education as a good. Issues such as public vs. private provision, financing of

higher education, and other market developments (such as increasing competition and

globalisation) might come into play at this point, too [cf. Hanushek, 2002],

— Thirdly, recent developments of the UK higher education sector should also be incor¬

porated into the analysis. Given that there are different dimensions and layers of the
research topic under consideration here, it can be concluded that the topic of economics
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of institutions in higher education is at the focal point of a number of interdependent
research topics.

In terms of a potential contribution to knowledge, the aim of this doctoral thesis is therefore
to examine in detail the somehow familiar, but still relatively unexplored economics of in¬
stitutions in higher education. For the purpose of econometric analysis, UK institutions in

higher education are used as the research object. The time periods under consideration are

the academic years 1994/1995 and 1999/2000. The purpose of research carried out in the

following is to use existing tools and econometric techniques which help to understand insti¬
tutions in higher education better. To achieve this, existing approaches—both theoretical and
econometric ones—will be developed further. The aim of this thesis is clearly not to invent
new theories or to 'revolutionise' economics as a science. To put it in other words, following
boland [1982], the aim of the work carried out in the following is best described as follows.

A 'significant contribution' to neoclassical economics can be made in only two
ways. One can either (1) provide a new application of neoclassical theory, or (2)
provide a proof of a theoretical proposition which is relevant for applications of
neoclassical theory.
[Boland, 1982, p. 156]

This doctoral thesis certainly aims at the former, not the latter. A contribution will be made

by examining the nature of institutions in higher education, their unique production process,

various measures of efficiency, and—based on the findings from research carried out in this

thesis—by giving recommendations for policy implications and economic modelling. Ef¬

ficiency analysis is therefore the 'vehicle' that will be used for the purpose of analysis of
institutions in higher education in the UK. In order for efficiency analysis to be appropriately

applicable to the higher education case, a number of essential prerequisites need sufficiently
to be addressed.

(i) A careful definition of the underlying production process in institutions in higher edu¬
cation seems to be required.

(ii) There has to be awareness (i.e. clearness) regarding the identification (i.e. definition) of

inputs and outputs used in this process.

(iii) The issue ofhow to define, weight, measure, and quantify institutional objectives needs
to be addressed.

(iv) The applicability of existing econometric techniques of efficiency analysis needs to

be critically assessed. In case of a potential misfit (from theory to the case of higher
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education in the UK), alternative econometric techniques or model specifications need
to be defined.

It is hypothesised that these issues need close examination especially due to the particular
nature of institutions in higher education.

In order to give this thesis a better structure and to make the thesis better 'navigate-

able', the research topics mentioned above are organised in the following way.

- Firstly, the familiar, but curious economics of institutions in higher education are re¬

visited in chapter 1. The purpose of this chapter is both to outline why institutions in

higher education are particular and to position the thesis in the wider scientific context.

A comprehensive literature review is provided for this purpose in that section and the
forefront of research in that area is presented as well.

- Secondly, efficiency analysis is carried out for institutions in higher education in the
UK for the case of the academic year 1999/2000. This research topic is looked at in

chapter 2. The aim is to derive current efficiency measures for the institutions under
consideration and to assess the applicability of both parametric and non-parametric ef¬

ficiency analysis techniques to these institutions. Findings from this chapter will serve

as a valuable basis for the research carried out in the following chapters. The focus of

analysis in this chapter is on the outputperspective, i.e. the aim is to derive a benchmark

function that allows comparison of institutions in higher education in the UK w.r.t. their
cost efficiency levels.

- Thirdly, based on the experiences made in the previous chapter, the nature of the higher
education production process is examined in chapter 3. The aim of this chapter is to find
a specifically defined and yet comprehensive model representation of the higher edu¬
cation production process ('parsimonious model specification'). Results from research

findings from this chapter will be used for hypothesis tests, e.g. in order to determine
whether certain kinds of institutions in higher eduction in the UK (e.g. 'old' ones) are

more efficient than others (such as e.g. 'new' ones). The perspective chosen in this

chapter is called the input perspective since the focus of analysis is on the derivation
of a higher education production process and on the assessment of institution specific

productive efficiency.

- Fourthly, in order to account for heterogeneity and in order to assess efficiency changes
in UK institutions in higher education, the data basis is extended in chapter 4. Two time
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periods—namely the academic years 1994/1995 and 1999/2000—will jointly be looked
at for research purposes in this chapter when an intertemporal perspective is adopted
for research purposes. In continuation of the general and comprehensive approach
followed in the previous two chapters, efficiency changes are examined by applying
both parametric and non-parametric efficiency analysis techniques. Heterogeneity in
institutions in higher education in the UK is analysed by means of estimating 'fixed
effects' models. Depending on the purpose of the analysis, model specifications based
both on the output perspective and the input perspective will be used when changes in

productive and cost efficiency are examined.

Although each chapter builds upon the research findings from previous chapters, each chapter
is a unit on its own and can be regarded as an independent piece of research. At the beginning
of each chapter, motivation, methodological background, recent findings from neighbouring

research, data, definitions, and econometric techniques used in that chapter are outlined

according to their specific requirements.

Theoretical contributions can be found in the first part of the thesis (part I, chapter 1),

applied ones in the second (part II, chapters 2 to 4). A summary of results is provided in the
third and final part of the thesis (part III, chapter 5).

The thesis concludes in chapter 5 by summarising main research findings from all

chapters. In addition, the overall contribution to knowledge of this doctoral thesis is outlined
and implications for policy design and economic modelling are derived. Finally, an outlook
for further research is provided at the end of the thesis.

Figure 1 on page 7 shows a 'stylised mind-map' of all parts of this thesis. The 'stylised

mind-map' indicates the thematic interdependence of all parts of the thesis. It is clearly
visible how all parts of thesis are thematically linked and how they influence on each other.
The structural overview of the thesis will be provided at the end of the following chapter
once individual aspects of the topic have been worked out and once the structure has been
established (see section 1.8, figure 1.5 on page 104 for further details).

The general foundations of the topic of this thesis are outlined in the following chap¬
ter when the familiar, but curious economics of institutions in higher education are examined
in greater detail.

6



(A
cd CL

3
CL i

3 o

'-+5
3*

(T)

3

n>

H

cr
cd

3
£>

O-

cd
T3

cd

3
cl O)

3 O

cd
X2

&
a

C/3

O
-h

3

Revisitingthefamiliar, butcuriouseconomics
ofinstitutionsinhighereducation

Efficiencyanalysisfor institutionsinhigher educationintheUK: Outputperspective Thenatureofthe highereducation productionprocess: Inputperspective

Economicsof institutionsin highereducation.
Heterogeneityand productivitychangesinthe UKhighereducationsector Efficiencyanalysisin non-profitorganisations:

^Empiricalevidencefrominstitutions, mihighereducationintheUK^



Endnotes

1The 1945 report is conventionally referred to as the Asquith Report. The publication by
HMSO [1963] is also known as the Robbins Report, named after the chairman of the commission,
Lord Robbins. In the U.S.A., reports into the nature of higher education are regularly published
by e.g. the Carnegie Commission on Higher Education [CCHE, 1971, 1972, 1973, 1976, 1987,
1994], the National Science Foundation (NSF) [NSF, 1996, 2000a,b] or the U.S. Department of
Education and the U.S. National Center for Education Statistics [NCES, 2000]. With the main
focus of the analysis being on the UK higher education sector, specific development of the U.S.
case are not taken into account at this point.
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Chapter 1

Revisiting the familiar, but curious
economics of institutions in higher
education

1.1 Purpose of this chapter
Economics as a social science offers quite a diversified set of methodological tools that allow

examination of institutions. Examples of these 'tools' are e.g. the theory of the firm (as a rather

complex methodological set) and the duality theorem (within the theory of the firm). Both are

important parts of standard microeconomic theory. As always with methodological tools, the

question is what the assumptions are for the tools to be valid and applicable. Further issues of

discussion are what happens if organisations are looked at, which—at first glance maybe—do not

fit into the framework set up by these standard assumptions.

Research in the following focuses on institutions in higher education. Due to their high

degree of complexity and due to the vagueness regarding their objectives and production process,

there is—despite the increasing amount of research carried out this area—little knowledge about

how these institutions function inside. The purpose of this chapter is therefore to examine the

familiar, but still curious economics of institutions in higher education. This is a prerequisite for
the research that will be carried out in the following chapters. Furthermore, the research topic
of this thesis as a whole is positioned in its wider scientific context. A preliminary definition for
'economics of education' will be sought and the peculiar economics of knowledge production (as

it is sometimes called) will be reflected upon. Institutional characteristics as well as particular

features of non-profit organisations in general and those of institutions in higher education in

particular will be examined.

Research carried out in this chapter therefore pursues three main purposes, namely,
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1. firstly, to review the state-of-the-art literature regarding institutions in higher education and

other relevant research areas,

2. secondly, to define research questions for the remainder of the thesis, and

3. thirdly, to choose an appropriate methodological approach that bears in mind the complexity
and heterogeneity of the research object that will be at the centre of attention later on:

institutions in higher education.

The structure of this chapter is as follows: The foundations of economics of education are sum¬

marised in section 1.2. The economics of knowledge production are looked at in section 1.3. Insti¬

tutions in higher education are characterised in section 1.4. Specifics of the UK higher education

sector are highlighted in section 1.5. An attempt to model an institution in higher education by us¬

ing standard microeconomic theory is carried out in section 1.6. Research questions are identified

in section 1.7. Finally, the methodology used in this thesis is outlined in section 1.8. A schematic

overview of the thesis will be presented on page 104.

1.2 Economics of education

1.2.1 Economics of education and specifics of the academic labour market
A retrospective
A brief, retrospective review aims at highlighting the scientific origin of economics of education
as a scientific research topic. Both its origin and most recent developments in that area will be

outlined, too.

A first treatment of the economics of education and herein especially of higher education

was first published in 1918 and goes back to Veblen. He proposed economic explanations of
the institutional behaviour of universities, especially in the light of the introduction of business

principles to university policy. This was a novelty at that time. More systematic treatments of the

topic were carried out by Nelson [1959] and Arrow [1962], Both authors laid fundamental

groundwork for the economics of education as a research area of its own within economics.

Looking at the economics of education and at the nature of education as a good, they conclude

that due to its characteristics of non-rivalry and non-excludability, scientific knowledge is to be

considered as a 'public good'. As with any public good, there is a market failure associated

with its provision. Hence, the state has a legitimate role in taking responsibility for the support

of parts of scientific research.1 In 1966, the issue of economics of education was for the first

time discussed at an international conference level supported by the UNESCO [robinson and

vaizey, 1966]. From that time onwards, there was increasing interest in topics such as the
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economics of education both at an academic and applied level. Clearly, the discussion was under

the influence of economic growth, prosperity, and the growth of the world population. Obviously,

growth theory played an influential role within this discussion. One of the participants of the

conference, Papi [1966], stressed the outstanding role education plays in the general framework

of production theory and its influence on growth. Papi concluded that there is decreasing
influence of elites in a world of increasing mass civilisation. As a result, education, he argues,

becomes a mass good and institutions in higher education would change from elitist to mass

institutions [see e.g. greenaway and haynes, 2000, chap. 1, for similar ideas].

A book on the economics of education published by Vaizey [1962] provided much of the

groundwork for further research that was subsequently done in this area. In his book, vaizey

applies economic analysis to education. He stresses the public importance and urgent topicality

of the subject. In the course of his book, Vaizey also derives a kind of 'working definition'

for the economics of education. The author focuses on the typology of education as a good, the

social and private returns to and the expenditure on education and the finance of education. A

key question herein is whether or not education should be a consumption or an investment, a

public or a private good. In addition, Vaizey examined productivity issues of education and
the relationship between education and economic growth. However, until then, there was no

coherent definition of what economics of education precisely meant. Blaug [1970], for instance,

analyses the topic of economics of education more in a growth theory framework by looking
at the formation of human capital in the context of economics of education. At the same time,

blaug also incorporates topics such as educational planning, cost-benefit analysis of education,

social and private returns to education and the microeconomic foundation of economics into his

analysis. The issue of efficiency in education institutions, for example, is looked at in terms

of resource allocation and productivity. Amongst blaug's main findings is that educational

institutions pursue multidimensional objectives [blaug, 1970],

sheehan [1973] chooses a slightly different approach towards the topic of economics of
education. The author approaches the topic from both a theoretical and a political point of

view when looking at the supply and demand for education, private and social rates of return to

education, investment in education, and economic growth. sheehan adds a political dimension
to the topic by examining educational planning, finance of education, and the supply and demand
of teachers.2

13



From the 1980s onwards, there has been a significant increase in the interest of economics

of higher education as a research area. At the same time, the topic is looked at from a broader

perspective. Atkinson [1983], for instance, analyses the political dimension of funding of
education and the allocation of resources and funds with special application to higher education
institutions. At the same time, the author gives a detailed analysis of the funding situation in the
case of UK higher education institutions [see Atkinson, 1983, chap. 6], Until now, the question
of how to finance higher education still remains at the heart of the currently ongoing debate

among academics, practitioners and politicians.3 A second important issue is whether higher
education should be provided publicly or privately. This issue will be looked at later on in this
section. atkinson points out that there is a close link between education and equality.

Blaug [1985] examines the characteristics of education when asking 'Where are we now

in the economics ofeducation?' by looking at the economic side of education. blaug's main

finding is that the economic value of schooling has increased significantly and that education
has changed its own character away from the old-fashioned belief that education only enhances

cognitive knowledge to a much wider range of aspects that are nowadays associated with

education. Among these new aspects are, for instance, the socialisation function ofeducation and

the screening hypothesis.

However, in the current literature, the technical term economics of education is not uni¬

formly defined. A coherent definition cannot be found easily. It also remains unclear to what

extent tertiary education is incorporated into the analysis when the term 'education' is used.

Usually, the term higher education is used in such a case in order to distinguish it from education
in general. Judging from the scientific viewpoint, it is certainly desirable to interpret both

economics and education in a broad sense and to refine the definition given the specificity of the

context in which the two topics are looked at; in such a case, economics therefore implies all

aspects of economic life. Education should also be defined in a broad way so that it encompasses

all kinds of education, and not necessarily the primary and tertiary education sector. One fact

seems to be striking from the current analysis, however. The issue of economics of education

cannot be treated separately without looking at its main protagonists. Both producers and
consumers need to be named in this context. Given the specifics of the higher education situation,

this could be e.g. institutions in higher education and academics on the production side and

students, the labour market and other industrial sectors on the consumer side.
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A comprehensive analysis of the economic of higher education can be found in West

[1995], Firstly, he examines the economics of higher education by first using techniques of

public finance and welfare analysis. Secondly, he uses models which are connected with the

economic theory of organisation. Thirdly, he looks at the issue through the approach of public

choice, i.e. from a political economics point of view. Most interestingly, the author points out

that there are potential conflicts arising from these three different approaches. In terms of public

finance, West uses a conventional cost-benefit approach when estimating returns to higher

education. For this purpose, he derives measures of return to education, which account for

different levels of qualification and other externalities. Furthermore, he examines issues like

signalling aspects, loan market efficiency and equality of opportunity for graduates from higher
education institutions. west uses the theory of economic organisation for his purpose in a way

that allows him to examine both private and public provision of higher education separately.
He carefully examines the non-profit nature of private universities and points out that although

universities have non-profit status, this does not mean that they do not have a profit motive.4 In

this context, fees paid by students and value for money do play an important part. West also
looks at issues of private property of knowledge, and examines to what degree private universities

compete with public institutions. There is, however, a continuous threat, as West puts it, from

public universities as they form a kind of public monopoly. Finally, west applies the theory of

public choice in order to examine bureaucracies and inefficiencies in universities. One of West's

main findings is that:

Typical public universities have conventional bureaucracies that are interested in ex¬

panding their own budgets and in enhancing the welfare of administrators and others
involved on the supply side. The inefficiency of such bureaus stems largely from their
monopolistic position.
[West, 1995, p. 163]

West delivers an interesting characterisation of institutions in higher education. Referring to

recent findings of ORSECHOWSKI [1977], he emphasises:

Insofar as bureaucracy increases the costs and reduces the efficiency of education,
the freedom and encouragement of the genuine scholar is seriously impaired. His
working environment is likely to become the subject of tight routine and regulation.
Furthermore, the administrative hierarchy with which he is saddled will attempt to
direct his energies toward obtaining the maximum financial return from government
to pay the salaries of all participants, including those of administrators and of the
least efficient academics.

[WEST, 1995, pp. 163-4]

West [1995] predicts that university administrators want to divert resources away from in¬
struction in order to focus on enrolment since public funding is linked directly to the number
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of students. west concludes by pointing out that within the higher education sector there are

particular interest groups (such as politicians, bureaucrats, teachers) whose interests are more

taken into consideration than others' interests. These groups influence the structure of the higher

education sector. The outcome is not necessarily pareto-optimal; instead, asymmetries in political

power potentially lead to conflicts.

Several protagonists in the field of economics of education, and herein especially of the
one of higher education, have already been mentioned. The purpose of the following section is to

look in detail at academics by examining the specifics of the academic labour market. The idea
behind this procedure is that a good understanding of structures of the academic labour market

helps to understand the economics of institutions in higher education.

Specifics of the academic labour market

Looking at the input side of the higher education production process, rothschild and white

[1993] find that labour supply is of importance for the overall quality of the final output that
institutions in higher education produce. Four specifications of the academic labour market need
to be highlighted at this point.

(i) There is competition for highly qualified staff within the academic labour market.

(ii) In academia, there are labour market institutions that are unique to institutions in higher

education. One example is tenure.

(iii) As in any labour market, compensation and contract design are two predominant issues.

Compensation of academics certainly differs, mainly due to the non-profit nature of institu¬
tions in higher education.

(iv) As in any organisation, agency relationships, i.e. differences or divergences in objectives
between principal(s) and agent(s)—both potential stakeholders of common or diverging
interests in this setup—complicate the overall situation.

These four aspects will briefly be examined in greater detail in the following. A first starting point
will be compensation theory in conjunction with agency theory.

Compensation, contracts and agency relationships
Katz [1973] points out that defining criteria for how to reward academics is difficult. The process

of wage determination is less clear than it is in a privately-owned, for-profit company. Sometimes,

promotion decisions in the academic labour market are not obvious. Very often, teaching ability
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or productivity issues are not taken into consideration. Transparency is not always given. Most

surprisingly, the findings provided by Katz still seem to be topical today. If looked at from a

broader perspective, they reveal the general difficulty that is associated with compensation. The

wider economic context of compensation issues is certainly the one of agency or contract theory

in general.5 One the supply side, there are signalling problems, similar to the ones outlined by

Spence and Zeckhauser [1971]. One the demand side, the question of how to design con¬

tracts in an optimal way is of importance. This issue has e.g. been looked at by Hart [1991]. Fur¬

ther complications are that academics are quite idiosyncratic people [Sloane and Williams,

1994, 2000; sloane and ward, 2001], Secondly, there are agency situations. According to

ross [1973], the main idea behind agency situations is that there is a potential divergence of

objectives between the principal (e.g. university administration or departments) and the agent,

i.e. the individual academic. This situation might lead to conflicts on the one hand. On the other

hand, the question for the principal is how to motivate and compensate his agent(s) in a way which

ensures his participation. One idea behind compensation mechanisms is how to design incentive

structures to ensure that the agent is

(a) motivated enough to accept the contract (in comparison to an outside offer) and

(b) at the same time enthusiastic enough not to pursue his own objectives, but to be encouraged

enough only to work for the principal.6

Since monitoring is costly, the principal cannot always monitor the agent [Dye, 1986]. This

incomplete information about both the agent's ability level and his real ability level lead to a

situation where the principal needs to motivate the agent via the tool of contract design. The idea
is that an optimal contract provides enough incentives for the agent not to shirk.

The question of how to design the working contract is, however, not a problem that is

unique to academia. Harris and Raviv [1979] use the foundations of agency theory outlined

by e.g. ross [1973] and Holmstrom [1979] in order to analyse if an optimal incentive

structure exists in an imperfect information context. This idea was later taken up e.g. by Harris

and Raviv [1978], Fama [1980], Eaton and White [1982, 1983], Gjesdal [1982],

Nalebuff and Stiglitz [1983], Holmstrom and Milgrom [1987], de Groot [1988],

and Holmstrom and Milgrom [1994], who focus on incentive issues within the agency

framework. Most interestingly, weitzman [1980] finds that a potential 'ratchet effect' needs

to be taken into account when contracts are designed. The idea behind the 'ratchet effect' is

that agents face a dynamic trade-off between present rewards from good current performance
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and future losses from the assignments of higher tasks. This idea is certainly applicable to the
academic labour market, too, and shirking is also present in academia although it is mainly

reported for non-academic labour markets [Shapiro and stiglitz, 1984; Besanko et al.,

2000]. Optimality of contract design and the question of how to reward agents are two essential
features of agency situations [eaton and White, 1982, 1983]. In some cases, rewards are not

even positive, but negative [penalties for the 'misbehaviour' of agents Eisenhardt, 1989]. In

such a case, agents experience a utility loss instead of a utility gain due to their own mistakes

[Sampson and Albertson, 2000],

Further complications arise in the academic context if there is not a single, but multiple

agents [Demski and Sappington, 1984; Bernheim and Whinston, 1986; Gupta and

Romano, 1998]. Motivation and the design of contracts are especially important since it is

reported that academics are more and more involved in administrative work which gives them
less freedom to undergo research. As far as these agency situations are concerned, the academic

labour market certainly does not differ to a large extent from any other labour market. Key

questions are how potential agency situations can be solved and what appropriate remedies there

are in order to overcome negative side effects of existing agency situations.

An interesting extension to the conventional intra-organisational agency model is proposed

by Goudriaan and de Groot [1991] for the context of U.S. American research universities.

The authors model a formal principal-agent model by covering the relation between a central

government (the principal), and the agent, a local government or the executive agency, namely
a university. Using a conventional utility maximisation approach as a starting point, different

utility functions are set up which capture differences in the specifics of the higher education

production process. Once the formal model has been set up, goudriaan and de groot

provide empirical analysis and test the robustness of their model. A key feature of the model is
that there is imperfect information regarding the cost structure of the agent. One of the findings

is that regulation can reduce variable cost. The effectiveness of regulation, however, depends

crucially on the quality of central information on the relevant parameters. The analysis carried

out by Goudriaan and de Groot is also applicable to different higher education systems. In

this case, the results provide interesting insights into how regulation and imperfect information

can affect the structure between a central government and a university.

Contracts and compensation are not the only particularities of the academic labour market.
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In the following, further specifics, such as tenure, will be looked at.

Tenure

The academic labour market is special in a sense that there is tenure. Tenure is a job market

institution, which guarantees permanent employment. It is also a guarantee of status and lifetime

income prospects. Due to the narrowness and the specificity of the academic labour market,

tenure ensures attractiveness of academic jobs. The term tenure is uniquely applied to the

academic labour market, although there are similar labour market institutions in the private sector.

Examples are schemes offered by private companies, e.g. permanent employment combined

with pension schemes or seniority. The issue of academic tenure has e.g. been looked at by

McPherson and Winston [1983], Carmichael [1988], Brown Jr. [1997] and Mcpher¬

son and schapiro [1999]. mcpherson and winston [1983] describe tenure as a kind

of job security which has some desirable, but also undesirable characteristics. To a degree, job

security is assumed to be necessary in order to ensure and to protect academic freedom. Secure

employment is a prerequisite to ensure the production of academic knowledge. Promotion and
tenure decisions are important issues within academic institutions. Tenure decisions are usually

taken by peer review or peer judgement, following a peculiar kind of professional ethics in aca-

demia [Matthews, 1991], and not, as it is the case in the private sector, in a hierarchical manner.

One the other hand, tenure decisions are only taken after a long probationary period (as a

means of performance monitoring) in order to reduce the risks that are associated with employing

an unsuitable candidate. McPherson and Winston [1983] argue that tenure as a labour

market institution favours the process of self-selection. In general, universities face problems

of moral hazard and adverse selection, too. The longer the probationary period, they argue, the

greater the tendency to screen out those workers who do not fit into the academic environment.

McPherson and Winston conclude by saying that once tenure status has been granted,
there is a serious problem with motivating senior academic staff.7 Finally, mcpherson and

Winston suggest alternative forms of contracts, such as shorter term contracts, as an alternative.

The authors do find that the institution of tenure is an integral part of how universities function
and that the tenure/probationary system is a response to the highly specialised nature of academic

work and to the long training periods that are required.

brown Jr. [1997] links the academic labour market institution tenure with a property

right explanation. This is interesting insofar as it combines the idea of university governance,

ownership, control with property rights and brings in new dimensions to the topic. It also closes
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the gap between agency theory, incompleteness of contracts and transaction cost economics.
Brown Jr. concludes that the lack of shareholders in the universities necessitates alternatives

for decision making. Due to the particular organisation of universities, faculty plays an important

role as they have residual claimant status, valuable knowledge and information [see, e.g. james

and Neuberger, 1981; James and Rose-Ackerman, 1986], Therefore, tenure is needed to

give a faculty the protection to freely evaluate and criticise administrators' and trustees' decision.

This finding leads Brown Jr. [1997] to define tenure in the following way:

Tenure is part of an evolutionary attempt by colleges and universities to respond to
the unique organizational arrangement arising from their non-profit operating status
and specialized purpose.

[Brown Jr., 1997, p. 459]

brown Jr.'s quotation underlines the complexity of institutions in higher education. This

finding is also supported by FERRIS and McKNEE [2002] who outline the complexity that

is related to tenure decisions. Therefore, topics such as the 'non-profit operating status',

'organisational arrangements' and 'specialised purposes' need further examination for the HE

context later on. This detailed treatment of governance issues, internal organisation of institutions
in higher education and their non-profit status will be postponed (see section 1.4 for details).

So far, findings derived by McPherson and Winston [1983], Sloane and Williams

[1994, 2000], Sloane and Ward [2001], and Hare [2000a] have highlighted some of the

characteristics of the academic labour market. Explanations for its specificity have also been

provided. The aim of the next section is to look at two aspects, which have been ignored so far,

namely competition and regulation.

Competition and regulation
Institutions in higher education face competition especially as far as the input side of the pro¬

duction process is concerned [McPherson and Winston, 1983; Rothschild and White,

1993], Competition is multi-dimensional. One aspect is competition for staff and students. This
idea is dealt with by e.g. Anderson [1975] and Jones [1985], In his article, Jones points out

that that inter-institutional competition in the post-secondary education sector leads to a duplica¬

tion of educational services and a reduced quality of education. Especially in the case of U.S.

American universities, competition among private and public institutions could lead to a 'crowd¬

ing out', since private institutions might more financial means than public ones. As a result,
there is both market segmentation and a wider variety of educational options offered to students.
JONES stresses that regulation is needed in order to reduce hostile competition among institutions
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in higher education. Regulation of educational services therefore involves influence over

(i) the mix and distribution of instructional services provided,

(ii) control over new services offered,

(iii) control over implementation of technological change,

(iv) influence over resource allocation decisions, and

(v) control over prices charged and further limitations which prohibit competition.

JONES [1985] concludes by saying that the government plays an important part in the regulatory

game—regardless of whether competition in HE is treated as desirable or not.8

Regulation and the role of the government in the 'regulatory game' [as jones, 1985, calls

it] cannot be ignored. Regulation is closely related to competition (and vice versa). This point
of view is supported by the findings of johnes and cave [1994, for the higher education

case] and Hoxby [1994, for education in general], who examine increasing competition among

educational institutions.9 johnes and Cave [1994] provide a formal model whereby two

institutions in higher education both compete for the provision of educational services. Both

prices and output levels need to be determined. The authors manage to show that combinations
of prices and quantities are not optimal. Competition, imperfect information and strategic
interaction lead to a pareto-suboptimal outcome. By adding funding mechanisms to their models,

johnes and Cave show how incentives, yardstick competition and strategic interaction among

institutions in higher education influence the market outcome.10 Furthermore, quality regulation
is important, too. johnes and Cave [1994] summarise their findings by saying that changes in
the institutional management arrangements and changes in funding mechanisms have, especially
in the case of the UK, had a remarkable effect on institutions in higher education. The whole

higher education system can be characterised by expansion (especially in terms of student

figures), on the one hand, and declines in public funding on the other hand. According to johnes

and Cave, quality control still remains an issue especially since the use of statistical indicators

in the context of higher education can be problematic.11 Finally, johnes and Cave mention the

issue of broadly uniform subject-adjusted prices. The authors point out that this has the effect of

distorting the operation of the quasi-market in favour of cost equalisation and quality regulation.
johnes and Cave conclude that current quasi-market environment of institutions in higher

education has demonstrated its capacity to reduce cost, but it is quite probable that a fuller market

system is required to ensure that the needs of students and employers are satisfied. However,
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following HOXBY [1994], the relationship between competition and quality of education in
general seems to be less clear.12

Competition and regulation are two important aspects that characterise the economics en¬

vironment of institutions in higher education. Although there is inevitably competition among

institutions in higher education e.g. for students and well-qualified staff, government regulation

prohibits the development free market mechanism in the higher education sector.

The economic environment of institutions in heavily influenced by two further aspects,

namely provision and financing of higher education. These two aspects will be looked at next.

1.2.2 Provision and financing of higher education

Traditionally, two further issues dominate the discussion about economics of education. The first
one is whether education, as a (quasi) public good, should be provided publicly or privately. The
second topic is how education, and especially higher education, should be financed. Both problem
areas will be looked at briefly in the following.

Provision of higher education
The discussion whether education, and especially higher education should be provided privately
or publicly is part of a long and ongoing discussion. This discussion is currently being held in
many countries where higher education is traditionally provided publicly (such as e.g. the UK
and Germany). Examples for this debate at a formal level can be found in Hart et al. [1997]
for the case ofprovision ofprison services. The discussion 'public vs. private?' is part of a much
wider debate about deregulation of public services, which affects many industrial sectors (such

as, e.g. railway, electricity, water). In most cases, the question of how to provide public goods
and services is linked to the one of how to finance them. Due to the multi-layered nature of this

problem, a small selection of arguments will be presented in the following.

Frank and Opitz [2000] examine the case of provision of higher education in Ger¬

many. The authors analyse the nature of German higher education in comparison to examples
from the U.S.A. Strengths and weaknesses of both systems are examined. The authors find
that provision and competitiveness of higher education play an important role. The German

higher education sector has traditionally been quite uniform without a clear hierarchy among

institutions in higher education. One reason is that the German State has eliminated mechanisms
which encourage quality signalling both from (potential) students and from institutions. Since

22



institutions in higher education are all publicly funded by the State Government, German

universities enjoy less autonomy in terms of selecting their own students.13 According to Frank

and Opitz, German higher education is per se egalitarian and undifferentiated where reputation

building at an institutional level is not as important as this might be the case in the U.S.A. Frank

and Opitz do not conclude whether or not public provision of educational services is superior
to private provision.

For the UK case, Greenaway and Haynes [2000] provide an in depth analysis of the
current nature of higher education and outline major reform potential. The authors of this study

find that since the UK higher education sector is characterised by increasing student figures and

decreasing public spending (i.e. public funding per student is declining), alternative sources of

funding need to be found. A possible reform of funding, however, needs to fulfil certain criteria

in order to be socially acceptable [Greenaway and Haynes, 2000, p. 107],

- Firstly, social exclusion needs to be reduced.

- Secondly, the resource base needs to be enhanced.

- Thirdly, wasteful regulation needs to be abolished and new funding arrangements need to

be cost effective to administer.

Due to the extremely high amounts of funding required for the UK to achieve OECD standard, it
is however unlikely that funds will be fully provided publicly. It becomes clear that also in the

UK case provision of higher education and financing are closely linked and cannot be looked at

separately. Since the issue of financing higher education is of utmost importance in this context,

this issue will be looked at in the following.

Financing of higher education
Provision of higher education is closely linked to questions of how to fund it. Given tight financial

situations in almost all higher education sectors, financing, control and efficiency are topics which
are heavily discussed among practitioners, politicians and academics [reported e.g. by Jones

et al., 1986, for the U.S. case]. The question of how to finance higher education is also linked
to two further questions, namely

(i) what the cost structure of institutions in higher education is and

(ii) how access to higher education should be granted.
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The discussion regarding a derivation of a cost function for institutions in higher education will
be looked at later on in section 1.4. Financing of institutions in higher education includes two

separate aspects, namely first the one of funding and then how to charge 'customers' for higher
education. As outlined above, the question of how to fund institutions in higher education is
linked to the one of how to provide educational service.

Since there is a decline in public funding per student and since it is unlikely that increases

in expenditure for higher education will be paid for by the tax payer, alternative forms of

funding need to be found [Greenaway and Haynes, 2000, p. 107]. The authors suggest three
alternatives to current funding mechanisms in place. In their paper, Greenaway and Haynes

consider

(i) differentiated fees (to recognise that costs vary from one programme to another),

(ii) vouchers, or

(iii) graduate taxes

as alternative forms of funding higher education.14 greenaway and haynes point out that

higher education is socially exclusive; therefore, scholarships and income contingent loans and

carefully targeted access policies should be used as means in order to increase participation

from less privileged families and to reduce social exclusion in British universities. Furthermore,

Greenaway and Haynes [2000, p. 109] argue that an effective loan system could also lead to

a reversal of the erosion of quality in British higher education. The question remains if all three

alternative funding mechanisms can be compared from a formal viewpoint. This has been done

by garcia-penalosa and walde [2000] from a theoretical viewpoint.15

Garcia-Penalosa and WAlde [2000] examine the efficiency and equity effect of

these three financing systems for higher education from a formal viewpoint. For this purpose, the

authors compare the traditional tax-subsidy system to a loan scheme, a loan scheme with income

contingent re-payments, and a graduate tax. Alternatives to the traditional, tax based subsidy

system of higher education need to be found. If higher education is fully financed by a general

tax (borne by all citizens), only those benefit from the tax who actually participate in higher

education. garcia-penalosa and walde provide a formal model where perfect capital

markets are used as a benchmark case. The authors then examine three alternatives:

(i) a lump sum tax,
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(ii) a graduate tax system, and

(iii) a loan scheme under uncertainty.

The main finding of the paper by Garcia-Penalosa and WAlde [2000] is that given gov¬

ernments want to attain efficiency, equality of lifetime incomes, and equality of opportunity, the

traditional system cannot simultaneously achieve these three targets. Therefore, alternative sys¬

tems need to be implemented. Under certainty, all three alternatives are considered identical

[Garcia-Penalosa and WAlde, 2000], If there is uncertainty, then the systems differ in the

way in which education costs have to be re-paid. An income-contingent loan system is similar to

a graduate tax system and has most of the advantages over the traditional system that the graduate

tax has. Both systems provide insurance and therefore result in a more efficient number of stu¬

dents. As maximum repayment per student under the income contingent loan system is limited to

the loan plus interest, a general tax is still needed to subsidise reverse redistribution. This again

implies reverse redistribution—in contrast to the graduate tax. Garcia-Penalosa and WAlde

[2000] sum their finding up by saying:

As an income-contingent loan system is not necessarily more efficient, a graduate tax
system can be advocated as an improvement of systems currently in place.
[Garcia-Penalosa and WAlde, 2000, p. 720]

It can been concluded from the analysis above that financing of higher education has both a

political and a theoretical dimension. This discussion is a substantial part of the economics of

education topic. In the following, the core findings regarding the economics of education will be

briefly highlighted.

1.2.3 Concluding remarks: Economics of education

Economics of education as a research area is well established in the current economics and

education literature. There are many aspects and different layers of the topic. Due to its

complexity and multi-layered nature, it remains difficult to derive a coherent definition of what

economics of education is; a wide range of topics is usually summarised under the headline

'economics ofeducationImportant aspects, such as the cost and benefit analysis of education,
returns to schooling, the academic labour market, provision, and finance of higher education have

been looked at in the section above. However, it still remains to examine the role that the higher

education production process plays and how inputs and output to that process can be defined.

To shed light on the latter issues, the aim of the next section is to progress by examining

the specifics of education of knowledge production and by characterising institutions in higher
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education. Both topics are closely related. For this purpose, the process of knowledge production
will be examined first. Since the tertiary education is of interest in the main part of this thesis,

special focus will be on the role that institutions in higher education play in the process of

knowledge production.

1.3 Economics of knowledge production
Institutions in higher education are themselves part of a wider system of knowledge production.

Recently, a debate has been going on in the literature regarding to what extent universities still
remain at the centre of the knowledge production process. This is interesting insofar as changes
in the traditional system of knowledge production might—in turn—affect institutions in higher

education. Key aspects of this ongoing debate will be highlighted in the following.

The debate on knowledge production was very much influenced by work published by

Gibbons et al. [1994], Geuna [1999a], and Jacob and Hellstrom [2000]. Judging from

their analysis, three key questions seem to dominate the debate as such, namely

- the degree to which universities remain at the centre of the knowledge production process

- the way changes in funding pattern have influenced universities, and finally

- the question whether new kinds of knowledge production processes or techniques are in

place.

These three aspects will be looked at separately in the following.

1.3.1 Institutions in higher education as the centre of knowledge production

Godin and Gingras [2000] analyse to what degree the process of knowledge production

has undergone important changes which in turn have affected universities. One of their key

hypotheses is that universities are no longer the main loci of knowledge production. This idea

was first suggested in a paper by Gibbons et al. [1994]. Godin and Gingras [2000] show
in their paper that although a diversification of loci of knowledge production has taken place,
universities still remain at the centre of the knowledge production system. At the same time,

other sectors, which are also engaged in the production of scientific knowledge, have gained

increasing importance. Examples are hospitals, R&D departments in various industries and

Governmental laboratories. Despite these significant changes, Godin and Gingras find that

universities managed to remain at the centre of the knowledge production centre. However their

formerly predominant role is losing influence. Universities are no longer the sole most important
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producers of knowledge. Only by using collaboration mechanisms have universities been able to

maintain their strong influence.

The latter idea is also supported by the findings of Gibbons et al. [1994], Gibbons

et al. stress that due to increasing competitiveness, collaboration, and globalisation, develop¬

ments at the international level influence institutions in higher education; pressure has increased

in these institutions to maintain successive productivity gains. One the other hand, due to the

foundation of an increasing number of research collaborations, competition has been stifled and

stimulated at the same time. This being the case, there is a constant urgency for universities to

innovate. Innovation is not only innovation regarding output (i.e. both quantities and quality of

research output), innovation also stands for the development of new teaching techniques and the

way institutions in higher education present themselves. Following Gibbons et al., it remains

unclear to what degree these changes have already affected the process of knowledge production
and organisational aspects of institutions in higher education.

Competitiveness, collaboration, and globalisation certainly cannot be examined without

looking at funding pattern of institutions in higher education. This will be done in the following

section.

1.3.2 Changes in funding pattern

As a result of an increasing 'massification of higher education' institutions in higher education

face a changed financial situation [Gibbons et al., 1994, p. 76]. Geuna [1999a,b] analyses
these changes in the rationale for and in the composition of university funding. He shows how

changes in funding patterns have affected the behaviour of institutions in higher education. The
author points out that the increasing support of scientific research by other sources than tradi¬

tional Governmental funding leads to unintended negative consequences at an intra-institutional

level. This is due to a disproportionate incentive for short-term research (which is favoured by

universities in contrast to long-term, basic research). The overall long-term results are conflicting

incentive structures within institutions of higher education. Geuna [1999a] concludes that a

better balance between the kinds of funds allocated to a single institution is needed. Only in this

way can negative unintended consequences from the disproportion between funds for short-term

vs. long-term research be prevented from happening.

Not all researchers regard these changes in funding patterns as negative. There are other
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opinions as well. Salter and Martin [1999] critically review the economic benefits of

publicly funded basic research. The authors argue that due to the heterogeneity in the relationship
between basic research and innovation, no simple model of the economic benefits from basic

research can be set up easily. Salter and Martin agree with Geuna [1999a,b] that economic

benefits from basic research are both real and substantial.

The question of how to provide and fund higher education remains. This issue of public

vs. private funding have already been examined in section 1.2. In a next step, the relationship

between new funding patterns and new modes of knowledge production will be examined.

1.3.3 New modes of knowledge production

The process of production and dissemination of knowledge does not only take place inside

institutions in higher education. These new modes of knowledge production will be looked at in
the following. In addition, their effects on institutions in higher education will be outlined.

Gibbons et al. [1994] examine to what degree new kinds of knowledge production
have emerged. One of their key findings is that there are two important developments, namely

(i) the development of a Mode 2 of knowledge production, and

(ii) a 'massification' of higher education.

The massification of higher education has already been looked at previously. The idea of model 2

of knowledge production is new, however. Mode 2 refers to a new kind of knowledge production
that happens in the environment of transdisciplinarity, reflexivity and heterogeneity. This mode 2
is supposed to create a

[...] novel environment in which knowledge flows more easily across disciplinary
borders, human resources are more mobile, and the organisation of research more

open and flexible.
[Gibbons et al., 1994, p. 20].

It is assumed that mode 2 as a new way of knowledge production affects the overall process of

knowledge production.16 These effects will be looked at next.

As outlined by gibbons et al. [1994], transdisciplinarity, reflexivity and heterogeneity
of mode 2 as a new kind of knowledge production affect this process enormously. The interaction
between all parties that are involved in that process needs to be re-defined. These new organi¬
sational features of relationships were first conceptualised by Etzkowitz and Leydesdorff
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[1998], Etzkowitz and Leydesdorff introduce the concept of a triple helix in the knowledge

production process. The triple helix is the chain of university-industry-government relations. The

underlying theory of the triple helix relationship assumes that institutions of higher education

are intensively embedded into this structural system of university-government-industry relations.
Etzkowitz and Leydesdorff [1998] point out that academic-industry relations are of

increasing importance. The knowledge-based economy is influenced by this development and the

role of universities in increasingly knowledge-based societies changes. The triple helix requires

an increasing entrepreneurial paradigm. Since the role of universities in technological innovation

has changed significantly, universities need to change in order to be able to cope with these new

developments. In another article by the same authors, Etzkowitz and Leydesdorff [2000]

develop a picture of the 'university of the future' further by saying that there is constant change
in the inside and outside structures of these institutions. The emergence of new structures within

and between universities and the role of university research and development in the knowledge

production for production will change dramatically as well.

jacob and Hellstrom [2000] also use the idea of the triple helix although they do not

make use of this technical term. The authors stress the increasing importance of research

partnerships (instead of research sponsorship) and the upcoming interaction between researchers
andpractitioners. The picture of a 'university of the future' developed by jacob [2000] is similar

to the one drawn by Etzkowitz and Leydesdorff [2000], Jacob [2000] believes that the

'university of the future' will be mainly based on contract research. The authors anticipate that

this development will lead to an alternative institution (compared to the 'traditional' university)

that meets research demand of an external market. This inevitably influences the internal

structure as well. The 'university of the future' consists of interdisciplinary theme networks

rather than being organised in different disciplines. Theme networks will govern both research

and education. Researchers are organised into either in-house or trans-national teams that are

only hired for a limited contractual period. Teaching takes place in a 'flexi-sited environment'

and makes use of the latest methods of communication (e.g. information and communication

technology [ICT], e-learning). This development certainly completely turns the 'traditional'

structures of public universities upside down and will certainly affect the internal organisation of

institutions in higher education.

Trying to establish a better picture of the direction (i.e. cause and effect) of the relation¬

ship within this development, JACOB AND HELLSTROM [2000] find that changes in internal
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structures of institutions in higher education are provoked by changes in the outside environment

of institutions in higher education. However, it remains unclear to what degree this effect is

positive or negative.

Benner and Sandstrom [2000] analyse these new government-industry-university re¬

lationships, which emerge from new kinds of knowledge production. For the purpose of their

analysis, Benner and Sandstrom use the triple helix model to analyse mechanisms that
enable or hinder the development of new forms of knowledge production at an institutional

level. Taking a closer look at the inside of an institution of higher education, Benner and

Sandstrom find that institutional regulation has an enormous impact on academic research.

Special focus is on how norms are constituted in the academic research environment via research

funding which—in turn—affects universities negatively.

It remains difficult to identify the cause-effect relationship in this change process. In con¬

trast to the work done by Benner and Sandstrom [2000], a different approach is undertaken

by Gibbons et al. [1994]. Gibbons et al. examine how changes in the surrounding

conditions of institutions in higher education affect their internal structures. The authors find

that especially the increasing massification in higher education and the transformation of the

knowledge production process have both led to profound transformation within institutions in

higher education. Following Gibbons et al. [1994, pp. 76-81], results of this transformation

process are:

— Diversification offunctions:

Activities other than undergraduate teaching and postgraduate teaching become increas¬

ingly important for institutions in higher education. As a result, the distinction between an

institution's core and its 'periphery' has become less clear.

- Change in the social profile ofstudent population:
GIBBONS et al. [1994] predict that in future, students will be drawn from a much broader

social base. Higher education will become more of a common experience.

- Shift in core topics:

University education is no longer dominated by arts and sciences. Instead, other layers of

professional education have been added to this, e.g. technical professions.

— Tensions between research and teaching:
Gibbons et al. [1994, p. 78] find that although higher education has moved towards
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a mass system of teaching, the fundamental orientation has titled towards research. This

inevitably leads to tension, especially as far as professional ambitions are concerned. As a

result, traditional undergraduate curricula are weakened.

— Growth ofproblem-oriented research:

Gibbons et al. [1994, p. 78] predict that there will be less 'curiosity driven research'

in the near future. Instead, more research will be carried out which is funded by external

agencies for defined purposes.

— Decline ofprimary knowledge production -.

Gibbons et al. [1994] observe that a decline of primary knowledge production has taken

place. Instead of discovering new knowledge, there is a tendency to apply existing knowl¬

edge to new areas which does not increase the basis of knowledge. One reason is that the

production of primary knowledge has become increasingly expensive, whereas the dissem¬

ination and the application of knowledge have become much easier.

— Broadening ofaccountability:

In terms of the image of universities as autonomous units, Gibbons et al. [1994, p. 79]

find that institutions in higher education are more and more outwardly-directed instead of

inwardly-directed. Both their monopoly position and their autonomy have been largely

reduced.

— Technologyfor teaching:

Teaching itself will change significantly and become more technology based. Good exam¬

ples are the use of information communications technology systems, such as web-based

teaching and e-learning.

— Multiple sources offundingfor higher education:

Instead of single-source, state based funding, there will be multiple sources of funding of

higher education research and teaching. Non-state income is assumed to become more

important for institutions in higher education.

— Efficiency and the bureaucratic ethos:

Gibbons et al. [1994, pp. 79-90] find that the professional ethics associated with institu¬

tions in higher education will change due to the fact that academic departments are regarded

as administrative units—rather than intellectual centres.

Gibbons et al. [1994] highlight interesting aspects of the transformation process in knowledge

production. A brief summary of these will be given in the following before the economics of
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institutions in higher education will be looked at.

1.3.4 Concluding remarks: Economics of knowledge production

It can be concluded from the extensive literature review presented above that the process of

knowledge production has changed substantially over the past two to three decades. Institutions
in higher education currently still remain at the centre ofknowledge production although the main
focus of knowledge production has slightly shifted away from institutions in higher education
toward problem-oriented, externally funded research collaborations. There is no disagreement in
the current literature that this recent development will lead to significant changes in the internal

organisation of institutions in higher education. Examples are a diversification of functions
of universities, growth of problem-oriented research, and a decline of primary knowledge

production.

The process of knowledge production cannot be examined without looking at those insti¬
tutions that are the main protagonists in this process: institutions in higher education. In the

following section, specifics of institutions in higher education—both in terms of their nature and
in terms of organisational aspects—will be looked at as a foundation for the empirical work
which will be carried out later on in this thesis.

1.4 Economics of institutions in higher education

Institutions in higher education are in many ways remarkable institutions. Following geuna

[1999b], they are socio-economic institutions. They are social institutions because their own

behaviour is based on norms, incentives and organisational structures. They are also economic

organisations due to the process of technological transformation that takes place when input

(e.g. knowledge, freshers) is transformed into output (e.g. research results, publications, gradu¬

ates). Until now, a huge amount of research has been carried out on these institutions, especially

recently within the intellectual framework of New Institutional Economics [north, 1991;

Williamson, 1985, 1996; Williamson and Winter, 1991],

The purpose of this section is to examine the characteristics of institutions in higher edu¬
cation from different perspectives. Conventional neo-classical theory of the firm will be briefly
looked at first in order to show differences between the standard theory of institutions and reality

in institutions in higher education. Table 1.1 shows how institutions in higher education are

affected by the theory of the firm, the theory of non-profit organisations, by New Institutional
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Economics (NIE), and by their particular market environment. The procedure for the following

Figure 1.1: Economics of institutions in higher education as the focal point:
Theoretical and methodological context

part of this thesis is as follows:

- Firstly, standard neo-classical theory of the firm will be highlighted.

- Secondly, organisational features of institutions in higher education will be outlined.

- Thirdly, based on the findings from the previous two steps, those areas will be highlighted

where the particular case of IF1E (in the UK) does not fit conventional neo-classical theory

of the firm.

The latter is especially important since it provides a valuable basis for research that will be carried

out in the following chapters. The overall aim of this section is to promote a better understanding
of the complexity of IHE.

1.4.1 Institutions in higher education and the theory of the firm

IHE are a special sub-section of the entire set of organisations. The underlying theory of the firm
will therefore be reviewed in the first part of this section. IHE will be looked at in detail in the

second part of the section.
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Nature of the firm

In a fundamental and highly renowned paper, coase [1937] examines the nature of the firm. He

also looks at why firms emerge in the exchange economy. coase [1937] suggests that the main
reason why it is profitable to establish a firm is that there are transaction costs. Transaction costs

arise due to renegotiation and conclusion of separate contracts for each exchange transaction

Hence, techniques have been derived to minimise these costs. However, transaction costs can

certainly not be completely eliminated; they can only be reduced. One such mechanism is the
foundation of a firm. A firm is likely to emerge in those cases where a very short-term contract

would be unsatisfactory (e.g. in the case of the use of labour). Firms exist due to the division of
labour. The key idea the firm is a nexus of contracts to minimise transaction costs.

Another reason as to why firms emerge is that firms allow capturing gains from specialisa¬
tion and co-operation [Alchian and Demsetz, 1972], Economic organisations, such as firms,

provide a framework for economic activities and determine the use of comparative advantages.
These organisations facilitate the payment of rewards in accord with productivity. However,

measuring input productivity and rewarding employees is difficult, especially in the case of
team production. Team production is preferred in comparison to individual production if the

production process yields an output which is larger than the sum of separable productions of a

good and if the costs of organising and disciplining team members are covered as well. Team

production functions are not separable. Therefore, there are gains from cooperative behaviour.
Team production is a kind of production in which several types of resources are used. The

product is simply not an overall sum of separable outputs of each cooperating resource. Since
closed monitoring is a difficult, if not impossible task, it is not feasible in order to detect shirking.
alchian and Demsetz [1972] summarise their main findings by stressing that the team

production process is a special class of contracts among a group ofjoint inputs.

The work done by Coase [1937] and Alchian and Demsetz [1972] laid much of the
foundations of recent analysis of the theory of the firm. Herein, especially the topics of ownership
and control are highly relevant. Hart [1991], in his paper, develops this idea further.

In his paper, Hart [1991] avoids the standard black box approach of analysing firms. In¬

stead, he examines what the boundaries of the firm are and what costs and benefits of integration

are. Therefore, questions concerning mergers of firms and concerning integration arise in this
context. Closely linked to the question of integration is the one of relationship-specific investment
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and the degree to which parties involved in any kind of interaction make use of this kind of
investment.17 Integration is important in situations where relationship-specific investments are

large, i.e. where the investment the parties make has a much greater use inside the relationship
than outside the relationship.18 Whenever relationship-specific investments are made, parties

seem to be 'locked in'. Hart concludes that the parties involved are at each other's mercy and

opportunistic behaviour rules. This kind of behaviour in turn causes an ex post division of surplus
which does not appropriately reflect ex ante investment decisions. As a consequence, these
decisions are distorted.

Following Hart [1991], a potential benefit of an organisation such as e.g. a firm is that

opportunistic behaviour is reduced. However, writing contracts still involves transaction costs. If
there was no cost involved in writing contracts, people would not care about contracts as such

and they would write a comprehensive contract which specifies precisely what each of their

obligations are in every conceivable state of the world. Under these—artificial—conditions, there

would neither be any reason for the parties to modify or update their contract since everything
would be anticipated and planned for in advance. Nor would there be any need to involve

outsiders or third parties (e.g. a court) to help to determine without cost whether one party has

been in breach of contract. In the ideal situation, an appropriate penalty could easily be imposed.

Two conclusions can be drawn from this analysis. Firstly, contracts are always incomplete in

a sense that not every minor detail can be specified ex ante. One result of this incompleteness

is that events will occur which make it desirable for the parties to act differently from the

way specified in the contract. Hence, the contracting parties want to renegotiate or revise the
contract. Secondly, there is disagreement in situations which have not been specified in advance.

Therefore, incompleteness of contracts causes disagreement.

hart [1991] relates his first fundamental idea, the one of incompleteness of contracts to

the theory of ownership. If contracts are incomplete, it is no longer the case that any right

conferred by ownership can necessarily be contracted away—except maybe by undergoing the

ownership itself. Hart [1991] introduces in a next step the notion of residual rights ofcontrol.

The idea behind the concepts of ownership and control is that if contracts are incomplete,

there must be some mechanism by which gaps are filled. Hart uses an example of the cost

and benefits of asset ownership to illustrate the way residual rights of control can explain asset

ownership. The first example is one in which there is only a single asset, in a second example,
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the case of complementary activities is looked at. A third example looks at a vertical relationship

(i.e. vertical integration). The idea of residual control right is closely linked to the issue of

ownership, as e.g. outlined formally by grossman and Hart [1986],

Hart [1991] concludes his paper by discussing the theory of ownership. His main results
can be summarised as follows.

1. If only one individual is responsible for the return of an asset, it should be entirely owned

by that person.

2. If there are increasing returns to management (i.e. when one person is managing two firms),
these firms should have a common owner. In this case there is integration.

3. There is a situation where a large firm buys a supplier. This idea should be consistent with
the idea of integration, but at the same time takes the relative size of two businesses into
consideration.

4. If an industry is declining, there is room for firms merging to save overhead cost rather than
to stay independent and to share overhead activities via long-term contracts.

North [1991] examines the notions of contracts, ownership, and control in organisations.

Firstly, the author defines institutions as humanly devised constraints that structure political,
economic and social interaction. Institutions consist of both informal constraints and formal

rules.19 The main reason why institutions have been created is that they create order and reduce

uncertainty in exchange. They define a set ofchoices and determine transaction and production

costs which themselves influence the profitability and feasibility of engaging economic activity.

At the same time, institutions provide the incentive structure of an economy and influence growth,

stagnation or decline. Secondly, north [1991] examines why it is necessary to constrain human

interaction with institutions. The author attempts at solving this problem in a game theoretic

context. He points out that wealth maximising individuals will usually find it worthwhile to

cooperate with other players when the game is repeated, when they possess complete information
about the other player's past performance and when there are small numbers of players. On the
other hand, cooperation is difficult to sustain if the game is not repeated (i.e. 'one-shot' only),

or if there is a lack of information or even in a case where there is a large number of play¬

ers. This is the case when institutions are needed in order to reduce or constrain human interaction.

north [1991] calls these two cases polar extremes. These two polar extremes reflect
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contrasting economic setting in real life. The biggest problem though arises regarding transac¬

tions. If there are low transaction costs, there are no problems. But somehow human cooperation

has to be arranged in order to allow for low transaction costs. Therefore, it takes resources to

define and to enforce exchange arrangements. As a result, the costs of transacting are determined

by institutions and the effectiveness of enforcement; effective institutions raise the benefit of

cooperative solutions or the costs of defection. Both political and economic institutions are

essential parts of an effective institutional matrix. The question is now how an economy achieves

efficient, competitive markets. The problem is that in the literature so far, formal economic

constraints or property rights are taken as given and enforced by political institutions.

The discussion led by North [1991] underlines the importance and the complexity of in¬

stitutions. This debate is part of the theory behind New Institutional Economics (NIE). A brief

introduction to NIE will be provided next.

New Institutional Economics

The discussion led by north [1991] and Hart [1991] is part of the NIE approach. Work in this

area has also been influenced by findings from williamson [1998, 2000]. The idea behind NIE

is to examine the micro-foundations of institutions—instead of using the conventional black box

approach in microeconomic theory.

Following williamson [1998], the assumptions that NIE makes is that institutions mat¬

ter and that institutions are susceptible to analysis. In contrast to older and more established
theories about institutions, NIE has managed to respond to this challenge of analysing institutions

by developing a comparative institutional logic of organisation. NIE is especially interested
in looking at the institutional environment, i.e. the rules of the game, and the use of markets.

Referring to the ideas published by Coase [1937], NIE is also very much concerned with

the idea of transaction cost economics. Much of the predictive content of transaction cost

economics works through the discriminating alignment hypotheses [Williamson, 1998]. The

main idea behind this hypothesis is that transactions which differ in their attributes are aligned

with governance structures, which differ in their cost and competence, as to effect a mainly
transaction-cost 'economising' result. Implementing economising results requires, according to

Williamson, that transactions, governance structures, and transaction-cost economising are all
described (i.e. well defined). The author states that transaction-cost economics concurs since the

transaction is the basic unit of analysis and regards governance as the means by which order is

accomplished in a relation in which potential conflict threatens to undo or upset opportunities to
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realise mutual gains.

Summing the main ideas behind NIE up, williamson [1998] points out that New Insti¬

tutional Economics continues to extend its analytical reach and informs new issues. New

conceptual challenges arise as new applications are attempted. A deeper understanding of

complex economic organisations is in progress. NIE extends the conventional neo-classical

theory of the firm and thereby contributes to the theory of economic organisations.

One important tool, which within the NIE approach helps to understand the micro-structures
of institutions is agency theory. The foundations of agency theory have already been outlined
when specifics of the labour market such as compensation and incentives were looked at. In

the following, examples will be given how agency theory can be applied to the case of higher

education—both at an institutional and a sectoral level.

Application of agency theory to the case of higher education

Technically speaking, agency theory is one tool within the NIE framework. The aim of this
section is to examine the applicability of agency theory to the case of higher education—both at

an institutional and a sectoral level.

Examining determinants of faculty pay in terms of agency theory

Gomez-Mejia and Balkin [1992] apply agency theory to higher education when empirically

examining main determinants of faculty pay. A large study was thus carried out to test twelve

hypotheses on the determinants of faculty pay. Results from that survey show that agency

theory can be used in a meaningful way to analyse the internal control relationships between

the allocators (the principals) and the recipients of wage payment, the agents. The authors also

provide an insight into the university as an institution. In previous research, universities often

have been treated as black boxes in order to facilitate application of standard microeconomic

theory. Assessing agency theory as an explanatory tool that allows light to be shed on the 'inside'

of universities, gomez-mejia and Balkin conclude that agency theory is robust and useful

in this context as an explanatory framework which allows insights into internal organisational

problems or monitoring issues to be gained.

Examining consequences of privatisation of higher education

JOHNES [1993] uses an agency approach in order to examine arguments in favour and against

privatisation of the education sector in the UK. JOHNES names possible arguments in favour of
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privatisation, such as enhanced economic performance, increasing efficiency in the privatised

sector, a reduced tax burden for the public. Furthermore, the author distinguishes between

different kinds of privatisation, namely

(i) liberalisation,

(ii) transfer of ownership of assets, and

(iii) encouragement of private provision.

In the HE context, an agency situation arises between the central government and institutions in

higher education due to the potential consequences of privatisation process in higher education.

Following johnes, this situation resembles a principal-agent problem with imperfect information

and moral hazard. By setting up a mathematical model with a principal-agent situation, the
author is able to show that such a principal-agent relationship fails to ensure efficient management

in the absence of a profit motive of organisations in the public sector.

Higher Education at a sectoral level: The South African Case

De Villiers [1999] uses agency theory in order to explain the current state of South

African (secondary) education. With the South African education sector benefiting from a

heavy increase in financial means spent for education, problems arise due to the fact that deliv¬

ery capacities (measured in terms ofpass rates ofpupils/students) have not increased significantly.

Agency situations and resource allocation: Institutional vs. sectoral level

johnes [1999] uses two different principal-agent models in order to describe characteristics

of the UK higher education sector. The first model represents a principal-agent situation at an

intra-institutional level, in which two departments compete with each other for resources. The

results are compared with resource allocation models that are currently in operation in British
universities. The second model is one of inter-institutional resource allocation. In this case, a

funding council serves as one principal to many agents (the universities). From his two models,

johnes draws the conclusion that with the whole education system being subject to immense

changes, both institutions of higher education system and the entire education sector are affected.

Following johnes [1999], the introduction of study fees (as happened in the UK) supports the

change of the university system towards a more competitive and more efficient system.

State regulation in higher education

Goudriaan and de Groot [1993] use agency theory in order to study the impact of state
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regulation on the economic behaviour of U.S. public and private institutions in higher education.
Their main findings are that regulation can have ambiguous effects on these institutions. Both

efficiency losses and gains are possible; due to agency relationships, efficiency losses are caused

by imprecise information between the principal (in this case the state government) and the

agents (e.g. universities). Government policy therefore tends to underestimate the information

requirements of fine-tuned regulation. As a consequence, the net impact on regulation on

production efficiency is often negative or negligible (especially when social costs of regulation
are taken into account).

Agency relationships and funding of higher education

Ferris [1992] makes use of a principal-agent framework in order to examine the effectiveness
and efficiency of recent funding reforms in the Australian higher education sector. Typical
features of the agency setting are that the government on the one hand and the university have

different objectives. Adverse selection and moral hazard are prevalent as well. Transaction costs

also play an important role and are caused by negotiation and enforcement of contracts. These

costs depend in large measure on the nature of the activity being contracted. However, contracts

are incomplete and implicit due to problems of non-definability and non-quantifyability. In the

case of education, outcomes are difficult to evaluate and quantify. This is especially true since

output in higher education has a number of various dimensions.

Ferris [1992] points out that uncertainty is high especially the case of teaching; teaching

outcomes depend to a large extent on the behaviour of students (exogenously given) and not

merely on the one of the institution (which can be influenced internally). Critical parameters in

the design of the contract are thus the cost of obtaining information, the uncertainty associated
with the production process and the risk preference of the participants. In many respects, though,

the situation seems to be similar to the one in the UK. Referring back to James [1990], Ferris

[1992] outlines three possibilities how conflicts between the principal and the agent can be

solved, namely, by making use of

- incentives,

- regulations, and

- moral persuasion.

Ferris concludes that recent changes in the rules of the funding game in Australia (as well
as in other countries) highlight the interest in improving the performance of higher education
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institutions. The main aim is to make performance accountable. For this purpose, information

is needed in order to design the 'contract' between the government and the universities. This

information cannot be obtained without cost. Developing measures of higher education perfor¬

mance is difficult. Ferris suggests that universities, however, should focus on sharpening their

objectives and on restructuring internal governance and resource allocation processes to embody

appropriate incentives and constraints. Universities might then be able to act more strategically.
In addition, when being able to respond to contracts, universities will be able to enjoy greater

autonomy. The diversification of funding sources has generated multiple principals for the

universities and thereby reduced the influence of any single principal. Ferris [1992] concludes

by saying that universities need to maintain their position in this multiple agency situation.

Dynamic agency models of institutions in higher education

Ortmann and Squire [2000] use a game-theoretic dynamic model of academic organisations

when examining the strategic interaction between prototypical overseers, administrators, and

professors. The authors identity key principal-agent games that are routinely played in colleges

and universities and try to unpack the black box, which is typically used to conceptualise these

institutions. The authors call the agency relationships inside institutions in higher education a

cascade of agency relationships. One of the main aims is to explain why administrative costs

have risen so dramatically during the past twenty years. One of their main findings is that, given

there is strategic interaction between institutions of higher education, these institutions tend to

drift into phenomena such as academic ratchet and administrative lattice.

It can be concluded from the work presented above that agency theory plays an important

part in explaining intra-organisationalfeatures of institutions in higher education. Agency theory

serves as an explanatory tool that allows the examination the relationships between institutions

in higher education and third parties, e.g. at the sectoral level. Main findings from the research
done in these areas will be highlighted in the following, since these findings will be used later on

in the second part of the thesis.

Preliminary conclusion: Applicability of agency theory to the case of higher education

Agency theory has been applied to the case of higher education in numerous cases. It provides ex¬

planatory access to formerly unknown organisational structures. It allows a deeper understanding

of how institutions work both at a microeconomic level, and at an aggregate (i.e. sectoral level),

and even at an inter-sectoral level. It can be inferred from existing applications that whenever ap¬

plying agency theory to topics of higher education, special care has to be taken when making the
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model-setup. This incorporates a thoroughly ex-ante analysis of the (political) circumstances in
which the principal-agent situation takes place, a clear definition who the principal (or principals)
and the agent (or agents) are. In addition, there is a number of extensions in the context of higher
education which have not been looked at so far. An overview over possible extensions is provided
in the following section.

Suggestions for further research: Extensions to agency theory in the context of higher edu¬
cation

A wide variety of extensions to the conventional agency situation can be thought of. Examples are

the inclusion of imperfect information [myerson, 1982], uncertainty [green and stokey,

1983], supervision (i.e. monitoring) [ROSS, 1973; Dye, 1986; Melumad et al., 1995;
Edlin and Hermalin, 1997], strategic interaction [Rogerson, 1985b,a], multiple agency

relationships [bernheim and whinston, 1986], renegotiation of contracts [fudenberg

and tlrole, 1990], competitive compensation schemes [nalebuff and stiglitz, 1983],
and the provision of incentives [Holmstrom and mllgrom, 1991]. It is certainly of interest
to examine to what degree these extensions are relevant for the higher education case. Therefore,

applications of these extensions to the case of institutions in higher education can certainly be

thought of. However, due to the limited scope of this thesis, these areas are left for further
research.

It has been argued so far that within the agency relationship, faculty plays the role of the

agent in the HE context. It seems to be sensible to examine the role of faculties in the academy
in more detail. This will be done in the following section.

1.4.2 Inside institutions in higher education

Internal organisation: Role of faculties as the core organisational unit

A first approach towards examining the internal structure of institutions in higher education is
offered by coleman [1973]. Coleman [1973] focuses in his paper on institutional aspects of

universities. One of his main findings is that institutions in higher education act as shell for a

number of various activities. In order to gain a better understanding of the structure of control

inside a university, Coleman [1973] briefly recalls the origins of the modem university. One of
the author's main theses is that the university (as we know it today) is a medieval anachronism.

Back in the Middle Ages, a university was a community or association, a collection of scholars

who semi-autonomously offered instruction in their area of competence to young men who
wanted to prepare for the Clergy or another profession. Unlike modem purposive organisations,
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universities were initially not hierarchically organised. Instead, they relied more on mutual

consensus and community-based, cooperative decision making. This did not even change when
universities became secular.

COLEMAN [1973] points out that although the university as an organisation has certainly

lost its character of a community (in a strict sense), it has kept the governing structure of

a community. Even today, universities have a number of remarkable characteristics. These
characteristics are as follows.

- Those who carry out the main business (i.e. teaching) in a university are not really employ¬

ees or agents of a corporate body, but semi-independent professionals.

- The governing structure is the one of a collective community rather than the one of a hier¬

archy of a company.

- There does not seem to be a uniform corporate goal. Instead, there is a multiplicity of

objectives.

COLEMAN [1973] finds that these attributes create a structure of control which has led the uni¬

versity to be highly permeable to the interests of outsiders. COLEMAN emphasises that there are

a number of features which were typical for institutions in higher education and which make sure

that academics enjoy a particular position:

1. The academic staff has full control over its time (except for teaching obligations).

2. As a direct consequence of the university's organisational specificities, the academic staff
has full control over their own activities in the classroom.

3. The academic staff members control the direction and scope of their own research and

scholarship.

COLEMAN [1973] concludes that especially the last aspect makes the university inappropriate
for goal-directed research and any development which requires hierarchical organisations or

internal hierarchical structures. All three aspects remain from the medieval time. Nowadays,

university activities are transforming due to a proliferation of research, development and related
activities within the university's shell. However, COLEMAN points out that the university still
retains much of its medieval, incomplete corporate structures. Demand thus arose for universities
to become mission-oriented organisations. Furthermore, COLEMAN stresses that the university
is suffering from a structural defect which in turn requires a structural solution. The structural
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defect can be best described when considering the use of time. In the structure of the medieval

university, a master retained control over his own time. To a degree, this is still the case today.
It is this disparity which makes a university faculty member uniquely available for all sorts of

purposes. The consequence of this structural defect is a continuous erosion of time devoted to the

university's (once) central activity of teaching. One party clearly being largely affected by this
circumstance is the organisational unit of the faculty.

This role that the faculty plays in the organisation of institutions in higher education is
looked at in greater detail by Lester [1974b]. He points out that a university usually operates

two different types of governing and personnel systems, one for the faculty and the other for the

supporting staff. The faculty is characterised by collegial decision making by a community of
scholars. It is therefore basically democratic. In contrast to this largely democratic, self-directed

system for faculty, the supporting staff is subject to a pyramid-type management exercised largely
from the top down through a loose chain of command. Features and practices of the faculty

system have tended to spread into some non-faculty areas, especially those where professional

employees are in leadership positions. In general, the university's reputation and contributions

depend on the calibre of its faculty. The excellence of the faculty in turn is likely to hinge on

working arrangements that the faculty finds congenial and on rewards according to individual
merit as judged by colleagues in the discipline. To ensure excellence, ideal working conditions
are a necessary prerequisite. Professional responsibility—or 'professional ethics', as Matthews

[1991] puts it—play an important role in this context. In the case of a university, the academic

department (which is usually discipline oriented) is the basic unit of organisation. It is a loosely

organised community with decisions made by collegial consent. Usually, within a department,

there are no lines of authority. This collegial organisation of department and university faculty

provides each member with wide scope for

- individual initiative,

- self-direction, and

- professional creativity.

Academic freedom, particular work conditions and the association with professional colleagues
and able students make a faculty career attractive to creative minds. In contrast to full-time

academics, the non-academic (supporting) staff has a regular scheduled work week and is
directed by supervision during that period. Non-academic employees usually do not have tenure,

paid leave of absence for a term or an academic year, or vacation periods that amount to three of
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four months a year.

Clotfelter [1996b] supports the findings by Coleman [1973], Lester [1974b] and

Matthews [1991] that faculty is important as the core organisational unit in institutions in

higher education. clotfelter however, looks in greater detail at the differences between a

faculty inside a university and employees of a modern corporate firm. Furthermore, clotfelter

[1996b] stresses that a modern research university is a peculiar institution. As an organisational

type, its origins date to the Middle Ages. Universities managed to retain some of their particular

organisational structure, such as e.g. self-governance and independence. This particular legal
structure allows universities to retain significant flexibility in allocating resources. However, in

contrast to the hierarchical structure of the modern corporation, universities retain the nature of a

community.

As an organisation, the university displays three features that distinguish it from a corpo¬

ration. Examples for such factors are:

- the absence of a corporate goal,

- its governance along collective rather than hierarchical lines,

- and the fact that those who perform central functions are not employees in the usual sense.

Following CLOTFELTER [1996b], key aspects of organisational features of institutions in higher
education are that:

1. Although many universities define mission statements and goals, it is assumed that a generic

corporate goal is missing. Not surprisingly, the larger and the more complex the institution,

the more difficult it is to give a simple statement of purpose.

2. Those who perform the institution's central functions are not necessarily employees (in
a strict sense), but rather 'semi-independent professionals'. Another aspect that needs to

be taken into account is the fact that there is a virtual lifetime guarantee of employment:

tenure. As outlined in the previous section, academic tenure limits the degree to which
central authority can be exercised within a university. The strongest alliance that most

faculty members feel is the one to their own disciplines or professions.

3. Universities are institutions of self-governance. This is a distinctive feature of a univer¬

sity. The university thus more closely resembles a community rather than a hierarchically
structured corporation. Within the institutions there are three obvious governing parties:
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- the governing board,

- the administration, and finally

- the faculty.

Decision processes that take place inside universities are of participatory character. The

faculty plays an important role in this.

4. Another distinctive character lies in the nature of the product that universities produce.

Output is suggested to be multi-dimensional. Furthermore, its quality cannot be easily
assessed. Often, e.g. in the case of teaching and education, it is an 'experience good', i.e. the

quality can only be judged after it has been consumed. The consumers of the product are

also inputs to the production process. A student's experience is affected not only by the

faculty and staff, but also by their own efforts and by the presence of other students. A

central aspect is also the question whether or not there is competition in the market.

Clotfelter [1996b] concludes that universities as institutions are remarkable regarding the

degree of decentralisation and diffusion ofauthority. Further particular features are participation,

and consensual decision making.

In this section, organisation aspects, objectives, goals and a distinctive set of activities
have been mentioned as key characteristics that distinguish institutions in higher education
from modern corporation. Brown Jr. [1999] even goes on step further when pointing out that

this discussion is part of a wider discussion that relates governance issues in universities with

performance and participation. The following section wishes to focus on two aspects that have

been mentioned above, namely core activities and objectives of institutions in higher education.

Core activities, objectives, preferences and production functions
One finding seems to be quite evident from the literature: Institutions in higher education are

multi-product enterprises. They produce a number of outputs by using a number of inputs. This
view is supported by e.g. Coleman [1973], James [1990], Balderston [1990], Hopkins

[1990], Hare and Wyatt [1992], and Rothschild and White [1993],

As far as the production process inside institutions in higher education is concerned, the

multi-product nature of institutions is not a novelty. In the current literature, it has been argued

that firms actually aim at maximising multivariate utility functions. One the other hand, the

classical defence of microeconomic theorists is that theory does not aim at providing a complete
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explanation of all aspects of firms [Blaug, 1992], Instead, the textbook firm serves as a ideal

type, as Blaug puts it. Given the context of institutions in higher education, the question which

arises is what core activities of these institutions are and how they can be represented in terms of

microeconomic modelling.

Amongst the core activities of a university, Clotfelter [1996b] identifies

— teaching,

— research and

— public service.

There are also semi-commercial activities (e.g. stores, theatres, golf courses). Another group

of activities includes supporting functions (general administration, legal counsel, financial

accounting). There is certainly no doubt that research and teaching are among the core activities

of institutions in higher education. The question is whether there are other activities and

objectives, too. The idea of objectives is closely related to what an appropriate objective function

for a university is. At a more general level, Breneman [1970] suggests that the overall aim of

institutions in higher education is prestige maximisation. Garvin [1980] also defines objectives

of universities in a general way when assuming that utility in these institutions is a function of

prestige.

There are, however, differences in the way universities act in comparison to other insti¬

tutions in the higher education sector, such as colleges. James [1978] and James and

rose-ackerman [1986] suggest that high research activity, advanced graduate training, and

teaching small class (in contrast to large ones) enter a university's objective (i.e. utility) function.

However, undergraduate teaching is more relevant for colleges. For universities, research

productivity is regarded as being among the most important aspects of a university's objective

function, whereas teaching is regarded as being relatively unimportant [Katz, 1973; Tuckman,

1979; Dornbusch, 1979; Lewis and Becker, 1979; McKinzie, 1979].

There is no doubt about the multiplicity of objectives and activities of institutions in higher

education. Also, it seems to be quite evident that there is a potential imbalance or divergence in

objectives: Some objectives and activities seem to be assigned greater weight or importance than

others.
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Following this discussion regarding the core activities of institutions in higher education,
the next question arising is how the production process in institutions in higher education can be
modelled and whether a proper production function can be derived for these institutions.

Formal modelling and empirical estimation

Hare and Wyatt [1992] propose a R — T — X-model in an attempt to formally model a

university's production function. R refers to a university with research strength, T to one that is
funded to undertake teaching as its main purpose, X to an institution that has recognised strength

in research with some departments, in teaching with others. The authors use this framework

to develop a model of resource allocation for universities. The authors assume that financial
means in universities should be allocated at the institutional level to ensure allocative efficiency

(reflecting e.g. the fact of increasing financial pressure upon each institution). hare and

Wyatt find that financial pressure and the increasing use of performance indicators in higher
education have led to increasing short-term and sideline activities (other than the 'core' business).

The economic environment of universities in the UK seems to be remarkable as well. In the UK

case, the first is virtually no entry or exit into the 'market' for higher education at an institutional

level. Secondly, those institutions which are in the market seem to profit from its particular

characteristics. So far, no institution of higher education has gone bankrupt. Institutions in higher

education in the UK profit from their charity status. They are all mostly funded by public sources,

although the engagement in sideline activities and contractual research has increased.

Given that research and teaching have been identified among the most important objec¬
tives of academic departments, the question is therefore how resources are split between these
two activities. In order to solve this question, johnes [1996a] presents a theoretical approach

by modelling the universities' preferences between teaching and research. This is of particular

interest as—at least in Britain—the relative importance attached by employers of academics in

Britain is assumed to have changed. The aim of the modelling approach is to obtain information

about the weights attached to research and teaching. The author therefore defines a utility

function U for an institution in higher education as a constant returns to scale Cobb-Douglas

function of research activity, R, and teaching output, T, thus

U = RaT1~a, (1.1)

where a is the parameter of interest. As U is not directly observable, it cannot be measured.

Both variables, R and T, may be hypothesised by generating a technically efficient process. It

is therefore assumed that both depend on the staff student ratio, J, and the number of academic
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staff employed, S. Again, the relationships are considered to be Cobb-Douglas. Equations
for both research and teaching are then set up. Utility maximisation is assumed to take place

subject to a constraint. johnes [1996a] proceeds in his paper by estimating the parameters of
his equations by using a sample of 50 universities which is divided into two groups of equal size
for this purpose. The criterion of subdivision was the score of the 1989 Research Assessment
Exercise (RAE). The first group encompassed these institutions which scored relatively highly
in the 1989 RAE, the second one comprises the remainder. The regression equations provide a

good fit to the data and the signs of the coefficients estimates accord with intuition in all cases.

Two major results seem to be worth highlighting from the empirical work done by johnes

[1996a]. First, universities' utility functions have changed considerably during the time period

under consideration. The relative weight attached to research has risen—whereas the relative

weight attached to teaching has fallen. It needs to be pointed out that the estimation adopted
here can only be as good as the underpinning model. If the model (e.g. the utility function) is

misspecified, the results are expected to change. Second, the quality of the estimation depends to

a large extent on the quality of the data used. The results are sensitive to the model specification
and to the quality of data used. Still, a major research initiative is needed to reveal the changes in

preferences of academic departments over research and teaching.

The knowledge derived from modelling the production process which takes place inside
institutions in higher education can be used for further purposes. Duality theory predicts a close
mathematical relationship between production functions and cost functions. The derivation of
cost function has been dealt with separately in the literature. Main findings from this research
will be presented in the following.

Cost behaviour and cost functions

The aim of deriving cost functions is to gain information about the cost behaviour by e.g. making
use of appropriate estimation techniques. In the context of higher education institutions, the cost

behaviour is remarkable for a number of reasons. Examples are given in the following.

- Firstly, there is a consensus that institutions in higher education do not necessarily want to

minimise cost [Brinkman, 1990; james, 1990; clotfelter, 1996c,d],

- Secondly, institutions in higher education are managed under a soft budget constraint

[Kornai, 1980a,b,c; Hare, 2000a],

The question is how these two characteristics complicate the derivation of cost functions for insti¬
tutions in higher education both at a theoretical and an applied level. This issue will be looked at
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next.

Derivation of a cost function

In his article, Brinkman [1990] outlines the difficulties associated with the derivation of a

formal cost function for institutions in higher education. A major difficulty is that the form of
the production function in seldom known a priori. Consequently, the appropriate form of the

cost function needs to be determined empirically. Another source of difficulty is the assumption

that organisations minimise costs. Conventional wisdom is that higher education institutions
do not minimise costs (as they have no interest in minimising costs). Those who work in

higher education are primarily concerned about the creation and dissemination of knowledge.

According to Brinkman [1990], higher education institutions never minimise nor maximise
cost. The truth lies somewhere between the two extremes. Instead, they operate within a range

of accepted norms for production relationships. Examples are student-faculty ratios or lab space

per student.20 Any estimation of cost function in higher education can only be approximate

rather than an actual representation of the minimisation principles embedded in cost function

theory. The multi-product, joint production character of institutions in higher education needs

to be taken into consideration as well. Different activities, such as research and teaching are not

separately budgeted. Very often, departmental research is not acknowledged as a distinct activity

with possible consequences for costs. Further complications arise due to the joint production

of multiple outputs and due to difficulties associated with the analysis and derivation of cost

functions.

Estimating cost structures for institutions in higher education obviously remains a difficult
task. Each dimension has independent effects on costs and inter-related effects with one or more

of the other dimensions. A good example is student enrollment. brinkman [1990] points out

that the change in enrollment affects the level of instructional costs and the one of other related

educational and general expenditures. The same is true for changes in resources utilisation (in

response to changes in demand).

The derivation of cost functions for institutions is linked to the question whether economies of

scale and scope exist in this context. This issue will be looked at next.

Empirical findings: Economies of scale and scope

Within the area of economics of education, much research has been carried out in order to

examine whether these institutions exhibit economies of scale and/or scope. Economies of
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scope result e.g. in cases where it is less costly to combine two or more product lines in one

firm rather than producing them separately. An example is the case of a shared joint utilisation
of input. The theoretical groundwork of research in the area of economies of scale and scope

was laid by Panzar and Willig [1981]. Bailey and Frielaender [1982] apply this

knowledge when extending the traditional approach of single-product firms and applying it to a

multi-product environment. A similar technique is used by Cohn et al. [1989] who estimate a

multi-output cost function for American institutions of higher education. They are able to show
the existence of economies of scope for both private and public institutions of higher education.
Rothschild and White [1995] model the case of a constant-returns to scale, consumer input,

Cobb-Douglas production function and apply it to the case of institutions in higher education.

They show formally that competitive institutions, such as universities, can charge zero-profit

prices and yet, the allocation of resources is efficient. Johnes [1996b] analyses multi-product
cost functions for the case of UK institutions in higher education empirically. He estimates a

quadratic multi-product cost function for UK universities and examines the extent of scale and

scope economies.

Summing up, as far as the existence of economies of scale and scope is concerned, Brinkman

[1990] finds that the behaviour of marginal and average costs in higher education can be
associated with the following dimensions:

- size (quantity of activities or output),

- scope of services offered,

- level of instruction (and its influence on instructional costs) and the student level (under¬

graduate vs. postgraduate),

- disciplines, and

- revenue.

Resource allocation, cross-subsidisation, and institutional goals
james [1990] points out that the process of resource allocation is closely related to the issue of
cross-subsidisation. Given the particular characteristics of institutions in higher education, James
finds that cross-subsidisation is an essential feature of non-profit organisations. This is also the

case for institutions in higher education. Institutions in higher education carry out a number of
activities which, taken separately, do not necessarily cover their own cost. Profitable activities
are carried out in order to yield revenue, which can be spent on utility maximising activities
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that are themselves not profitable. The former activities subsidise the latter. James argues that

especially institutions in higher education need to find a set of profitable activities which attract a

clientele and which the faculty can carry out using a low-cost production technology.21 Profitable

activities are essential to the flourishing, utility-yielding activities. However, speaking for the

American case, james [1990] stresses that there are distinctive differences between colleges and

universities and U.S. American public and private institutions in higher education. Reasons are

different institutional objectives or different sources of funding.

James [1990] emphasises that an important part of the product mix is determined by re¬

source allocation to academic departments. This also encompasses the number of courses and

programmes offered at an institution in higher education. Academic departments are therefore

relatively free in terms of their own resource allocation and in terms of the number of courses they

offer. This argument underlines the particular nature and importance of the academic department
as an organisational unit. However, with size and status of departments varying, administrators

tend to favour departments where higher-status disciplines are taught, and where the department

is central to the mission of the university as such. Resource allocation in academic departments

is tied to relative social importance of different disciplines. James calls such an allocation

'effective'. The effectiveness of resource allocation obviously depends on institutional objectives
as well. james [1990] points out that given the peculiar nature of the resource allocation

process, conflicts arise mainly due to three reasons, namely due to:

1. the zero-sum nature of the allocation process across departments (and different fields within
a department),

2. spill-over effects across departments, and finally

3. different preferences of faculty and administration regarding the amount of research and

teaching which needs to be carried out.

Differences in preferences originate from different weights that individual members of a depart¬
ment are assigned to—sometimes the same—activity by different academics. On the other hand,

James [1990] finds that academic organisations have mechanisms for assuring a considerable

amount of uniformity despite their special character. james [1990, p. 96] calls these mechanisms

'homogeneity mechanisms'.

The key result derived by james [1990] is that the complex issue of internal resource al¬
location in universities is closely tied to the one of institutional goals. The complexity of
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institutional goals and objectives has already been stressed. Amongst others, Tuckman and

Chang [1990] examine the topic of intra-institutional resource allocation in institutions in higher
education in one of their articles.

Tuckman and Chang [1990] analyse the resource allocation process in institutions of

higher education by looking at the relationship between institutional goals and resource alloca¬
tion decisions. Here, the focus is on the process of economically efficient resource allocation. A

successful application of the economic model to the resource allocation process at universities

involves—according to tuckman and chang—four assumptions, namely that

1. a set of goals can be identified,

2. a means can be found to select from different conflicting goals or participants, whenever

multiple decision-makers are involved,

3. sufficient goal stability exists, and

4. increases in resources devoted to pursuing goals can be related to recognisable goals.

Tuckman and Chang [1990] find that given the particular nature of institutions in higher

education, the process of defining coherent and binding goals is a difficult task. One complication
arises due to the large number ofparticipating groups which are involved in the process of defining

goals. Tuckman and Chang identify the following six main participating groups in the process

of goal definition within a university:

1. students,

2. faculty,

3. administrators,

4. trustees and governing boards,

5. professional and accrediting agencies, and

6. federal funding agents.

Each of these groups has its own goals. The key questions is now which goals will be

adopted by the institution as a whole. Tuckman and Chang [1990] point out that no

university will adopt an infinite number of goals, yet it seems to be plausible that there will
be a multiplicity of goals. The authors call this the problem of institutionalising the goals.
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The existence of a multiplicity of goals does not necessarily mean that they are embraced

by all of the participants in university activities or that they have any impact on the ongoing

operations of the institution. A further question is whether the defined goals have an impact
on the resource allocation process. The authors suggest in their article that both diversity and
the pluralistic nature of the university complicate the development of specific institutional

goals even more. Due to a lack of empirical evidence at this point, it still remains unclear
how institutional goals are formulated. It is therefore suggested that further research should
examine the process of internal goal definition and adoption (in terms of implementation ofgoals).

According to tuckman and chang [1990], stability of institutional goals is an impor¬
tant prerequisite for long-term influence over resource allocation decisions. For the purpose of
their analysis Tuckman and chang review several factors which contribute to goal stability.

According to the authors of this study, goal stability can only be achieved if the following is

given:

- stability of the decision process,

- stability of the environment,

- validity and generality of the goals,

- absence of goal conflicts, and

- stability of external funding sources.

Tuckman and Chang [1990] use their findings in order to critically evaluate well-established

economic models of resource allocation in the context of institutions in higher education.

Following conventional economic theory in the literature (e.g. intra-household resource allo¬

cation, utility maximisation theory), the economic model of resource allocation assumes that
a decision-maker takes a bundle of resources available to him and allocates it in a way that

maximises his satisfaction. An implicit assumption is that increases in the resources devoted to

institutional goals cause increases in output, and that these increases in output in turn translate
into increases in decision-makers' satisfaction.

Tuckman and Chang [1990] point out that in the case of institutions in higher edu¬

cation, the application of conventional resource allocation models remains a difficult task.

Following the authors, reasons for this are

- substantial technical and implicit problems to determine what output is,
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- measurement problems with input and output in higher education,

- exact relationship between input and output (e.g. quantities of input needed to 'produce'
one unit of input).

Apart from definition and measurement problems, a further difficulty in the higher education
context is to determine how output can be related to satisfaction (or utility, to use a more conven¬

tional term). Given these difficulties, Tuckman and chang [1990] find that the conventional

economic model of resource allocation is impractical for application to the higher education

context. However, this does not imply that the model should be completely abandoned. Due

to the high degree of impracticability of 'conventional' resource allocation models, tuckman
and Chang [1990] present a number of alternative resource allocation mechanisms, which are

more suitable to the case of institutions in higher education. Examples are ouput-based budgeting

(OBB), management by objectives (MBO), zero-based budgeting (ZBB), or budgeting according
to strategic business units (SBU).

In a second step, Tuckman and Chang [1990] describe the budgetary process as it fre¬

quently takes place in institutions in higher education. One of its main characteristics is that
there is a set of rules which determine who prepares the initial request for resources. The set

of rules also defines what the budgetary constraints are. Another important function of these

rules is that they are likely to define how goals of external funding parties will be integrated into
the organisation (by means of the budgetary process). Following Tuckman and Chang, a

successful process of institutional resource allocation is only guaranteed if institutional goals are

well defined and specific, if they are widely held and stable. The set of rules—which has been

set up previously—also needs to reflect institutional goals. A review process is required that
ensures that institutional goals are transformed into behavioural and budgetary rules. The review

process allows external reviewers to be thoroughly acquainted with what the university is trying
to accomplish. The advantage of this formal review process is that envisaged goals and achieved

goals can be compared. If there is a divergence, necessary measures to abolish these divergences

can be undertaken.

Tuckman and Chang [1990] conclude by saying that in order to achieve its institu¬
tional goals, a university must be willing to undertake a major (internal) education effort. In

order to ensure the effectiveness of the resource allocation process, institutional goals need to be

formulated. Albeit maybe being imperfect, these goals need to reflect the goals ofall participating

groups who share an interest in the 'direction' of a university. As a prerequisite, broad-based
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involvement is necessary at every step if the participants in the process are not to view this as just

one more 'ill-fated' attempt to restructure the budgetary process.

Apart from allocating financial means to departments, there are other dimensions to the al¬
location process as well. From a more general perspective, the term 'allocation' can signify two

things.

(a) The own use of resources, mainly motivated by the question of how a department should
make (optimal) use of its own resources. The latter can clearly be a result of a complex pro¬

cess of utility (or resource utilisation) maximisation process, where all stakeholders in that

process determine their relative preferences over how resources should be allocated. Most

frequently, restrictions imposed by third parties on the department play an important role in
this process, too. Examples are duties or other exogenously determined commitments that

a department has to fulfil.

(b) Resource allocation in higher education clearly also implies the allocation of resources to

others (e.g. third parties), given the set of preferences or objectives defined. Preferences
and objectives themselves originate from the process of definition of institutional goals.
Allocation of resources to others is in the higher education context related to issues such as

participation and access. The latter two are not only important from an economic, but also

political and social viewpoint.

Acknowledging this dual nature of the resource allocation process, a major issue of intra-
institutional resource allocation in institutions in higher education remains the allocation of
resources to main activities, such as research and teaching. Allocation of resources to teaching

also encompasses the allocation of student places, lab space, administrative and academic

services, and buildings. Allocation of resources to third parties (such as e.g. students or research

collaborations) is important as it determines the size of income streams to institutions in higher

education. This is where resource allocation to others and internal resource allocation are closely

related in the form of a circle.

The issue of allocation of student places will be looked at next in conjunction with the

question of how to price higher education as a good. The latter is of particular interest, since
in recent debates, both funding and pricing of higher education have been important issues [see

e.g. Greenaway and Haynes, 2000, for further details].
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Allocation of student places: Selectivity and pricing
Rothschild and White [1993] examine the relationship between the allocation of student

places (admission policy), the selection process and price mechanisms which are conventionally

implemented in universities and colleges in the U.S.A. The main question is whether or not

the allocation of student places is efficient. Certain universities obviously receive much more

applications than they have places. The questions whom to allocate a place and which place to

charge for are essential. Further criteria could be the student's characteristics such as e.g. his

ability or intelligence level or willingness and ability to learn and absorb knowledge. If the cost

that a college incurs were the same for all students and if attendance at a college increases a

student's human capital by the same amount regardless of the ability or compositions of the

student body, then the student's characteristics would be irrelevant for the pricing process.

However, with students being important inputs to their own production (i.e. education) process

[called 'customer input technology' by Frank and Opitz, 2000], the question whether or

not the price system leads to an efficient allocation remains. This is especially of importance if

the assumption is made that the price system is in general not personalised. A personalised or

discriminatory price system could be introduced. In such a case, scholarships would determine

the net prices that students pay for colleges. These scholarships then depend on a large number
of the student's personal characteristics.

In order to achieve full efficiency and for a price system to be efficient, it has to group

students of similar ability together and charge them the same fees or award them the same amount

of scholarships. Rothschild and White [1993] point out that there are two problems with
such a discriminatory price system:

- Firstly, students differ in many characteristics (e.g. liquidity, intelligence). If capital mar¬

kets are imperfect, then potential students may not be able to purchase the education that

maximises the present discounted value of their future consumption.

- Secondly, if the benefit that a college education confers on its graduates depends on the

mix of abilities of those graduates and if each college sets prices to compete for students,

then the structure of this model is the same as the model of competition among insurance

companies for customers.

Rothschild and White [1993] summarise their findings by saying that markets for educa¬

tional financial services may lack equilibria due to capital market imperfections. On the other

hand, a diversity of the student body is regarded as being highly desirable. The authors emphasise

57



that a competitive price system will achieve diversity only with difficulty or by accident.

rothschild and white [1993] conclude from their findings that admission, pricing

and the allocation of student places are complex issues. Given the particular context of institu¬
tions in higher education, the application of standard, neo-classical market principles does not

seem to make sense under all circumstances.

In the next section institutions in higher education will be looked at from a broader per¬

spective. The aim of the following is firstly, to characterise the market for higher education
and secondly, to examine how competition and price discrimination affect institutions in higher

education.

1.4.3 Institutions in higher education in the marketplace
From individual institutions to the market of higher education:
Characteristics of the market for higher education

As part of his comprehensive analysis of institutions in higher education, winston [1999] ex¬

amines the particularities of the market for higher education. Most interestingly, he finds that the

market for higher education is a clearly hierarchical market where institutions are ranked accord¬

ing to both their wealth and other characteristics, such as e.g. scientific excellence and reputation.

Institutional wealth is determined in terms of access to donative resources. This is amplified by the

feedback from those resources to institutional quality to student quality to demand to selectivity to

greater students' quality. Movements down the hierarchy bring less of students quality and more

use of methods of education production that do not so much rely on peer quality. It is therefore
in the schools' interest to accumulate wealth both to overtake those above them in the pecking
order and to fend off those who would overtake them from below. Following winston [1999],

prices have conferred significant first-mover advantages. This idea is new and it adds the aspect

ofstrategic elements to the game for strategic interaction) among institutions in higher education.

In this case, institutions compete strategically for market resources. The case of competition will

be looked at in more detail in the following.

Competition and price discrimination

The competitive market environment of institutions in higher education affects both the input

side and the output side of the higher education production process. This distinction between the

input and output side of the higher education production process will be referred to later on in

chapters 2 and 3.
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Rothschild and White [1993] find that due to the multiple input, multiple output

joint production process that takes place in institutions in higher education, competition has
different dimensions. Competition takes place both in input markets and in output markets.

The author names the market for educational services as an example for competition in an

output market. Terms of this competition include the quality of the universities, the quality

of the student body that the universities attract, the location and physical surroundings of the

university, and the price (tuition) charged. Therefore, obviously, universities also compete

for prices. Price competition among universities is a significant phenomenon [rothschild
and White, 1993], The authors furthermore suggest that competition among universities

approaches the textbook model of the perfect competition among wheat farmers. Individual
universities have perceived quality differences and 'brand-name' reputations that influence

student choice. Locational differences (implying at the same time transport cost differences)

come in as well. Therefore, competition among universities obviously has both geographic-space

and product-space dimensions: High-prestige schools probably compete in a nation-wide market.

Schools with less prestige are likely to compete among themselves on a regional basis.

Rothschild and White [1993] proceed by emphasising that competition among uni¬

versities might be influenced by one of the following factors, namely:

- tuition levels and scholarship levels,

- scholarships and price competition,

- pricing within the university,

- price and prestige, and

- entry and exit into the 'market' for higher education.

Two aspects seem to be of further interest at this point. The first one is how universities position

themselves in the market. The second is if a monopoly model can be set up that represents the

market for higher education. If it is assumed that universities are monopolies, then this certainly
has an impact on the individual university's ability to raise tuition by charging monopoly prices.

This situation has been observed for many universities in the past four decades. Therefore, the

question is if it is already the case that universities are pricing at the monopoly level and that these

elevated prices generate substantial cross-elasticities of demand and in turn bring universities into

competition with each other.
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In his paper, winston [1999] supports the findings derived by rothschild and White

[1993]. winston [1999] stresses again the idea of the hierarchical market by suggesting that

competition in a hierarchical market has a direct effect on prices. Access to donative resources

plays an important role here. Access to donative resources works as a barrier to entry into

competition with schools in the bands above while competitive pressures is increasing from

below. Competition at the top and bottom of the hierarchy takes place in markets for two

different things. At the top, there is competition in the input market for scarce students (and

faculty) quality. At the bottom, there is competition in the product market for customers who will

buy the output. Obviously, the behaviour for prices will be determined by different factors in
different market segments. Additionally, various institutions are affected differently [winston,

1999], For public institutions, tuition has gone up because their donative resources have gone

down as a manifestation of a national tax revolt and disenchantment with higher education. For

private institutions that compete to sell their services, stickier prices have risen to allow more

price discrimination—in form of financial aid—among potential buyers. Finally, for the wealthy

private institutions that compete to buy scarce student quality, the positional race has created

pressure on each school to obtain more donative resources, both to attract students now and to

save to be ready to attract students in future.

Given that access to donative resources varies from institution to institution and that the

financial environment of institution in higher education has changed significantly in the past, the

key question is how these institutions have managed to adapt to these changes. This issue will be
looked at next.

Adjustment to a changing financial, social and technological environment

Taking the case of U.S. American institutions in higher education as an example, BRINKMAN

[1990] finds that due to the complexity of higher education as a business, the financial circum¬

stances of institutions in the higher education sector depend on a host of environmental factors, a

variety of institutional responses and a number of adjustment strategies:

- Revenues have an immediate and important effect on the financial status of institutions in

higher education. Revenues come from the following sources: student, government, private

donors, corporations, and financial markets. Students provide financial revenues as they

pay tuition, room and board. Therefore, students are a key source of revenue for virtually

all institutions in higher education. Especially in the case of the U.S.A., the difference be-
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tween federal and state funding seems to be important. Another distinction is that private

institutions in higher education depend more heavily than public institutions in higher edu¬

cation on private and corporate donations. Also public institutions in higher education try to

increase their revenue from these sectors as well. And like any other institution, institutions

in higher education obviously have access to a wider variety of financial instruments than

ever before.

— Prices of purchased goods and services are one of several environmental factors that affect

the financial status of institutions in higher education. Typically, salaries are the largest

single expenditure for operations of institutions in higher education.

— Technological changes influence the financial status of institutions in higher education.

Technological changes have affected such areas as instruction, research, data processing
and energy conservation. In addition, the increasing pace of technological developments

presents a special problem for institutions in higher education. Examples are increasing

costs due to high expenditures for maintenance and upgrades of information technology
resources.

— Social changes affect institutions in higher education. As society changes, its institutions

change. Effects of these social changes on institutions in higher education can be some¬

where between modest or substantial. The reason is that institutions in higher education
are large, formal organisations whose work is influenced from different angles, from highly

regulated ones to highly unregulated ones. An examples for highly regulated influences

include government interaction. In addition to Governmental action, there are numerous

other societal demands, which have financial implications for higher education. Examples
here are changing students interests, industry pressure on institutions in higher education,
and pressure from research collaborations and other third parties.

Brinkman [1990] concludes that there were modest shifts in institutions in higher education dur¬

ing the past decade in the way funds are raised and expended. Shifts in the relationship between

capital and operating expenditures have occurred as well. The response of institutions in higher

education to their financial environment is broad and complex. There is an extensive range of in¬
stitutional responses to fiscal problems. Several types of responses can be thought of. Brinkman

[1990] gives the following examples:

— strengthening student recruitment,

— increases in tuition,

61



- increase the diversification of revenue sources,

- introduction of cost-cutting measures to cut e.g. travel and library expenses,

- reduction of the growth for some budget categories,

- engage in retrenchment activities involving across-the-board cuts or selective cuts (or a

combination), and

- re-allocation of resources.

One of the major advantages that private institutions in higher education have in facing a

financial crisis is their relatively large degree of flexibility in handling their financial resources.

Nevertheless, Brinkman [1990] concludes that both private and public institutions in higher

education have to increasingly make an effort to cope and to adjust to their changing financial
environment. This finding is not new. As far as the UK case is concerned, more recent studies by

e.g. Greenaway and Haynes [2000], OECD [2000], JM Consulting [2002], and Clarke

[2003] yield similar conclusions. It can be concluded that since 1990, the financial situation for
institutions in the UK has become even tighter (see section 1.5.2 for further details on that issue).

Summing the main findings from the papers presented above up, it needs to be pointed
out that the financial situation of institutions in higher education still remains somehow a

particularity of these institutions. Within the recent debate regarding the particular financial

aspect of institutions in higher education, their non-profit nature has been mentioned several times.

This topic will be focus on next when particularities of non-profit organisations in general

and of IHE will be outlined, since institutions in higher education can be regarded as special

cases (or a sub-set) of non-profit (or non-market) organisations due to the specificities of the

market environment that IHE are embedded in.

1.4.4 Institutions in higher education as non-profit organisations

The special organisational nature of institutions in higher education has already been mentioned

briefly in the sections above [profit geration vs. profit maximisation, c. f. james and rose-

Ackerman, 1986; McPherson and Winston, 1983; Rose-Ackerman, 1986, 1996], The

non-profit nature is of relevance since it affects both the organisation and behaviour of these

institutions. The purpose of this chapter is therefore to briefly outline the characteristics of the

non-profit sector.
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Nature of non-profit organisations
Rose-Ackerman [1986, 1996] stresses that institutions in higher education operate in a unique

market environment and under a non-distribution constraint. This, in turn, means that there is no

residual claimant for the organisation's earnings. However, this does not imply that non-profits

are not allowed to make profit. Rose-Ackerman [1986, 1996] also provides explanations for

the existence of non-profits. Non-profits, too, obviously offer services and position themselves

strategically. Critics argue that there is no incentive for managers of non-profit organisations to

exert efficiency. In addition, firms in the non-profit sector might continue to operate even if they

lack market discipline and if they are performing no valuable function. The reason might be that

'non-profit' is a legal status and that non-profits enjoy a favourable treatment (e.g. exemption from

corporate income tax and property tax; tax reduction for private donors). Only in a small number

of markets is there competition between non-profits and for-profits. There is a coexistence of ser¬

vice providers. However, with non-profits occupying certain services, the question arises whether

markets are open for competition. Rose-Ackerman [1986, 1996] points out that for some ser¬

vices, the non-profit form of organisation might offer ideological advantages over the for-profit
form. There might be a signalling function associated with the non-profit status. Furthermore,

non-profits might have a quality advantage over for-profits due to experience, ideological beliefs

or highly motivated employees due to altruistic motives. Rose-Ackerman [1986, 1996] em¬

phasises the following:

- The non-profit sector is not just a receptacle for charitable donations. Although private char¬
itable impulses are important determinants of non-profit activity, they are not a sufficient

enough explanation for the size and growth of this sector.

- Non-profits provide government subsidised services and sell their output to the public. They
are concentrated in the service sector of the economy.

- There is no legal claim to the non-profit firm's earnings.

- Non-profits may have a competitive advantage if customers have imperfect information

about service quality—due to special credibility.

- Non-profits provide a shell within which people can reify their ideological beliefs without

having to be accountable to profit-seeking investors. Ideological entrepreneurs will dispro¬

portionately select the non-profit form.

- A non-profit form can only survive if it attracts money (in form of donations, membership

fees, and voluntary labour) and customers (i.e. recipients of charitable activities). Its ide-
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ological character might facilitate both of these aims, i.e. both the collection of financial
means and the distribution of goods and services.

- The benefits of the non-profit form depend on the relative efficacy of alternative control
mechanisms and on the benefits to consumers of purchasing form ideologues.

- Some of the government policies that provide special advantages to non-profits should be
viewed with scepticism. The treatment of non-profits should be so favourable as to open a

large wedge between the sectors.

Findings presented by Hansmann [1986] extend the analysis provided by Rose-Ackerman

[1986, 1996] by saying that there is still little knowledge about how non-profits work at an

microeconomic level. Still, the question remains what makes a given activity more suitable to

non-profit than for-profit organisations. A possible answer is that non-profits arise as a response

to legal and practical imperfections in loan markets [Hansmann, 1986]. The author gives

private education as an example. Institutions in higher education rely heavily on voluntary private
contributions to cover their expenses. Donations to colleges and universities are intended to

help support the provisions of public goods such as scientific research. In essence, the author

concludes, the donations received by private colleges and universities are a response to a real

failing in market mechanisms, namely a lack of an adequate system of educational loans. At the
same time advantages arise for institutions in higher education to be non-profit in order to have

access to donative financing. Education is a complex and subtle service, and in many cases a

parent or student may not feel competent to make adequate judgements about the quality of the

teaching and facilities that an institution offers. In comparison with services provided for profit,

many goods and services are not easily evaluated by consumers and are yet commonly provided

by for-profit firms. In his article, hansmann tries to work out characteristics that distinguish

these services from those provided by non-profits and by commercial non-profits in particular.
He points out that there might be several reasons, which can be found in the special relationship

between the supplier and the demand side for a special service. Risk, uncertainty and asymmetric
information come in as well at this point. Another important aspect seems to be the prevailing
size of the organisation in an industry.

The non-distribution constraint is of particular interest as well. Hansmann [1986] argues

that the prohibition on distribution of profits seems to be more or less clearly embodied in

the non-profit corporation law. On the one hand, this can be regarded as a limiting policy
constraint. However, many managers of non-profit organisations succeed nonetheless, which in



turn sometimes leads to an abuse of managerial power when managers try to enrich themselves.

This immediately leads to the issue of problems that arise with the non-profit form. In general,
there seem to be liabilities as well as benefits from the non-profit form of organisation. Further

characteristics of non-profits that need further examination are e.g. limitations on raising capital,

cross-subsidisation, incentives for managerial efficiency, and furthermore incentives for entry

and growth. These aspects will be briefly looked at in the following.

- Limitations on raising capital

Non-profits are unable to sell equity shares. Therefore, they must rely largely upon do¬

nations, retaining earnings, and debt for capital financing. The funds available from these

sources may be poorly matched to the capital need of the organisation.

- Cross-subsidisation

The non-distribution constraint provides the consumer with some assurance that the sum

he donates to a commercial non-profit will go in its entirety to the production of services.

However, it offers no assurance that the services he pays for will be provided to him. Thus,

it is quite likely that cross-subsidisation will take place inside a non-profit organisation.
Whether such cross-subsidisation is undesirable as a matter of policy depends upon the

degree to which it fosters the provision of services whose costs exceed their benefits and
the nature of the interpersonal redistribution to which it gives rise.

- Incentives for managerial efficiency

In general, the profit motive encourages efficient production. A profit-seeking entrepreneur

has an incentive to choose the least costly means of producing a given service. Non-profits

might thus be regarded as being less vigilant in eliminating unnecessary expenses than their

for-profit counterparts. There is some empirical evidence, which suggests that non-profits
are in fact managed less efficiently than their for-profit counterparts.

- Incentives for market entry and growth

The profit motive also provides a mechanism for ensuring that firms enter an industry or a

market and expand when demand for that industry's products or services increases. As a

result, non-profits may, as Hansmann [1986] suggests, be less responsive to changes in

demand, especially since capital is not constantly available.

It can be summarised that non-profit firms are at a disadvantage relative to for-profit firms in

various respects. Examples are access to capital, efficiency of operation, and speed of entry and

growth in expanding markets. Consequently, whether non-profit firms are more suitable than for

profit-firms in any given industry depends upon the a number of factors.
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Commercialisation of the non-profit sector

Given these specifics of non-profit organisation, the key question is to what extent the quasi-
market or economic environment of these non-profit organisations has changed and how this

might have had an effect on institutions in higher education. To examine this, the economic
transformation of the non-profit sector will be looked at first.

Weisbrod [1998c,b,a], Tuckman [1998], and Powell and Owen-Smith [1998] all

uni sono find that a commercial transformation (or 'commercialisation' as they put it) of the

non-profit sector has taken place. Although commercialisation of the non-profit sector sounds at

first like a paradox, Weisbrod [1998c] points out that the uniqueness of non-profit organisations

is by no means self-evident. Given its special tax treatment and other privileges, the non-profit

sector has grown both in size and influence. The main question which arises from this fact is

whether the non-profit sector has become indistinguishable from the private for-profit sector.

weisbrod states that increasing competition between non-profits and for-profits, increasing

cooperations and interaction between non-profits and governments and changes in the funding of

non-profit activities have affected the nature ofnon-profit enterprises. The increase of commercial
activities in the non-profit sector raises the question of whether non-profit organisations are

merely 'for-profits in disguise' [Weisbrod, 1998c]. weisbrod concludes that non-profit

organisations confront a dilemma, namely how to balance pursuit of their social missions with
financial constraints when additional resources may be available from sources that might distort

mission. On the other hand, the author points out that attention to non-profits' large and growing

commercial activity is necessary because it highlights the differences between what society wants

from non-profits and private firms. It seems to be obvious that the social goals of non-profits

may be incompatible with the instruments society wants them to use to attain these goals. Hence,

increasing public pressure is placed on non-profits to increase their activities to offset government

cutbacks. At the same time, pressure arises from a different angles as some non-profits want to

avoid commercial revenue-raising devices because they involve either competing with private

firms or joining forces with them. Either solution can pose problems on non-profits. Both options

are not feasible at the same time. Non-profits cannot be expected to increase their output if their

access to revenue is restricted.

Effects of increasing commercialisation in the non-profit sector on institutions in higher ed¬
ucation

In order to illustrate the meaning of economic changes of the structure of non-profits, weisbrod

[1998b] provides the example of universities. He points out that there are conflicting goals
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in institutions in higher education since the goal of teaching small undergraduate classes may

conflict with the goals of graduate training or research. The former might also conflict with

the goal of graduate training which in turn requires a different use of resources from the one

for teaching. Further goals might arise if universities' intermediate goals are considered. In

general, non-profits' goals are numerous, and also typically quite vague. Hence, it is difficult
both for society, and for non-profits to determine to what extent certain goals have been realised.

It remains unclear as well as to what degree particular activities facilitate or retard non-profits'
achievements. Even for an objective viewer it remains difficult to determine a non-profit's social

contribution. One reason is also that society's goals are usually intended not for individual

profit units, but for the industry as a whole. Weisbrod [1998b] concludes that the goals of

non-profits cannot easily be characterised in analogy to goals of private firms. Nonetheless,

some evidence can be gleaned from observing non-profit organisations' activities which aim at

generating revenue. According to weisbrod [1998b], increasing commercialism has had signif¬

icant consequences both on internal structures and behavioural aspects ofnon-profit organisations.

These consequences of increasing commercialisation on NPOs might—after all—be nu¬

merous and negative. An example for such a negative effect might be the recent involvement

of a non-profit university and the public school system in selling research to private firms.

Universities increasingly 'contract research out' and 'sell it' to private industry firms. Weisbrod

[1998b] calls this a mission displacement. A compromising of mission in the interest of revenue

is clearly a case of mission displacement. Another important issue is whether involvement in

commercial markets causes non-profit organisations to alter the kinds of leadership they employ.
The author calls this managerial displacement. Examples for such managerial displacement is

e.g. a replacement or employment of managers (senior staff, senior researchers and lecturers)
who have special skills and knowledge about markets where profit is the measure of success.

In their study, Powell and Owen-Smith [1998] examine these effects on institutions

in higher education in the U.S.A. They find that over the past decade, there has been a substantial
shift in the division of labour among universities, industry, and the federal government. A

transformation has taken place which has especially affected institutions in higher education

and led to an increasing degree of commercialisation of research universities, which in turn also

changed the relationship between universities and the private economy.

According to powell and Owen-Smith [1998] universities are no longer just providers for
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industry of basic research knowledge and a trained labour force. Universities are increasingly
creators and retailers of intellectual property. Alongside the commercialisation taking place
in the higher education sector, the commercialisation of knowledge makes universities key
distributors to economic innovation both as resources and as catalysts. As a result, university

research is more and more extensively evaluated for its commercial application. Universities

themselves are increasingly viewed as engines of economic development,23 powell and

Owen-Smith [1998] finds that some universities have even decided to play a more 'aggressive'

financial role than just being an incubator of new knowledge. Instead, they seek to share the

income that is generated by new discoveries. As a result, universities are also growing as venture

capitalists.

Still, the question remains what the consequences of this development are. Powell and

Owen-Smith [1998] suggest the following.

— University management of intellectual property becomes more aggressive and far-reaching.

— Universities engage in a wide array ofpolitical and economic relationships.

— Universities are regarded as key contributors to economic growth.

The broader role of universities engages many more political constituencies and interest groups

and in turn creates new expectation. On the other hand, it is becoming more and more difficult for

universities to maintain their legitimacy. It needs to be pointed out that there has been a persistent

trend of shifting research funds away from scientific peer review towards the more overtly

political field of congressional earmarking. Powell and Owen-Smith state that in the U.S.A.,
debates on earmarking are typically loud and bitter. Critics obviously argue that the process is

dominated by special-interest politics and extensive lobbying, and results in lower-quality science

while simultaneously denying merit-based funding to more worthy projects. The central question

is how universities responded to these changes from an organisational viewpoint. Powell and

Owen-Smith find that organisational adaptations within universities have been caused by the

pursuit of new sources of revenue, either from the commercial marketplace or from the political
area. Powell and Owen-Smith conclude by saying that universities are in the forefront' of

commercialisation efforts.

A second-order effect of this development is that universities undergo considerable efforts

to develop institutional arrangements to foster external linkages and internal administrative

capabilities to facilitate them. Various on-campus and off-campus programmes are set up in
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order to promote and process commercial endeavours, which are not inexpensive to operate.

At the same time, intellectual property law is a burgeoning and expensive field, and patent

applications incur considerable cost and time to file, and even more so to enforce. powell
and Owen-Smith [1998] emphasise that there seems to be a 'wholesale rush' in this direction

by universities, triggering a form of status-based competition, in which universities show the

symbols, if not the fruits ofcommercialisation.

Furthermore, Powell and Owen-Smith [1998] predict that universities will undergo

increasing scrutiny and criticism the more they deviate from their traditional role. But it seems

to be the case that there will be no return to a less complex and contradictory area. Universities

need to be aware of potential conflicts, which arise as a result of oppositional activities such as

advancing knowledge on the one hand and generating revenues on the other hand.endnoteThe

dissemination of knowledge and the generation of revenue are certainly not oppositional objec¬

tives. However, it is believed that conflicts could potentially arise. For this purpose, rules need

to be developed that simultaneously safeguard a faculty from commercial pressures, mandate
disclosure of possible conflicts of interest and—at the same time—provide incentives to faculty

working in areas with commercial potential.

In summary, Powell and Owen-Smith [1998] emphasise the following:

- In extension to Weisbrod [1998d], Powell and Owen-Smith [1998] argue that a pro¬

found blurring of the roles of universities and private industry is developing in the life

sciences. This development has broad consequences for research universities.

- These changes are to a large extent irreversible as they reflect a significant transformation

in the nature of knowledge and in the nature of knowledge production.

- These developments offer ample opportunities for universities to diversify their funding
base and to contribute for instance both to the advancement of life-sciences research and

the development of powerful new medicines that will be of considerable benefit to society.

- At the same time, as Weisbrod [1998d] points out, the ramifications of the growing par¬

allels in the organisation of the academy and industry, and the role of federal policy in

promoting these trends are poorly understood.

- Universities are not well equipped as organisations to deal with the growing status of knowl¬

edge as property [WEISBROD, 1998d].
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- Enhanced efforts at commercialisation typically led universities to devolve financial respon¬

sibility to lower levels, allowing individual research units autonomy and responsibility for

their own funding. As this process unfolds, market-based criteria become the dominant

logic in resource-allocation decisions.

— The changes underway at research universities are the result of multiple forces. Among

these forces are e.g. a transformation in the nature of knowledge and a redefinition of the

mission of universities to both policymakers and key constituents. These trends are so

potent that there is little chance for reversing them.

Summary of recent developments in the non-profit sector

Recent changes have heavily affected the non-profit sector. A transformation of economic

activities towards increasing commercialisation has taken place. This development also affects

institutions in higher education. Both the way research is carried out and knowledge is produced

have changed significantly. Still the question remains whether the overall trend of commerciali¬
sation has a positive or negative effect on institutions in higher education. There is still only little

empirical evidence due to lack oflong-term analysis.

Following these considerations, there is certainly no simple conclusion regarding the over¬

all effect of increasing commercialisation. On the one hand, Weisbrod [1998a] states that

increased commercialisation is certainly not ideal. In the same paper, Weisbrod finds that

non-profit organisations' commercial activities are bringing revolutionary changes in traditional

behaviour and in the process they are blurring the distinctions between non-profits and private

firms. Hence, on the other hand, commercialism by non-profits should not just be dismissed as

inefficient and counterproductive. It offers advantages, despite the problems it poses resulting

e.g. from cooperation between universities and private-sector firms. weisbrod [1998a] finally

concludes by saying that:

[.. .] whether the future finance bases and commercial activities of the non-profit
sector as a whole, and of specific industries within it, will be extensions of histori¬
cal paths is not predetermined. Much depends on non-profits success in finding new
sources of revenue barring unlikely changes in government grants or tax-law encour¬

agement of private donations (of money and labour), increased user fees and, espe¬

cially, expanded commercial activities are the most promising revenue sources. If
non-profit-organisation continues to increase in magnitude and in scope, non-profits
will become even more entwined with private enterprises and less distinct from it.
[Weisbrod, 1998a, p. 303]
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1.4.5 Concluding remarks: Key aspects of institutions in higher education

The aim of this section is to summarise main findings and key aspects of institutions in higher

education. Herein, special focus will be on New Institutional Economics as a novel approach

towards the explanation of micro-foundations of institutions.

NIE aims at examining the micro-foundations of institutions and hereby avoiding the use

of the usual neo-classical black box treatment of firms and institutions. It provides a better

understanding of internal structures of institutions in general. In this context, NIE can be

regarded as a comprehensive framework for examining the characteristics of institutions in

general and the ones of institutions in higher education in particular. So far, the institutional

understanding of institutions in higher education is still quite weak. Several 'puzzles' remain

unsolved. Examples are the objectives of institutions in higher education, the production process

of scientific knowledge, and the relationship between individual institutions in higher education

and the tertiary education sector as a whole. Results from the proceeding analysis of institutions

in higher education will be highlighted in the following:

- The nature of higher education as a good

Higher education is an experience good. The quality of the input determines the quality of
the output (in terms of value added).24 With human capital being one of the most important

input factors,'peer effects', are important in determining the overall outcome of this peer

production process. To a certain degree, human capital is input and output at the same time

[Rothschild and White, 1995; Winston, 1999; Frank and Opitz, 2000]. The

qualitative aspect of knowledge production has not been looked at so far.

- Multiplicity of objectives in institutions in higher education
The production of scientific knowledge might only be one task that IHE pursue. IHE pro¬

duce a multiplicity of outputs simultaneously, with some of the input and output being

intangible and rather difficult to measure. As a result, the delivery of a production function

for this multi-product production process is a difficult, if not impossible task [Hopkins,

1990; Clotfelter, 1996b],

- Process of knowledge production within institutions in higher education

The main aim of a university is to produce knowledge in embodied and disembodied form.

Knowledge itself is the most important input [Hare and Wyatt, 1992]. However, it
is unclear to what extent there are economies of scale and/or scope in higher education.

Empirical studies only find weak partial evidence of the existence of economies of scale and
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scope [Brinkman and Leslie, 1986; Johnes, 1996b]. Institutions in higher education
are not the sole producers of knowledge.

- Derivation of cost functions for institutions in higher education

Further complications also arise due to the fact that institutions in higher education are man¬

aged under a soft budget constraint which makes it unrealistic to assume that institutions
in higher education always want to minimise cost [kornai, 1980c]. There are, however,

attempts to estimate (multi-product) cost functions for IHE can be found in the literature

(see Cohn et al. [1989], Brinkman [1990] and Johnes [1996b] for further reference).

- Process of knowledge production inside and outside the academy

The process of scientific knowledge production inside and outside the academy has changed

enormously. New modes of knowledge production, i.e. new ways of producing knowledge,

have emerged and are of increasing importance.25 Changes in the knowledge production

process inside and outside academia in turn affect financial aspects of these institutions.

- Financial aspects of institutions in higher education

The financial situation of institutions in higher education has recently been subject to

tremendous changes. Reasons are increasing student numbers and decreasing financial sup¬

port from primary and 'official' sources such as Governments and funding councils in the

UK, the U.S.A. and Germany. Institutions in higher education face increasing production

cost for the goods and services they provide. One reason is that student numbers are in¬

creasing. Financial support from the Government is being rather stable or even decreasing

(in terms of funds per student). As a result, financial means made available to institutions in

higher education per capita are decreasing. This development forces universities to engage

increasingly in outside or non-core activities, such as conference organisation, accommo¬

dation services, and catering. Also, funds made available from third parties (e.g. from

research collaborations) play an increasingly significant role in universities' revenue struc¬

tures. However, fees and tuition certainly remain the predominant income sources.

A multiplicity of objectives, multiple-product production processes and uncertainty about core

activities due to high diversification make an application of standard neo-classical theory to the

case of institutions in higher education difficult. The question in the following will be how this

complexity can be dealt with in a way that allows the derivation of scientific knowledge and

focuses on key aspects of institutions in higher education.
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Before these methodological issues will be addressed, characteristics of the UK higher ed¬

ucation sector are outlined in the next section. The reason for this procedure is that the empirical

analysis in the second part of the thesis will focus on the UK higher education sector. Therefore,

a good understanding of the UK higher education sector and of institutions herein is important.

1.5 Characteristics of the UK higher education sector
1.5.1 The current state of higher education in the UK

According to the HEFCE [1999, 2001], the purpose of higher education in the UK is to

[...] enable people to develop their capabilities and fulfil their potential, both person¬

ally and at work; to contribute to an economically successful and culturally diverse
nation; to advance knowledge and understanding through scholarship and research.
[HEFCE, 1999, p. 2]

For this purpose, higher education is defined as the academic standard beyond GCE A level or

equivalent. This includes first degrees, higher degrees, higher national diplomas and certificates
and professional qualifications.26 The main providers of higher education in the UK are universi¬
ties and higher education colleges. The first universities in the UK were established in the twelfth
and thirteenth century (such as the Universities of Oxford and Cambridge) by Royal Charter or

statute. The three oldest Scottish Universities are St. Andrews, Glasgow and Aberdeen (all dat¬

ing from the fifteenth century). So-called 'civic' universities were founded by Royal Charter in

major cities in the 19th and 20th century. A number of universities was founded in the 1950s and

1960s. Former polytechnics were given the status of universities under the Further and Higher
Education Act 1992. These universities are sometimes referred to as 'new' ones. Universities in

the UK seem quite diverse (regarding their size, their mission, subject mix and history) and rather

autonomous units (regarding their power to award degrees) [HEFCE, 1999, 2001], Institutions

in higher education enjoy charitable status and can be regarded as non-profit enterprises. The

number of privately funded universities in the UK is low and so is their significance (in propor¬

tion to the public ones).27 Higher education colleges are self-governing and independent units.

They vary in size, subject mix and history. A significant number of institutions was established as

Church Colleges.

Funding of institutions in higher education in the UK
Four main funding bodies in the UK provide the largest amount of money for institutions in

higher education. These are the Higher Education Funding Council for England (HEFCE), the

Higher Education Funding Council for Wales (HEFCW), Department for Employment and Learn¬

ing (DELL) in Northern Ireland, and the Scottish Higher Education Funding Council (SHEFC).
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The relationship between the cental Government and the higher education funding bodies can

been seen in table 1.1.
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England

NorthernIreland

Scotland

Wales

Departmentfor Educationand Skills (DfES)

NorthernIreland Assembly

Scottish Executive

NationalAssembly forWales

NorthernIrelandHigher EducationCouncil (NIHEC) (advisoryrole)

EnterpriseandLifelong LearningDepartment (ELLD)

HigherEducation FundingCouncilfor England (HEFCE)

Departmentfor Employmentand Learning (DELL)

Scottish
HigherEducation Funding Council (SHEFC)

HigherEducation FundingCouncilfor Wales (HEFCW)

Table1.1:RelationshipbetweencentralGovernmentandthehighereducationfundingbodies Source:HEFCE[2001,p.6]



In general, funding is allocated to institutions by using a funding formula for research and teach¬

ing. Criteria for the distribution of funds are e.g. the number of students, subjects, quality and

quantity of research. In addition to funds allocated from official funding bodies, institutions in

higher education generate funds from additional, i.e. third parties through sponsorship, research

collaborations, fee-paying students, conferences, donations, and through providing additional ser¬

vices (e.g. accommodation services). The four main funding bodies in the UK are in return funded

by and responsible to the Parliament. According to HEFCE [1999, 2001], key responsibilities of
the funding bodies include among others the allocation of funds, the promotion of high quality
education and research, advice of the Government, the supervision of the proper use of public

funds. Funding bodies fact as intermediaries between the Government and institutions in higher

education themselves.

Quality assurance in UK higher education
Since 1992, the UK Government has introduced a rigorous system of quality assurance in higher

education. There are different components of quality assurance both for research and teaching.

Examples are as follows [HEFCE, 1999, 2001]:

- Internal quality assurance, undertaken by the institutions themselves plus external examin¬

ers,

- Institutional quality review, captured in the QAA,

- Quality review of subjects, again covered in the QAA,

- Accreditation, supervised by professional and statutory bodies, and finally

- Research assessments, undertaken by funding bodies, e.g. via the instrument of the RAE.

Analysis: Layers of agency relationships in the UK higher education sector
The foundations of agency theory have already been outlined on pages 16 and 38. A main con¬

clusion from previous analysis is that agency theory can be used as a powerful tool to examine

- organisational aspects within IHE,

- the interaction between IHE, and

- relationships between IHE and third parties.

In this section, the application of agency theory to the UK case will be revisited. Different layers

of agency relationships in the UK higher education sector will be examined. For this purpose,
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both the sectoral, and the institutional level in higher education will be taken into account. The

aim is to outline the complexity of interaction among all parties, which are involved in the higher
education production process.

Different layers of agency relationships in the UK context are shown diagrammatically in
table 1.2.
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Following the analysis of the UK higher education sector on page 73, examples for agency rela¬

tionship in the UK higher education sector are as follows:

1. Layer 1: Government/Funding bodies vs. universities and colleges
As outlined in the previous section, several funding bodies responsible for allocating funds

to universities. The relationship is hence a 1 : N agency relationship (if it is assumed that

funding councils are regionally based and if—and only if—funding councils are the only

principals). If including research councils was allowed, the situation would then be by far
more complicated.

2. Layer 2: Government/Funding bodies vs. agencies and representative bodies

Examples for agencies and representative bodies have already been mentioned (QAA, RAE,

Institute for Learning and Teaching).The RAE is run by the funding council itself. The

QAA does not have the Government as the principal. It is an independent body funded by

the universities and the funding councils. The Institute for Learning and Teaching does not

have anything to do with the Government; it is a body funded by membership subscriptions
of academics. The interaction between the Government or funding bodies on the one hand

and agencies and representative bodies on the other hand can be thought of as a 1 : N

agency relationship.

3. Layer 3: Universities and colleges vs. schools and departments

Within a university or a college, there is usually a number of schools (which might even

be subdivided into departments). This situation can be represented as a 1 : N (multiple-

layered) agency relationship. The organisation within schools will be looked at next.

4. Layer 4: Schools and departments vs. administrators and academics

Within a school or a department, there is a number of administrators interacting with aca¬

demics. This situation can be thought of as a AT : M agency relationship.

At an aggregate, i.e. sectoral level, there is simultaneous interaction. All relationships are shown

graphically in table 1.3.28 Key elements (or terms of the contract) of agency relationships in the
UK higher education sector could well be

- the allocation of funds and resources,

- the number of students to be taught,

- the quality of academic services to be delivered,

- the quality and quantity of research to be carried out, and
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Table 1.3: Agency relationships in the UK higher education sector: Aggregate level

- the amount of (extracurricular) public services to be rendered.

In terms of game theory, the contract can be implicit or explicit (as in any case) and the agency

relationship can be thought of as a multiple-period, endlessly repeated strategic game. The
latter case—layer 4—is particularly interesting. Critics might argue that following the standard
textbook definition, there are no agency relationships if there is no direct payment component

involved (e.g. if agents are not paid directly by the department. Usually academics are paid

directly by the university). Whereas the key idea of the agency setup is that a principal hires
an agent and that the principal needs to design a contract (with appropriate compensation and
incentive structures), this situation can be extended to a non-monetary setup. Even if no direct

payment is involved and if hierarchies are not the most striking feature in this relationship at first

(as in the case of cooperative academic departments), there are agency relationships nonetheless.
Under these circumstances, contracts are largely incomplete and reward mechanisms are

non-monetary. Especially in academia, the incompleteness of contracts plays an important role
when the distribution of work is looked at. Agency theory remains still applicable in this context.

Following these ideas, I would like to introduce the notion of informal agency relationships at

80



this point.

The opposite of informal agency relationships are formal agency relationships and where

remuneration is monetary. In these cases, the derivation or the proof of existence of an optimal
contract is the main aspect of interest. In informal agency relationships, the focus is not so

much on the design of an optimal contract. Instead, the focus is on motivation, delegation,

and maximisation of individual utility. In both cases, agency relationships do exist. However,

only in the latter case can the agency problem be stated formally in terms of an incentive and

compensation problem. The idea in the former case is to use standard utility theory to model this

situation formally. Informal agency relationships can be characterised by an absence of monetary

incentives. The reason is that motivation is often non-monetary and intrinsic, and quite often, the

agents are hired and paid by third parties (e.g. the personnel department). In this case, remunera¬

tion issues that usually focus on the design of an (optimal) contract are then separated from the

work relationship as such. A good example is the situation between a junior member of staff at

a university and a head of department. Due to separation of tasks and different responsibilities,
the head of department is concerned with the selection of his new employee. The financial part

of the deal, however, is in most cases dealt with by the administrators. It is, however, in the

principals interest to 'design' the working environment in a way that the agent behaves. Incom¬

pleteness ofcontracts, as known from formal agency relationships, is prevalent in these cases, too.

Informal agency relationships exist in situations where tasks delegation and decentralisa¬

tion takes place in informal or quasi-hierarchal structures. An example is the head of department
of an economics department who assigns teaching loads to members of the department. In

informal agency relationships, agents aim at maximising their individual utility, given that certain
tasks (which are not necessarily increasing utility) need to be carried out. The example here is

teaching/supervision of students and research. It is quite likely that academics consider teaching
and the supervision of students as tedious and time-consuming activities. Research, however,
is considered to be utility augmenting, since good research outcome adds to reputation. Better

reputation, in turn, leads to higher income, better research infrastructure, bigger office space or

other amenities.

Within informal agency relationships, two key elements of formal agency relations are

still prevalent: Moral hazard and selection problems. In academia, both moral hazard (i.e. hidden

action) and selection problems are reduced
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(i) by closed quality monitoring (e.g. via internal and external quality assessment procedures),

and

(ii) through relatively long probationary employment periods (before tenure is granted).

Obviously, there are incentives especially for younger academic staff to play this game and to

carry less pleasant tasks out in order to position themselves in the academic market. In this

context, both incentives and returns are non-monetary and the return is not immediate, but

anticipated (e.g. regarding good references, upgrades of position, tenure track positions and

promotion in general).

A general conclusion from the application of agency theory to the case of higher educa¬

tion in the UK is that there are multiple agency relationships with a large number of principals
and agents being simultaneously involved. Within each one of these relationships, agents can be

principals at the same time (and vice versa). This finding is supported, e.g. by Dilger [2001]
who points out that there are indeed both vertical and horizontal principal-agent relationships in

higher education. This, in turn, complicates the design of appropriate incentive structures. As far
as the German case is concerned, it also limits the potential for reforms of the higher education

system both in terms of institutional and sectoral aspects.

The question remains whether this interaction among principals and agents has—on aggregate—a

positive or negative effect on the higher education sector as a whole (and on institutions herein).

Therefore, the aim in the following is to examine how well prepared the UK higher education

sector is to meet future challenges and needs. Future challenges and needs of the UK higher
education sector will be assessed in the following section.

1.5.2 Future challenges and needs of the UK higher education sector

In a report to HEFCE, JM consulting [2002] reviewed the requirements for teaching and

learning in UK universities and colleges of higher education. In their report, the authors critically

assess future challenges and needs of the UK higher education sector. Results from this study
will be highlighted in the following. The findings derived by JM Consulting [2002] point into
the same direction as the ones derived by greenaway and haynes [2000], OECD [2000],

and Clarke [2003], Findings from the latter studies will be quoted, too, whenever they add

substantially to the findings derived by JM consulting [2002].

JM consulting [2002] start by assessing the core activities of institutions in the UK
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higher education sector. JM CONSULTING [2002] find that across the whole higher education

sector, teaching is the main activity and remains the core business for every institution in higher
education. Student numbers have grown in recent years. As a result, student-to-staff ratios have

increased, whereas total (available) space has not grown. Furthermore, funding per student in
absolute terms has also decreased.29 According to JM CONSULTING [2002], these trends put

serious pressure on staff and infrastructure. Teaching itself is facing a period of change due to

changes in 'environmental factors' which influence the way teaching is carried out. Examples

for these environmental factors are e.g. different pedagogic methods, autonomy of institutions in

higher education, different ability levels of academics, self-directed learning, and e-learning.

As far as research is concerned, the introduction of the national Research Assessment Ex¬

ercise (RAE) and international pressures have led to a convergence of a 'business model for

research' within institutions in higher education [as JM CONSULTING, 2002, call it]. JM

CONSULTING forecast that by 2006, student numbers will have risen even more. Furthermore,

the authors predict that further improvements in efficiency and space utilisation will limit the
increase in staff numbers and space required. Teaching will develop even further, especially

due to the increasing use of information and communications technology (ICT) and due to the

rising proportion of off-campus learning. JM CONSULTING anticipate that by 2006, there might
be changes in the number and nature of institutions in higher education and the structure of

funding and teaching. The authors assume that in order to be successful in this period of change,

institutions in higher education need to be more flexible when it comes to how to use both their

staff and infrastructure.

JM consulting point out that there has been a long-term decline in the unit of resource

for teaching. Since institutions in higher education have responded to this fact with varying

degrees of success, under-investment is a serious problem in most UK institutions in higher
education. Major public investment in teaching infrastructure is needed. Capital investment is

required in order maintain a generic institutional infrastructure (i.e. suitable space for teaching,

appropriate services). Specialist teaching and discipline-related equipment is needed. Only
advanced facilities can ensure that UK institutions in higher education can compete internation¬

ally [JM Consulting, 2002, p. 7]. JM Consulting [2002] emphasise that the ability to

attract students and staff is of crucial importance for the competitiveness of institutions in higher
education. Institutions compete for research and teaching staff at a national and international
level. In order to attract both highly qualified and able students and staff, it is important for
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UK institutions in higher education not to be perceived as poorly equipped. Good examples are

libraries where significant pressure has been put on institutions in higher education to reduce

library budgets in recent years fJM consulting, 2002, p. 8]. The same is true for information

and communications technology and well-equipped laboratories and further specialist facilities.
Infrastructure investment in these areas goes hand in hand with investment need in areas such

as expenditure on staff, minor equipment, travel, journals, books, conference participation [JM

Consulting, 2002, p. 9].

JM CONSULTING conclude by saying that the UK higher education sector needs to be

funded so that its infrastructure can be managed in way which ensures sustainability and surviv¬

ability. Their recommendations include a policy initiative to clarify the physical infrastructure

needs of institutions, capital funding for remedial investment in existing infrastructure and

investment in e-learning and widening participation schemes.

Findings derived by OECD [2000] show how the UK higher education sector is perform¬

ing in international comparison. The important aspect of this study is that it underlines the need

of financial means required to ensure the survivability and competitiveness of UK higher educa¬
tion in comparison with other countries. greenaway and haynes [2000] also work out that

the UK higher education sector requires a substantial amount of financial means in order to cope

with increasing student figures. In this study, special focus is on how to raise funds. Due to its

social and political dimension, this topic is certainly 'delicate' and difficult to deal with. Details

of this issue have already been outlined in section 1.3.2 and are therefore not repeated at this point.

In the following, it will be examined to what degree these findings are coherent with re¬

cent findings from other reports on the state of higher education in the UK.

The most recent report on the current state of higher education in the UK has been pub¬

lished by Clarke [2003]. Clarke [2003, p. 2-3] adds in his 'white paper' a clear political

dimension to the topic of discussion by stressing that higher education in the UK is currently

facing three main challenges.

- Participation in higher education has to become more 'fair' so that it ensures that those born
from less advantaged families have an opportunity to participate in higher education, too.

— A clear link has to be established between knowledge production and wealth creation. To

ensure this spill-over effect, institutions in higher education need to be equipped with both
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resources andfreedom that are necessary to pursue their mission.

- A balance needs to be sought between those who currently fund higher education (i.e. the

Government) and those who profit from the provision of this service (i.e. the students). It

is therefore suggested that students as immediate beneficiaries should contribute—one way

or the other—to the financing of the services they 'consume'.

Clarke [2003] concludes that only if these changes can successfully be mastered, the situation of

higher education (including the one of institutions in higher education) in the UK can be improved

and a long-term strategy for both investment and reform of the UK higher education sector can

be derived. This is particulary important since competition, both from other academic and non-

academic institutions, at home and also abroad (at an international level), is increasing.

Challenges and needs of the UK higher education sector

The findings derived by Clarke [2003] are not surprising at all. Similar findings had already

been derived in 1997 by a national committee of inquiry into higher education that was estab¬

lished under the direction of Dearing. There seems to be a theme of committees that examine

the nature of higher education in the UK on a frequent basis and of reports and white papers

that examine the current situation of higher education in the UK. The authors of the current and

previous studies agree that the funding aspect of higher education in the UK remains crucial when
it comes down to ensuring the functioning and the competitiveness of the UK higher education
sector. From an external's point of view—to be frank—there seems to be a broad consensus

regarding the necessity of changes. However, actual changes in the desolate funding situation of
UK institutions in higher education have not been observed by the author of the thesis. Since all

research findings from the reports presented above point indeed into the same direction, less talk
and more actions might certainly be advantageous at this point.

In the following section, examples for changes in the economic environment of institu¬

tions in higher education in the UK will be examined when the case of mergers is looked at in

detail.

1.5.3 Examples for changes in the economics environment of UK institutions in
higher education: The case of mergers

JM CONSULTING [2002] have pointed out that appropriate funding is needed to ensure sustain-

ability and survivability of institutions in the UK higher education sector. In the following, it will
be examined to what degree market concentration processes have occurred in higher education.
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In his 2001 report to the Longer Term Strategy Group of Universities UK, Ramsden

[2001] points out that mergers have taken place in the higher education sector. Given the

tight financial situation of some institutions in higher education, many institutions either had to

consolidate or cooperate. From 1995 to 1999, the number ofpublicly funded institutions in higher
education reduced from 183 to 169 [Ramsden, 2001]. Examples for mergers in the time period

from 1994/95 to 1999/2000 are shown in table 1.4. Since the academic year 2000, a total number

Academic year Number of mergers

Academic year 1994 to 1995 3 mergers

Academic year 1995 to 1996 2 mergers

Academic year 1996 to 1997 3 mergers

Academic year 1997 to 1998 3 mergers

Academic year 1998 to 1999 5 mergers

Academic year 1999 to 2000 2 mergers

Table 1.4: Mergers in the UK higher education sector from 1994 to 2000
Source: Ramsden [2001]

of mergers was still pending or happened thereafter. The overview of these mergers shows that

mergers in the market for higher education in the UK did take place. Therefore, there is no exit

in a typical sense that institutions disappear. Instead they are merged with other institutions. This

supports the findings that have been presented earlier one and that were derived by hare [2000a],

In order to obtain a better understanding of size and relative importance of the UK higher

education sector, relevant figures will be outlined in the next section.

1.5.4 The UK higher education sector 2000/2001 in figures

The aim of this section is to present figures on the higher education sector in the UK. The aca¬

demic year under consideration is 2000/2001 since this was the most current one covered by

official HESA publications [HESA, 2002], In the academic year 2000/2001 there were a total of

2,231,860 enrolments on courses leading to higher education qualifications and credits. Out of
these 2,231,860 enrollments, 241,235 were at further education institutions. In total, there were

just under a million full-time students who study for first degrees at institutions in higher and fur-
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ther education. During the academic year 2000/2001, 504,410 students obtained higher education

qualifications from UK higher education institutions. Out of these 504,410 students, 241,290 left
the higher education sector completely. Out of these 241,290, a total of 163,965 reported employ¬
ment as their main activity. Total income of the higher education sector as £13.5 billion. A total

number of 139,940 academics were employed in the UK higher education sector [all figures were

reported by HESA, 2002].

Implications of findings for empirical work
As outlined in the previous section, a substantial number of mergers took place in the time period
that will be considered later on when empirical work will be carried out. In terms of recommen¬

dations for empirical work, this fact implies that

- only those institutions should be considered that existed both in the academic year

1994/1995 and in 1999/2000,

- institutions should be examined on an 'as is' basis, i.e. mergers should not be anticipated ex

ante nor should institutions that merged be aggregated ex post.

Empirical work from other areas, such as e.g. banking shows that mergers lead to synergies after
the merger and to efficiency increases before mergers take place. Results derived in chapter 4

regarding efficiency changes in institutions in higher education might well have to be interpreted
with the necessary precaution. It seems to be plausible to use the fact that institutions merged
as an explanation for potential efficiency losses or gains. However, neither has a correction for

mergers taken place, nor have the data been manipulated in any other way to reflect the fact that

mergers have taken place.

For a better understanding of the empirical work later on in this thesis, specifics of the
UK higher education sector will briefly be summarised in the following.

1.5.5 Concluding remarks: Specifics of the UK higher education sector

The tertiary education sector in the UK features some interesting characteristics which are symp¬

tomatic for almost any higher education sector.30

1. Despite a relatively low number ofmergers, the higher education sector is rather closed with

virtually no exit or entry taking place at the sectoral level. Resource allocation takes place in
a rather bureaucratic way, both at the sectoral and institutional level. The higher education
sector is therefore sometimes referred to as a 'last bastion of central planning' [HARE,
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2000a] or 'the last ofnationalized industries' [Warner and Palfreyman, 2001a]. It is

highly protected by legislation and government regulation where job security is given due

to the institution of tenure.31

2. The academic job market is a monopsonistic labour market with competition taking place

for high-quality input, such as e.g. professors.32

3. Increasing pressure has affected universities due to the introduction and publication of qual¬

ity assessments, both for research and teaching [e.g. the RAE and QAA in the UK; HEFCE,

1997].33

4. Funding patterns of institutions in higher education in the UK have changed significantly

during the past two decades. Funding nowadays includes a backward looking component

(linked to the results of QAA and RAE) and a forward looking component [based on rev¬

enues from research collaborations with external parties; c.f. greenaway and haynes,

2000]. These changing funding patterns have led to a significant diversification of activ¬

ities, more competition among IHE, and an overall increasing commercialisation of the

whole higher education sector [Weisbrod, 1998d], Allocated funds have declined during
the past two to three decades.

As a result, increasing competition has led to an increasing degree of brand competition between
universities both at a national and at an international level [johnes and Cave, 1994],

Another striking fact is that when the distribution of research grants is looked at, only a

small number of institutions receive very high amounts of research grants. This fact is illustrated

diagrammatically in figure 1.2 (where the line is a density line). RCG stands for research
council grants. RCG encompasses all those grants that are allocated from Research Councils

to institutions in higher education in the UK. It does not include income from tuition and fees

and other sources (such as funding from 'third parties', research collaborations, and other

commercial, non-academic activities that IHE increasingly engage in). A direct conclusion from
the graph is that only a small number of institutions in higher education in the UK received the

largest amounts of grants from research councils. Speaking in term of concentration, the graph in

figure 1.2 shows that if allocated research funds are looked at, a relatively small number of IHE

in the UK seems to receive the largest shares of research grants. This seems to be a sign that there

is heterogeneity in IHE in the UK. Further research should focus on this aspect. Heterogeneity

might be a possible explanation as to why some universities decide to specialise when trying to

find their own academic niche.
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Figure 1.2: Distribution of research grants in the UK in thousands of £s
Source: Higher Education Statistics Agency, Finance Plus Dataset, academic year 1999/2000

It remains to be seen to what degree these specifics need to be taken into account when
the issue of efficiency in IHE in the UK is examined. In the following section, research questions
are identified and methodological issues are dealt with.

1.6 Examining the complexity of institutions in higher education:
Microeconomic foundations and limits to economic modelling

Model representation of an institution in higher education (UK, institutional level)

The specifics of IHE have been outlined in a purely descriptive way in the first part of this chapter.
The aim in the following is to use an utility maximisation approach in order to set up a formal

model. The UK case will be used as a reference in the following. The model presented in the

following represents an extension of the work done by Breneman [1970], Garvin [1980], and
james [1990] in a sense that the utility function is assumed to consist of two stages, namely

(i) the maximisation ofprestige, and

(ii) a definition of arguments that yield prestige (in terms of both input and output).

IHE are supposed to maximise their utility from their prestige (P). Prestige is assumed to be
derived from the use of both input and output, i.e. production of undergraduate students (UG),

postgraduate students (PG), and research (R) (all outputs) by using academic labour (AS)
and expenditure (EXP) as inputs. The concept of expenditure (EXP) is a fairly broad and

89



general one in a sense that it also encompasses capital and operating expenditure. Therefore,
other endowment factors (such as e.g. physical capital, buildings, assets and infrastructure) are

not incorporated separately into this model.

Utility maximisation takes place subject to a budget constraint (BC). A formal represen¬

tation of these assumptions follows.
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max U = f(P)
= f(UG,PG,R)

Output
s.t. BC

where BC = (pugUG + pPGPG + prR + TR)
^

v ^
Income (total revenue)

— (cxjgUG + cpcPG + CRR + CASAS + CRXPEXP),
V j

Expenditure (total cost)

where

TR = f(FCG, RCG)

stands for transfer payments (TR) from the funding council grants (FCG) and research council

grants (RCG) government (GOV). The latter reflects the specificity of higher education in the

UK, where funding takes place through two main channels. Apart from that, there are so-called

'third legs' (i.e. addition sources of funding that are typical for the UK and which allow IHE to

raise additional funds). Market prices for output are indicated by p(.) and production cost by
C(.). In the case of students, the price could be tuition fees or transfer payments received from
third parties for the education of students.

The dual funding nature of the UK HE sector is displayed diagrammatically in figure 1.3.

91



S

M

§

.s
c3

-oCh

°

1
2

^
5

o

Higher
education

funding
bodies

Higher
education

research
councils

D-

Institutions
in

higher
education

in

the
UK

'H
«»

•

2

bo

-d
a)

H
—

it

ii

1t

it

it

it

Studentfees(public/private)
Fees
fromoverseasstudents

Incomefromcharities

Otherresearchincome

Income(residences/catering)
Otherincome



The allocation of funds from both research and funding councils is defined as follows:

FCG = f(UG, PG, R, S, I)

and

RGC = f(R),

where the allocation of grants from funding councils depends on the students figures (UG,PG),

research (in a quantitative and qualitative manner, R), subject specific factors (S) and institutions

specific factors (J). The allocation of funds from research councils, however, is assumed only to

depend on R.34

Wages for academics are expressed as academic labour cost (c^s)- Capital cost are in¬
cluded as the cost of expenditure (cexp)• Expenditure (EXP) also includes investment cost

for academic and administrative infrastructure (ACD and ADS), as well as any overhead cost

that might occur during one accounting period (RC, e.g. expenditure for non-academic staff),

EXP = ACD + ADS + RC.

RC is a residual cost component, i.e. a term that captures any cost that have not been adequately

incorporated so far.

Specifics of institutions in higher education:
Acknowledging and incorporating diversity and heterogeneity into the model

Further complications to the model presented above might arise since when the institutional ob¬

jective function is derived, it needs to be taken into account that

- in HE, faculties and departments may vary considerably in size and hence they possess

different weights in terms of influencing the overall institutional objective function,

- preferences regarding output production might not be expressed clearly, but stated implic¬

itly,

- the use of input to produce output might vary considerably across faculties and departments

(e.g. arts vs. sciences), and

- decision making might differ across institutions within the higher education sector (e.g. in
a faculty system vs. in a collegiated system as part of a bargaining process).
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It is therefore suggested that should an institution specific utility function Uihe be derived based
on faculty specific or departmental utility functions, the relative weight of each faculty or depart¬
ment needs to be taken into account. Hence:

N N

UIUE ~ X] x ' given that Qj — 1
i=1

for all 1,..., N departments within an IHE, where otl indicates the relative share of a particular

department (i.e. size, power, influence, relevance) within a faculty in determining the institution

specific utility function (based on departmental preferences). It is assumed that at the bottom
level of each IHE, the core organisational unit (e.g. department) maximises its own utility. Based

on these utility functions (and bearing the relative size and (bargaining) power of each department

in mind), the institutional objective function is then derived.

The view of the university adopted in this context is therefore the one of an aggregate of
faculties (with departments) or colleges. As a result, there might be differences between the

objectives that the institution as a whole proclaims and the ones that a department (or a faculty or

even a college) proclaims (i.e. there can be diverging goals that led to divergence in objectives).
It can therefore be the case that individual departments maximise their own utility, whereas the

institution's objectives differ from the departmental ones. This could lead to institution specific
inefficiencies due to an suboptimal use of resources (at an institutional level).

1.6.1 Example: Cobb-Douglas functional form

Setup of the model

A standard Cobb-Douglas functional form will be assumed in the following.35 Assuming sepa¬

rability of the production function and disposability of output, it is suggested that each IHE aims
at producing output by using input so that

max UGaPG/3R1~a~/3 - AS1EXP1 r, (1.2)

subject to the budget constraint BC, where

BC = total revenue - total cost

(PUGUG + ppgPG + PRR + TR)
- (cjjgUG + CPGPG + CRR + CAS-AS + cpxpEXP).

(1.3)
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Solution of the model

Making use of the conventional Lagrangian approach, a Lagrangian function A can be set up and
the problem can be solved as follows by means of partial derivatives:

a PG Pug — cug
+

dTR
X

dFCG

pUG Ppg — cpg dFCG dUG
a R pug — cug

+
dTR

X
dFCG

(1 — ol -p) UG PR - CR dFCG dPG

p R ppg — cpg
+

dTR
X

dFCG

(1 — a -p) pg PR ~ cr dFCG dR

dTR dRCG
+ x

dRCG dR

7 EXP cas

1 — 7 AS cexp

In addition, the following condition has to be met (i.e. representing partial derivatives of input

over output):
du
~5T _

9U_ (po - c0)'
i.e. where O stands for output and I stands for input. Equation 1.4 states that in equilibrium, the

ratio of partial derivatives of U w.r.t. input over the one of output needs to be equal to the ratio
cost of that input (cj) over revenue generated from output production (po — Co) [c.f. Varian,

1992, p. 94],

It seems obvious that the model presented as such can only be solved quantitatively if

more information is available. A qualitative interpretation of these results is provided next.

1.6.2 Interpretation of results
Output side
For this result to hold, relative preferences regarding output production need to be known at an

institutional level. Whereas mathematically speaking, this prerequisite seems—in theory—to be

simple, it is doubted that it is easily possible—in practice—to derive values for a and (3 although

approaches in that direction can be found in the literature [e.g. by Johnes, 1996a],

Input side
This results can only be valid if the input shares and prices for each input are known at an in¬

stitutional level. However, at the departmental level, they might vary considerably which—in

turn—might lead to complications if aggregation is carried out across departments.

Further extensions of the model

The model presented above could easily be extended by allowing for different kinds of IHE with
different preferences or budget constraints. Analysis could focus on those institutions that are
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either oriented towards research or teaching. The utility maximisation approach could also be

thought of as an intertemporal problem. Furthermore, this model could be tested empirically,

e.g. regarding the parameters a, (3 and 7. This incorporates an analysis of relative preferences on

the output side and of production shares on the input side.

1.6.3 Critical reflection

Modelling institutions in higher education
The model outlined above suggests that key behavioural aspects of an institution in higher
education are its determination of output and the choice of input given the assumption that factor

prices exist both for input and output.36 Bearing the complex nature of IHE in mind, these

findings will be commented upon in the following.

Following the model specification outlined above, the model suggests that

- most surprisingly (and due to the modelling approach chosen) maximising behaviour of
IHE does not depend on income from e.g. transfer payments, or from revenue generated
due to an increasing degree of commercialisation,

- prices and cost for output production are known,

- research can be quantified (and it contributes to the generation of revenue),

- institutional preferences are known (i.e. there is no uncertainty regarding preferences of

output production at an institutional level), and

- IHE can freely determine their (input,output)-combination, i.e. there are no constraints in
this model that predetermine or limit their choices (such as e.g. time related or institution

specific effects).

The assumption that all research contributes to the generation of revenue is rather artificial.
Whereas this might be true for short-term contractual research (e.g. project work), this does
not seem to be the case with long-term basic research. In the latter case, the outcome is

often uncertain and hence there are not direct and immediate financial benefits for IHE to

carry this research out. Furthermore, no intertemporal aspects are taken into account, since a

static utility maximisation approach has been chosen. However, it seems quite realistic that

IHE, too, take intertemporal considerations into account when taking decisions regarding their

(input,output)-combination.
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The non-profit nature of IHE has not been adequately taken into account either. The main

idea at this point is that IHE produce some parts of their output without either an explicit or

implicit intention of generating revenue from it. Furthermore, cross-subsidisation between
activities (e.g. teaching and research), which is assumed to be quite common in IHE, is not

represented in this model either. It can be concluded that modelling IHE at their institutional
level remains a difficult, if not impossible task-despite the simplifying assumptions that were

made when the model was set up—due to a lack of knowledge and information (e.g. regarding

preferences and arguments of the utility function).

1.6.4 Conclusion

The model specification outlined above shows that the use of a utility maximising framework

in combination with the assumption offull information regarding both preferences and prices

remains an auxiliary means in the higher education context. Whereas the use of a model repre¬

sentation as a first analytical approach seems sensible, IHE seem too complex to be put in a single

model that captures many, if not all of the institutional specifics of these organisations. Reasons

for this being the case are in particular

— the complexity of institutional features,

— vagueness (or unclearness) about core activities, and

— a lack ofinformation regarding input and output prices and cost structures in IHE.

Despite its explanatory value, the model leaves a number of questions unanswered since it repre¬

sents a simplification of the real world. In addition to the mathematical treatment, the picture of

an university that seems to arise in this context is the one of an institution

— that is built upon a community ofscholars, rather than a strictly hierarchical organisation,

— that is highly diverse and heterogenous,

— that is complex both in terms of its own organisation and regarding its size and structure,

— that pursues multiple and sometimes diverging objectives,

— that does not maximise revenue; instead a number of activities are carried out which do not

generate any revenue, but which augment institutional prestige,

— that heavily relies on its non-market structures, such as cross-subsidisation, transfer pay¬

ments and direct/indirect subsidies (such as exemption from taxes),
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- that is embedded in a HE system that contains a high degree of central planning.

Results from the first order condition of the model presented above reveal that resource allocation
in IHE seems to be a strategic decision. Due to the qualitative dimensions of input and output

and due to interdependencies between output production, the allocation of resource in IHE can

be influenced by factors others than those that can be modelled in a mathematical manner. This is

especially true since there might be a potential 'trade-off' between the production of students and
research. From the planner's perspective, the allocation of funds might be the result of a complex
and multi-stage decision making process that involves a number of parties (i.e. stakeholders
or agents). This process might also have long term implications and can also affect institution

specific efficiency coefficients, if e.g. an institution decides to specialise in a particular niche that

is highly reputable, but that only attracts few students or that leads to production of relatively low
amounts of research output.

In the following section, the issue of model building (and herein especially the one of het¬

erogeneity) will be addressed when the methodological foundations of this thesis are looked
at.

1.7 Identification of research questions and methodological issues
1.7.1 Identification of research questions

The aim in the following is to identify research questions and to outline methodological
issues which need to be addressed in this context. These considerations will be based on the

theory that has been outlined in the previous part of this chapter. In a second step, they will

provide the basis for the empirical work that will be carried out in following chapters of this thesis.

Especially since the publication of the recent PISA study37 and the publication Education
at a Glance - OECD Indicators [OECD, 2000], the topic of education is omnipresent in the

media and heavily discussed both among academics, practitioners and politicians. Results from
both studies are that both educational expenditure and the outcome of the education process

differ largely among European countries. One interesting question is how effective and efficient
education systems or institutions are.

The following thesis wishes to take this issue up and to focus on education by analysing
the economics of education in the UK higher education sector. The main question in the

following will be if there are any distinct structures that characterise institutions in UK higher
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education. Firstly, cost efficiency in institutions in higher education in the UK will be examined.

It is assumed that for this purpose, the choice of the 'appropriate' methodological approach is

of utmost importance. Before a methodological approach is chosen for this thesis, key aspects

of economic methodology will examined. At the same time, the wider scientific context of the

research area chosen for this thesis will be outlined in the next section.

1.7.2 Positioning of the thesis in the wider scientific context

For the purpose of research carried out in this thesis, economics as a science is subdivided in two

major branches: microeconomics and macroeconomics. Econometrics—often regarded as in in¬

dependent research area—will be used as an 'overlapping' function, since both microeconomists

and macroeconomists use it for their own purposes. Sometimes, due to the close links with
mathematics and statistics, econometrics is regarded as an independent research area. Despite

differences in definition, it is regarded as an overlapping function in the context of this thesis.

Existing econometric tools will be used in this thesis as an auxiliary means in this case to gain

new knowledge.

Both economics of education and knowledge production can be examined by using a mi-

croeconomic or a macroeconomic approach. As soon as the economics of institutions in higher
education are looked at, most approaches in the current literature use a micro-foundation for their

analysis. The reason is that the theory of the firm is a core part of microeconomic theory. Some

authors relate their research of institutions in higher education to macroeconomic variables, such
as growth, government-university relations, and policy implications.

Since this thesis wishes to make a contribution to the area of economics of institutions in

higher education, both microeconomic theory and econometrics will play important roles in this

thesis. The methodological approach chosen will be outlined in detail in the following section.

Figure 1.4 shows diagrammatically the positioning of the topic of this doctoral thesis in the wider
scientific context. In addition to outlining the scientific context of the research topic of this thesis,
a brief methodological review is given in the next section.

1.7.3 Methodological issues: The methodology of economics as a science

As in any science, there is a long and ongoing debate on the methodological foundations of eco¬

nomics. In the 20th century, this debate has been mainly influenced by the work done by Weber

[1949], Popper [1934, 1959], Stegmuller [1969a,b], and Essler [1970a,b,c]. The aim of
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this section is clearly not to give a complete overview over all developments in this area.38 The

key question that is of interest in the context of this doctoral thesis is to what degree economic
models can be used to explain the microeconomic foundations of IHE. This question will be dealt
with in the following.

1.7.4 Economic models: Power and testability

Hausman [1992] extensively looks at the nature of economic models. Two key questions arising
are

(i) what exactly these models are and

(ii) where they come from.

However, in standard economic practice, modelling is a wide-spread technique to describe
real-world phenomena by using basic mathematical structures. As Davis et al. [1998,

p. 316] point out, the structuralist modelling approach relies on logical analysis, but is
not restricted to a particular fixed framework, such as a particular science. Despite some

disagreement in the literature of economic methodology, there seems to be some agreement
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among scientists that models and theory are closely 'interrelated'.39 The main role of models

is to form and to explore theoretical concepts [HAUSMAN, 1992], For this purpose, theoreti¬

cal models need to incorporate characteristic elements of the data or phenomena into their system.

The aim of a model is not to replicate the real world. Instead, the idea behind modelling

is to use a model as an effective scientific instrument for explanatory purposes [gordon, 1991,

p. 108]. Essler [1970b, p. 41] uses the term 'idealised model' in order to make it clear that

models are simplified. Models represent an approximation; the smaller the disturbances, the

better the fit and the better the model. Due to the use of mathematical operators in these idealised

models, these models are referred to as 'mathematical models'. Taking the case of maps as

examples of models, Holcombe [1989] summarises his ideas concerning the appropriate use of
models by saying:

The essence of model building is that the model deliberately simplifies the real world
in order to focus on some particular features. An ideal map of one purpose is not the
ideal map for all purposes.

[Holcombe, 1989, p. 13]

There is no such thing as a 'true' model [Holcombe, 1989, p. 58]. Economic models can,

however, be used in order to be tested for falsifiability. It needs to be pointed out that falsifiability

does not always imply verifiability (boland [1989, p. 47], following popper [1959, p. 68]).

1.7.5 Economic models: Deduction, induction, assumptions, and conclusions

The main purpose of economic modelling is to depict essential aspects of economic phenomena

by making assumptions about it. As a result, a single economic model will never be appropriate
for analysing all economic phenomena [holcombe, 1989, p. 18]. Economic models can be

produced by using economic theory as a starting point, which is combined with assumptions
about the real world. Conclusions of the model are logically deduced and the model is based on

deductive reasoning.

In most cases, economic theories will be presented in a deductive manner: First, a general

theory is presented and is then applied to a specific case [holcombe, 1989, p. 45]. However,
whereas deduction uses certain principles as a starting point in order to use them to infer

conditions about special cases, the inverse is possible as well. In such a case, induction works the

opposite way around: First the conclusion or outcome is presented and from that the premises
are inferred. An example for this kind of inductive reasoning would be to observe real-world

behaviour and to derive a general theory from that which then in turn leads back to the real-world
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phenomena which had been observed beforehand [Holcombe, 1989, p. 45]. Economic models

per se can therefore be both inductive and deductive at the same time.

1.7.6 Classification, comparison, and heterogeneity of research objects

Another important aspect is how models can be used for the purpose of derivation of knowledge.
This process of knowledge derivation is linked to the processes of observation and registration

[Essler et al., 2000, chapter 1.2-4, pp. 31-55].

essler et al. [2000] point out that in terms of the derivation of knowledge, in real sci¬
ences (such as e.g. economics) theories are set up independently of their application or specific

background. Another important aspect is that cognitions are derived either through observation
or measurement. Measurement, e.g. as part of an experiment, allows objects to be grouped

according to specific characteristics which they all have in common; these objects are classified
into groups, classes or sets. Each set contains at least one element. Essler et al. [2000,

p. 35] stress that an initial classification can first be done in a rather rough way and then be
refined. From an academic viewpoint, it is not recommended to construct these classes too

narrowly. This would neither be practicable nor useful. In an extreme case, only one element

would then constitute a class of its own. Essler et al. [2000, p. 38] define this procedure as

a decomposition. This decomposition allows a classification of objects into groups or classes

given that the classified objects are somehow similar. Essler et al. [2000, p. 39] call this

relationship between the objects 'equivalence relation'. The classes are called 'equivalence
classes'.40 In order to identify equivalence classes, a representative object needs to be looked
at. An example for a classification would be the use of a nominal scale. Essler et al. [2000,

p. 46] stress that in principle, criteria for building equivalence classes can be defined arbitrarily.

There are, however, limits as to what degree a classification is useful in terms of its scientific value.

The advantage of the theory outlined by Essler et al. [2000] is that it first allows clas¬

sification, and then comparison of different objects or units of assessment, which—at first

glance—seem to be highly heterogenous. The latter might especially be of relevance given the

specific context of institutions in higher education.

1.8 Methodological structure of this thesis
Methodological approach and schematic structure of the thesis
The methodological approach chosen in this thesis follows the theory behind the methodology

outlined above. It is first of all a deductive approach.
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- Firstly, theories are outlined and models are built, e.g. in terms of a functional representation

of the higher education production process, e.g. in terms of a benchmarkingfunction.

- Secondly, research carried out in this thesis is empirical-analytical and comparative in a

sense that empirical analysis will be carried out and results from different approaches will

be compared.

- Thirdly, by carrying out empirical analysis and comparing different approaches, inferences

about the underlying theory will be drawn and its applicability to the particular case of
institutions in higher education will be examined.

Despite problems with a potential heterogeneity of the units of assessment (i.e. institutions in

higher education in the UK), the aim is to make them comparable by looking at those features
which all institutions have in common. For the purpose of both analysis and empirical analysis,

complexity is reduced to a minimum so that it fits both the econometric and economic framework
that will be specified by the models chosen. Given the complex nature of the research topic, all

parts of the thesis are closely interrelated and linked although they can technically be regarded as

independent pieces of research (e.g. for publication purposes).

The schematic overview of the structure of this PhD thesis is presented in figure 1.5 on

page 104.
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Figure 1.5: Structure of the thesis: Schematic contents
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Once the theoretical foundations have been laid, a complete overview of research carried out in

this thesis will be provided (see figure 2.3 on page 133. In terms of navigation through the thesis,

this allows a better understanding of the structure and of the contribution in this thesis to be gained.

At the same time, figure 2.3 represents a refinement of the information provided in section 1.5 and

in figure 2.1.

Validation of findings and need for methodological cross-checking

Although empirical work has already been carried out on institutions in higher education, there

is a major shortcoming of previous analysis in this area: So far, no cross-checks have been

carried out by authors of previous papers in that area. It is however believed that methodological

cross-checking is of importance given the lack of knowledge about the higher education

production process. Cross-checking will therefore play a vital role in this thesis. The method¬

ological approach chosen is therefore comprehensive in a sense that different methodologies
will be used to examine the same issues. This procedure is consistent with Charnes et al.

[1981], Ferrier and Lovell [1990], and Eisenbeis et al. [1999] and has already been

practised in other areas of application of efficiency analysis, such as e.g. banking. The procedure

is, however, new to the area of institutional economics and especially in the case of IHE in the UK.

In the following chapter, empirical analysis will be carried out when IHE in the UK will

be compared by looking at their relative cost efficiency levels and by using league tables as a

benchmarking tool.
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Endnotes

xSee Geuna [1999a] for a further discussion of this topic.
2Although his main focus of his analysis is on secondary education, Sheehan [1973] relates

some of his ideas to the sector of higher education.

3See Greenaway and Haynes [2000] for a more comprehensive treatment on how to fund
higher education.

4This argument outlined e.g. by west and james [1990] is very important for the understand¬
ing of IHE from a theoretical and/or behavioural viewpoint. It remains to be seem whether these
findings can be incorporated into the analysis that follows in the reminder of the thesis.

5 Good introduction into the topic of agency theory, together with literature surveys can be
found in MacDonald [1984], Tirole [1988], Eisenhardt [1989], Sappington [1991]. Em¬
pirical evaluations of agency theory can be found in Keser and Willinger [2000].

6Gomez-Mejia and Balkin [1992] provide an interesting approach towards empirical test¬
ing of the agency hypothesis in an academic labour market environment.

7See Hare [2000b] for a theoretical treatment on how to motivate academics.

8De Fraja [2002]; De Fraja and Iossa [2002] examine the case of competition amongst
universities and the design of optimal education policies from a theoretical viewpoint. Amongst
their findings is that (i) from a utilitarian government's viewpoint, the optimal education policy
is 'elitist' [De Fraja, 2002] and that (ii) mobility cost might be low, there is an incentive for
universities to become 'elitist' [De Fraja and Iossa, 2002],

9Johnes and Cave [1994] start with a characterisation of institutions in higher education.
The authors find that universities can be regarded as a kind of non-profit cooperatives. This idea
is not completely new and will be examined later on. It has already been suggested by James
and Neuberger [1981], James and Rose-Ackerman [1986] and Rose-Ackerman [1986,
1996]. Academics are relatively free to allocate resources between research and teaching. The
government, on the other hand, has the objectives to ensure the quality of the services provided
and to reduce inefficiencies. Inefficiencies in institutions in higher education will be looked at
later on in this thesis. This idea has been looked at by e.g. Lester [1974a], Ferris [1991, 1992],
and Cave et al. [1995],

10Yardstick Competition refers to a situation where in a regulated market only those firms or

companies are compared with each other which have the same or similar characteristics. Even in
the case of heterogeneous firms, yardstick competition is likely to provide reliable information,
e.g. in the context of cost-of-service regulation [Shleifer, 1985].

1:lThis problem has already been reported by Johnes [1992].

12Delfgaauw and Dur [2002] find that the change from a public monopsony, such as

e.g. the market for higher education can lead to more efficiency, but higher prices at the same
time. However, it remains unclear as to whether this finding is directly applicable to the UK
higher education case.
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13In Germany, for most courses of studies, places are distributed via a central institution, called
the ZVS, the Zentralstellefur die Vergabe von Studienplatzen. For some institution-specific courses
of study (which have maybe only been established recently), things are different. In this case, it is
up to the university to select its students. Due to these newly established courses of study, some
universities managed to establish their own profile or reputation—in contrast to the otherwise
fairly strict and egalitarian higher education system in Germany [annotation by the author].

14These three alternatives to traditional funding have also been looked at by Cave and Weale
[1996].

15A more practical comparison of education funding systems for the U.S. American case can
be found in FernAndez and Rogerson [1999].

16The opposite of mode 2 is mode 1. Mode 1 knowledge production refers to a situation where
knowledge production according to the Newtonian model ofscience. Mode 1 is a complex of ideas,
methods, values and norms which ensure the diffusion of knowledge and the application of sound
scientific practice when research is carried out. Mode 1 stands for the social and cognitive norms,
which need to be applied in the process of knowledge production and diffusion [Gibbons et al.,
1994],

17This idea is then formalised in the paper by Hart and moore [1998] and to a certain extent
in the one by Hart et al. [1997].

18This idea is somehow similar to the findings of Alchian and Demsetz [1972]. In this
paper, the authors examine the question why relationships persist in the real world.

19NORTH [1991] gives the following examples for informal constraints, e.g. sanctions, taboos,
customs, traditions, and codes of conduct. Formal rules are constitutions, laws and/or property
rights.

20It needs to be pointed out, however, that costs can only be minimised subject to a constraint.
Constraints in the HE context can be e.g. output constraints or perhaps quality constraints. One
might argue that a university does not differ in this respect from a firm that minimises cost subject
to a quality constraint (e.g. Rolls Royce). The question remains, however, whether academics are
aware of this standard optimisation problem or not and/or whether they try to make the impossible
possible by minimising cost and maximising output at the same time (which is impossible from
the mathematically viewpoint).

21 According to JAMES [1990], applied contract research often falls into the profit making cate¬
gory.

22It needs to be pointed out that an institution might have different objectives, such as e.g. im¬
material benefits from a diversity of disciplines. In such a case, the allocation of larger budgets to
smaller departments could be a strategic move in order to promote academic niches.

23This argument opens a completely new line of discussion which is not followed at this point.
However, as Wolf [2002] points out, it remains unclear as to whether a positive link can be
established between participation rates in HE and economic growth.

24I am indebted to Bob Hart for suggesting this line of research to me. In a recent discussion
paper, Johnes [2003] makes an attempt to measure teaching efficiency in higher education by
applying DEA to graduates from UK universities. Key question of her analysis is whether indi¬
vidual efficiency can be attributed to the student or the institution. Among her findings is that
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conventional efficiency measures for an institutional level are misleading in a sense that they con¬
tain components that should be attributed to the individual. This findings supports the idea of the
consumer input technology.

25Examples are an increasing number of research collaborations between government agencies,
the industry and institutions in higher education. Examples for new production techniques of
scientific knowledge are reported in Gibbons et al. [1994], Etzkowitz and Leydesdorff
[2000], Benner and Sandstrom [2000], and Jacob and Hellstrom [2000],

26In addition to higher education, there is also further education (FE). Further education (FE)
in the UK refers to education that people receive who are over the compulsory school age of 16
year, but who still attend school. Further education is traditionally offered in sixth-form colleges,
further education colleges or a higher education institution. The aim of further education is to
bring these people up to the standard of GCE A-level or NVQ Level 3 [HEFCE, 1999, p. 21].

27There is no division of institutions in higher education in the UK between private ones and
public ones as in the case of the U.S.A. Examples for privately funded IHE in the UK are e.g. the
University of Buckingham, Schiller International University, Eturon, or Richmond. Some of these
institutions operate in the UK, but their main basis might be elsewhere, e.g. in the U.S.A.

28Those parts of the graph that are marked with dotted lines are not looked at in detail.

29This finding is supported by Cave et al. [1995], Cave and Weale [1996] and Ramsden
[2001, p. 6],

30It seems to be more appropriate to use the term sector instead of the term system as there
might not be a homogeneous higher education system in the UK, since different governing and
funding bodies implement different regulations and rules in England, Scotland, Wales and Ireland.

31Formally, tenure was scrapped in the UK in 1988.

32To be more precise, the market is monopsonistic in general with more competition at the top
end.

33RAE stands for Research Assessment Exercise; QAA for Quality Assurance Agency. RAE
aims at assessing research quality; QAA focuses on assessing teaching quality. Details can be
found at http://www.rae.ac.uk and http://www.qaa.ac.uk. It seems indeed to
be quite difficult to determine what exactly the impact of the RAE on IHE in the UK are (see
e.g. Sloane [2001], Moore et al. [2002], or Hare [2002] for further details at this point).

34Examples for subject related factors are e.g. additional funds for capital intensive courses
of studies, such as medicine, dentistry, veterinary science, other courses, where laboratories or
studios or an extensive amount of field studies are necessary. Examples for institution specific
factors are e.g. cases where addition funds are allocated to specialist institutions, small institutions
(with e.g. less than 1000 FTE of students) or those institutions that have large numbers of old and
historic buildings.

35 Although this functional form is quite established in the literature and although it has a number
of advantages, it assumes that the elasticity of substitution is equal to one. This strong implicit
assumption might certainly be a drawback in this kind of analysis.

36It might be worth examining whether the IHE is a 'price taker' or 'price maker'. Depending
on its reputation, exclusiveness and expected discounted future income derived from attendance
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(from the students perspective), there might be an argument that IHE could behave in a price
setting manner. However, under the current policy arrangements, this behaviour is rule out in the
UK right now.

37PISA is the OECD Programme For International Student Assessment. See
http: //www.pisa. oecd. org/ for details.

38A good overview of recent developments in this area can be found in Davis et al. [1998].

39See Hausman [1992] and Grier [1988] for different methodological approaches at this
point.

40An 'identity relation' would be a special or even extreme sub-case ofan 'equivalence relation'.
In this case, the elements are identical [Essler et al., 2000, p. 41],
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Chapter 2

Efficiency analysis for institutions in
higher education in the UK:
The output perspective

2.1 Purpose of this chapter

League tables are a widespread tool to rank or 'benchmark' institutions or firms according to

particular characteristics. Despite the advantage of general practicability (when information
is presented in a fairly intuitive way), it very often remains unclear what the criteria or the

underlying techniques are that are used to 'construct' these league tables. The aim of this

chapter is therefore to examine the issue of productive efficiency analysis in institutions in higher

education in combination with league tables and benchmarks.1 For the purpose of empirical

examination, two different econometric techniques—Stochastic Frontier Analysis (SFA) and
Data Envelopment Analysis (DEA)—will be used to analyse cost efficiency for institutions in

higher education in the UK for the academic year 1999/2000.

Research carried out in this chapter therefore pursues three main purposes.

- Firstly, institutions in higher education are ranked according to their productive efficiency

levels.

- Secondly, results from different estimations are compared via a methodological cross-check
for the purpose of a validation of results.

- Thirdly, statements about robustness of the results are made (again, by means of using

league tables).

The overall aims of this chapter are to contribute to the area of economics of institutions and to

assess sensitivity of rankings depending on different econometric estimation techniques that are
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used to produce these league tables taking explicitly into account the particularities of institutions
in higher education.

Although it is certainly not a complete novelty, research in this area seems fruitful (espe¬

cially for the UK case) due to the combination of higher education issues with aspects relating to

institutional economics, production theory and due to the application of sophisticated econometric

techniques of efficiency analysis.

2.2 Motivation, aim, and contribution

Public sector efficiency is currently one of the most controversially discussed policy issues both

among policy makers and academics. It is controversially discussed e.g. recent debate regarding
new public management and public sector reform in Britain [cf. SPOTTISWOODE, 2000]. One
reason is an increasing public interest on how public financial means are spent and how public
bodies justify their expenditure. Examples of public institutions wasting money are omnipresent
and often reported by the media. This is true for many countries in the world, such as for the

U.S.A., the UK, and Germany [OECD, 1998],2 A further reason is that the discussion about

public sector efficiency is closely linked to the discussion about public vs. private provision of

public goods [cf. Hanushek, 2002], Large scale privatisation of former public enterprises is a

ubiquitous contemporary phenomenon. Therefore, both policy makers and academics are more

than ever concerned with public sector efficiency measurement. An example is the case of higher
education in the UK, where since the early 1980s the Government has been concerned with

universities' performance and the use of public financial means.3

This chapter wishes to make a contribution to the area of public sector efficiency analysis

by examining the economics of institutions in higher education in the UK. The aim is to

estimate/measure productive efficiency for institutions in higher education (IHE) in the UK for
1999/2000 by using both parametric and non-parametric estimation techniques (SFA and DEA).4
As a necessary prerequisite, the applicability of efficiency analysis techniques to the case of

non-profit organisations in general and to institutions in higher education in particular is critically
assessed.

The contribution of this chapter is to obtain recent efficiency measures for IHE. These ef¬

ficiency measures will be used to rank institutions by setting up league tables (i.e. benchmarks).
A novelty is the use of different econometric techniques in a complementary manner which allows
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a validation and a cross-check of the results to be carried out. It seems highly sensible to approach

the issue of efficiency analysis in IHE in a comprehensive manner and from different angles in
order to assess the robustness of results derived. Results obtained from these estimations can then

be used in a second step either for modelling purposes, hypothesis test, or for the derivation of

possible policy implications.

The remainder of this chapter is structured as follows: First, neighbouring research to this

study is presented in section 2.3. Research questions are defined in section 2.4. Particularities of

UK institutions in higher education will be accounted for when data and definitions are presented
in section 2.5. In section 2.6, the foundations of Stochastic Frontier Analysis are outlined and
estimation results from that technique are presented. Section 2.7 provides an introduction to

Data Envelopment Analysis. Different model specifications are outlined and results from that

measurement technique are presented. Results from both SFA and DEA are compared in section
2.8. The applicability of efficiency analysis to the case of higher education is critically assessed

in section 2.9. Section 2.10 concludes and gives an outlook for further research.

2.3 Prior research in this area

In comparison to more 'established' research areas in economics, economics of institutions has

only recently become an issue on the research agenda both for theoretical and applied research.
Part of the reason is that within the typical neo-classical approach, organisations such as firms
are treated as black boxes. However, especially since the development of New Institutional
Economics [North, 1991; Williamson, 1985, 2000], increased effort has been undertaken

to examine what happens inside the black box. Examples for research that wishes to examine
the 'inside' of firms can be found in the literature. Topics on the research agenda in this context

are the incompleteness of contracts [Hart, 1991], agency relationships [Holmstrom and

Milgrom, 1991], incentive problems in firms [Holmstrom and Milgrom, 1994], and

ownership issues [Hart and Moore, 1998].

As outlined in chapter 1, an area which has also been of increasing research interest is the
issue of economics of education. Economics of education combines institutional aspects with

general economic aspects, such as the nature of education as a good and production theory.
It has only been recently that sophisticated econometric tools have been used in order to look

closer at institutional aspects of institutions in higher education. Most of these approaches aim
at estimating cost functions in order to make statements about economies of scale and scope.
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These approaches are carried out although some critics such as e.g. Brinkman [1990] and
Hoenack and Collins [1990] claim that a derivation of a 'proper' functional form for a

cost function is next to impossible in the higher education context due to the multi-product

nature of IHE. These critics also argue that cost curves differ across institutions according to

their institutional type. As a result, there are measurement problems due to unaccountability and

resource allocation problems. Examples for empirical work that has been carried out in the area

of institutions in higher education will be presented next. When doing so, special focus is on the

definition of input and output, and on the estimation technique used. It is believed that these is¬
sues are ofutmost importance when empirical work is carried out in the second part of this chapter.

Despite the criticism mentioned above, IHE have increasingly been subject of econometric

analysis. One reason is an increasing availability of data material. Approaches to estimate cost

or production functions use either parametric estimation techniques or non-parametric ones.

Early examples for parametric estimation techniques can be found in e.g. cohn et al. [1989].

They estimate a flexible fixed cost quadratic function with multiple outputs in order to examine
the degree of economies of scale and scope in the HEPP. They use data from 1981/1982 for

private and public institutions in higher education in the U.S.A. Another example can be found
in de groot et al. [1991], A cost function for U.S. American universities is estimated

for 1982/83 in this paper. In contrast to the paper presented by cohn et al. [1989], further

institutional characteristics such as the existence of medical schools is taken into account when

these estimations are carried out (e.g. by using OLS). It is implicitly assumed that the existence of
medical schools has implications on the cost structure of IHE. For the first time in the literature,

de Groot et al. [1991] outline in great detail the difficulties they were facing when trying to

quantify research activity. In their paper, they add up publications in order to overcome these

problems and use the number of total pages published as a proxy for research activity (and hence

overall output). However, no measures of research quality are included. The authors point out

that this method is limited in a sense that there are problems due to e.g. various accounting

standards.

Glass et al. [1995] also pursue the cost estimation approach when estimating a multi-

output cost equation for UK IHE for 1989/1990. The authors' aim is to determine cost efficiency
and to compare research oriented and teaching oriented institutions, and to examine the extent

of economies of scale and scope. In their study, capital and labour are used as inputs. The
number of postgraduate and undergraduate students taught are used as outputs in addition
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to results from the 1989 Research Assessment Exercise and data from the UK University

Funding Council. A different approach is undertaken by johnes [1996b] who estimates a

multi-product cost function and uses SFA. His aim is to examine the degree of economies or

scale and scope for UK institutions in higher education for 1989/1990. In this case, external

research grants are used as a proxy for research activity. Inputs are both the undergraduate and

postgraduate teaching load (i.e. number of hours taught), and a proxy for research activity in

arts and sciences. In extension to his earlier paper, johnes [1997] uses a different approach
in order to estimate a constant elasticities of substitution function. The aim in this paper was a

rather botched attempt at evaluating the sustainable configuration of the higher education industry.

The second branch in the literature which deals with econometric analysis of institutions

in higher education uses a different approach, namely non-parametric estimation techniques such

as DEA. This approach dates back to as early as 1988 when Ahn et al. [1988] used data on

U.S. American private and public institutions in higher education in order to measure efficiency

for the year 1984/85. In their study, institutional expenditure, physical investments, and overhead

expenditures are used as inputs. Undergraduate and graduate full time equivalents and research

grants are defined as outputs. A clear distinction is made between institutions with and without
medical schools [this aspect was also taken into account later by de Groot et al., 1991]. It

turns out that in the case considered in this paper, public institutions in higher education are more

efficient than private ones.

A slightly different approach is undertaken by beasley [1990], In this study, the author

uses DEA in order to examine productive efficiency levels for UK institutions in higher education

for the academic year 1986/87. Data originate from financial data, university grants and research

ratings. In this study, general expenditure, equipment expenditure and research income are

regarded as inputs. The number of undergraduate and postgraduate students, research income
and departmental research ratings are used as output measures. The novelty of this study is

that qualitative measures of research quality (i.e. departmental research ratings) are used. This

allows improvement of the basic DEA model so that it better represents the input and output

measures. Another paper by the same author, Beasley [1995] examines efficiency for physics
and chemistry departments. These departments are compared and ranked according to their

productive efficiency levels. DEA is used as an estimation technique in this case, too. The
definition of inputs and outputs is similar to the one in the previous paper. The key difference is
that in comparison to the earlier study, the aim is to compare and rank different departments, not
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institutions as a whole.

Despite the research done for IHE at a national level, there are virtually no studies that

compare higher education systems at an international level. Bayenet and Debande [1999]
use data from the OECD from 1991 to 1993 in order to estimate performance indicators of

education and research activities by using DEA. This is the only study so far that does so against

an international background. This approach allows comparison of productivity of different
educational systems and uses expenditure for research and teaching. Inputs are the numbers
of students' entrance degrees (such as e.g. A-levels). Outputs are the number of students, the
number of university degrees awarded, the number of publications, and research expenditure.

The most recent study in this research area has been published by ng and Li [2000].

Ng and Li use data for Chinese IHE from 1993 to 1995 for a total number of 84 institutions

in order to measure productive efficiency of institutions in higher education in different Chinese

regions. This study is primarily motivated by the fact that the authors believe that there are

different productivity levels in Chinese institutions in higher education due to regional differ¬
ences. Another motivation of the paper is the evaluation of the effectiveness of recent educational
reforms in China. In this study, the number of researchers and research supporting staff as well
as the number of funds are used as inputs. In order to derive a proxy for research output (both in

qualitative and quantitative dimensions), Ng and Li derive a measure (i.e. a proxy) for 'research

output' based on the number of manuscripts, articles, recognised research output, research con¬

tracts and prices. This approach is interesting and will be discussed later on in sections 2.5 and 2.9.

This overview of neighbouring research in the area of economics of IHE clearly allows a

better understanding of the two different econometric approaches that can be found in the
literature. All papers presented above are concerned with an econometric analysis of IHE, but

they approach the topic from different angles. However, despite the amount of research carried
out in this area, several questions still remain unanswered.

Examples for so far 'unanswered' research questions in the area of institutions in higher
education are as follows:

- Firstly, although an extensive amount of research has been carried out on economies of

scope in IHE, it remains unclear how IHE function inside. Despite the agreement in the
literature that IHE are complex in terms of their institutionalfeatures, no coherent approach
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towards modelling the higher education production process can be found.

- Secondly, not many researchers link empirical results with theoretical work. A profound

understanding of the characteristics of IHE seems to be a necessary prerequisite for work

in this area.

- Thirdly, in none of the studies presented above are results cross-checked or validated. The

conventional cost function estimation approach is not tested regarding its applicability to

the special case of IHE. Duality theory is assumed to hold in the case of IHE, too. The

latter is highly questionable, however.

- Fourthly, results are not used either for second stage analysis or hypothesis tests. It is

suggested that by extracting the data further, more valuable insights into the nature of IHE

can easily be gained. Second stage analysis is therefore regarded as a valuable procedure in

this case.

In most cases, the estimation remains a 'snap-shot' or 'one-off exercise' which is not further

examined or elaborated upon. The reason is that in all papers reviewed above, only a single

estimation technique is used and only one time period is looked at.

Due to the persistent lack of knowledge in this area, the aim in the following is to exam¬

ine the nature of IHE. For this purpose, main findings from this brief literature review will be

summarised in the following together with a definition of research questions.

2.4 Definition of research questions and theoretical underpinnings of
this chapter

Definition of research questions
A conclusion drawn from the literature review presented in the previous section is that no

coherent definition of input and output in the HEPP can be found in the literature following

different approaches that have been undertaken. The higher education process seems to be of a

particular nature, both on the input and output side. Whereas input to the HEPP can maybe easily
be quantified (e.g. student figures, number of academics, expenditure), the definition of output

requires a more sophisticated methodological treatment. It remains unclear what output is and

how this output in the HEPP can be measured appropriately both in a qualitative and quantitative

way. Difficulties arise in the HE context since most output measures used in the literature
are single dimensional, i.e. they only focus on a single characteristic of output. Therefore,
these measures might be 'biased' towards either quantitative or qualitative dimensions. Ideally,
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whenever a variable cannot be observed directly, a proxy needs to be used which accounts for

both these qualitative and quantitative aspects.

It can be concluded from the survey of neighbouring research presented in the previous

chapter that there are substantial gaps in the literature at this point. Examples for such
unanswered research questions are e.g.

- the focus on either cost, input or output as the unit of assessment when efficiency analysis
is carried out,

- a derivation of proxy for output (especially research output) in the context of IHE,

- the robustness of estimation techniques used to asses productive efficiency in higher educa¬

tion,

- current efficiency measures for institutions in the UK context used to construct current

league tables,

- comprehensiveness and comparability of different approaches undergone to assess produc¬

tive and/or cost efficiency in the UK HE sector.

Research carried out in the following hopes to fill these gaps from the literature by looking at the

research questions. For this purpose, a comprehensive approach will be used when productive

efficiency analysis in the UK higher education sector is carried out. Two different estimation

techniques will be used. Results will be presented in form of league tables and cross-checked for
the purpose of validation.

Before empirical work will be carried out, the theoretical underpinnings of this chapter are

presented next. These underpinnings are of particular importance since they provided a valuable

basis for the formulation of econometric models in the second half of this chapter.

Theoretical underpinnings of the chapter
As outlined previously, one main aim of research in this chapter is the examination of the nature of

the HEPR It has already been emphasised that the higher education production process is complex

for a number of reasons, namely particularly

- due to the underlying complexity of IHE and

- due to their multi-dimensionality ofobjectives.
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Bearing in mind the particular characteristics of IHE, a solution needs to be sought how to deal

with the complexity of the HEPP and the multiplicity of objectives (see chapter 1 for further

details). It is therefore suggested that in order to make the higher education production process

accessible to scientific analysis, complexity needs to be reduced.

However, in order to establish a more coherent picture, a general and comprehensive analysis of

the higher education production process could encompass the following perspectives.

1. Output perspective:

The idea behind the output perspective is that different units of output should be assessed in

relation to the overall cost level for each IHE. A suggestion for an underlying assumption

in this context is that e.g. cost can be represented as a function of multiple outputs. By

making use of such an approach (e.g. combined with SFA or DEA), it is possible to assess

whether—in the UK case—IHE at a sectoral level are more oriented towards e.g. education

of undergraduate students, towards postgraduate students, or towards research.

2. Input perspective:

If the input perspective is applied, inputs can be examined in relation to output, e.g. in
terms of a functional relationship. In this case, an aggregate measure of output needs to be

sought to make standard efficiency analysis techniques applicable. The advantage of this

procedure is that it allows assessment of economies of scale since it closely follows the idea

of establishing a production function.

3. Comparison and critical assessment:

Both approaches, the output perspective and the input perspective clearly differ from a

theoretical viewpoint. However, should both the input and output perspective be adopted

for the purpose of efficiency analysis, it is feasible to both compare and critically assess the

sensitivity ofresults, e.g. by means of computing rank correlation coefficients.

4. Sensitivity analysis:

The issue of how to aggregate different units of input or output—depending on the ap¬

proach (i.e. the perspective) chosen—still remains unsolved and needs to be controversially

discussed. Should aggregation be considered, topics of discussion in this context could be

(i) whether weighting of e.g. outputs is desired from the scientist's viewpoint (examina¬
tion of reasons for weights), and
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(ii) how appropriate weights should be chosen (discussion regarding the appropriate

choice ofweights).

From the scientific viewpoint, it is suggested that weights could either be chosen on the
basis of outside information, e.g. by a 'benevolent dictator', or by a Governmental agency

or some other official body. Alternatively, weights could be derived by estimating a pro¬

duction possibility frontier by making use of advanced econometric techniques [such as

e.g. Bayesian econometrics where prior information regarding the parameters of interest
can be incorporated into the analysis, cf. FernAndez et al., 2002; koop, 2002].

In addition to these theoretical considerations, it is stressed that duality theory does not hold in

the context of institutions in higher education since institutions in higher education are managed

under a soft budget constraint [cf. kornai, 1980a,b,c]. Furthermore, input and output prices are

not available for all inputs and outputs used in the higher education production process. A proxy

to measure and quantify research activity needs to be sought. The aggregation issue certainly

requires more in depth analysis. It is furthermore pointed out that all model specification represent

a simplification. Therefore, a comparison of different approaches seems to be worthwhile from
an academic viewpoint. It is also suggested that empirical work should start with the least

number of restriction or implicit assumptions that are placed upon a model specification in order

not to restrict potential results a priori. This also includes the choice of a parsimonious model

specification that allows comparison of results without loss of too many degrees of freedom. The
latter is especially important when the number of available observations in the sample is quite low.

Based on these a priori theoretical considerations, an overview over different feasible ap¬

proaches (i.e. perspectives and dimensions of the higher education production process) is

provided in figure 2.1 on page 123. In addition to a single time period case, further complication

of the higher education production process could be caused by intertemporal interdependencies.

For the moment being, the intertemporal dimension remains unconsidered in this case here.

Further research should also aim at examining the HEPP from an intertemporal perspective. The

latter perspective is not depicted in figure 2.1. Diagrammatically, it could however easily be

introduced to the graph as well by adding another layer to the HEPP.
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Figure 2.1 shows clearly that the HEPP can be examined in a number of different ways,

depending on the particular dimension and the perspective chosen. Furthermore, a combination
of approaches is feasible if e.g. output is analysed in relation to cost. Both perspectives and
dimensions can therefore be linked and—as outlined above—an intertemporal dimension can

easily be added, too. As far as the correct use of terminology in this case is concerned, the
differentiation between a dimension and a perspective relies on the fact that a dimension is
believed to be more comprehensive than a perspective.

Summing the results from these theoretical considerations up, the following is stressed.

1. Dimensional point of view: Production dimension

As outlined above, IFIE engage in a particular production process. From the neo-classical

viewpoint, this process can be characterised by a transformation of input into output. This

is labelled the production dimension.

2. Dimensional point of view: Cost dimension

Each of the three elements of the FIEPP—input, the production process as such, and out¬

put—can be related to cost: Factor input cost, cost of the production process as such, and

finally total cost of total units of output. This is labelled the cost dimension.

Within each of the two dimensions, there is a number of different perspectives that can be adopted

when examining the higher education production process. Each perspective links the production
dimension with the cost dimension. Three different aspects regarding this perspective point of
view will be examined next.

1. Input perspective

The input perspective focuses (in its purest sense) on how input is related to factor input

cost.

2. Process perspective

The perspective focuses on the production process with the main question being how the

production process is related to its cost. Examples are e.g. activity-based costing (ABC)

procedures that are often adopted in large firms in order to assess the specific cost of a

process within an organisation (such as e.g. the development of a new product within an

R&D department).

3. Output perspective

The key question behind the output perspective is how total cost can—maybe in functional
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terms—be related to total output.

It needs to be pointed out that it is certainly possible to adopt views on the HEPP other than the
ones outlined above. Further alternative dimensions and perspectives can certainly be thought of,
but remain unconsidered for the purpose of this analysis here. The aim of the classification as it
has been presented above is to theoretically underpin the efficiency analysis procedures that will
be carried in the remainder of this thesis.

Following these considerations, it is suggested to implement the output perspective first

when efficiency analysis will be empirically carried out in this chapter. Further examination of
the higher education production process (as it takes place inside institutions in higher eduction)
is postponed to chapter 3 when the input perspective is adopted for the purpose of efficiency

analysis. Both approaches will be compared via the computation of rank correlation coefficients
in order to assess their comparability at a later stage (chapter 4).

Preliminary hypothesis
However, following these considerations, a preliminary hypothesis could be that institutions that
are highly ranked in terms of cost efficiency are also highly ranked ifproductive efficiency is used
as the primary ranking criterion. The underlying justification for this hypothesis is that only those
institutions that use their resources (i.e. input) efficiently (in terms of productive efficiency) can

be fully cost efficient (on the output side), too. This issue will be examined later on in chapter 4.

Before any empirical work is carried out, data, definitions, and terminology used in the

following are presented in the next section.

2.5 Data, definitions, and terminology
Data and definitions

UK specific data on institutions in higher education were procured from the Higher Education
Statistics Agency (HESA). HESA is a central agency in the UK which collects a wide range of
data on institutions in higher education. The main advantage of using HESA data is that HESA
introduced a uniform accounting system in 1994 for all institutions in higher education in the UK.
This system ensures that data are compatible. Three datasets containing cross-sectional data of
UK IHEs have been used, namely

- HE Finance Plus 1999/2000,

- HE Planning Plus 2001 (as it contains relevant information for 1999/2000), and
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— Resources ofHigher Education Institutions 1999/2000.

The time period under consideration in this chapter is the academic year 1999/2000. All variables
used for estimation purposes are explained in table 2.1.

Name Definition/Explanation Data source

IHE
PGFTE
UGFTE
RAE
EXP
ASFTE

Institutions in higher education in the UK
Full time equivalent (FTE) (postgrads)
Full time equivalent (FTE) (undergrads)
Proxy for research activity (see section 2.5)
Total cost (respectively expenditure) of an IHE
Full time equivalent for academics

Planning Plus 1999/2000, table 1
Planning Plus 1999/2000, table 1
Planning Plus 1999/2000, table 1
cullen [2002]
Planning Plus 1999/2000, table 1
HE Planning Plus, table 15

Table 2.1: Data sources and definitions

Table 2.2 provides descriptive statistics.

Variable Minimum Maximum Mean Std.Dev. Cases
PGFTE 28.04 8,210.72 1,731.55 1,394.70 138
UGFTE 25.50 55,338.35 8,464.72 6,376.02 138
RAE 14 13,314.46 1,819.58 2,397.25 138
EXP 2,861 382,592 87,472 77,654 138
ASFTE 22.47 3,613.53 767.50 688.56 138

Table 2.2: Descriptive statistics

Histograms with density lines will be used in the following to visualise the variables (see figure
2.2 on page 127 for details). In addition, all variables will be briefly reflected upon.
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Figure 2.2: Histograms of variables used for efficiency analysis: RAE, EXP, ASFTE, PGFTE, and
UGFTE
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RAE denotes the proxy for research output. RAE is measured in points.endnotelt can be

argued that the proxy for research output derived by Cullen [2002] is biased in a sense that
it is based on the product of RAE scores and faculty members in the respective departments

and that institutions with less than 10 units of assessment are excluded from the analysis. In

empirical analysis, there can always be problems with sample selection and model specification.

The distribution in figure 2.2 shows that it is distributed with a rather low mean (1820) with

values reaching from 14 to 13,315. There is, however, a number of outliers at the top end of

the distribution. Three outliers mark the top end. The distribution of RAE therefore fits the

traditional picture of higher education in the UK where traditionally a small number of elitist
institutions dominates the academic scene. Full time equivalents are used for undergraduate and

postgraduate students (UGFTE, PGFTE), as well as academics (ASFTE), since only

full time equivalents allow comparison of total numbers of students and staff. PGFTE is

distributed from 28 to 8,211. The spread of the distribution underlines the diversity of institutions
in higher education in the UK. The mean of PGFTE is 1732. There are two outliers at the

top end of the distribution of PGFTE. The distribution of UGFTE reaches from 26 to

55,338.5 The mean of RAE is 8,465. There is one substantial outlier at the top end of the

distribution. Total cost (expenditure, respectively) is denoted as EXP. EXP is measured in

thousands of £s. The distribution of EXP reaches from 2,861 to 382,592 (in thousands of £s)
with the mean being 87,472. The histogram shows a number of outliers at the top end of the

distribution. Finally, the distribution of ASFTE is spread from 22.5 to 3,614 with the mean

being 768. The histogram shows that there is a number of outliers at the top end of the distribution.

The definition of the research proxy RAE follows the work done by Cullen [2002],6
It is striking that the variation in the data (measured in terms of standard deviations) is quite large

for almost all of the above mentioned variables. It remains to be examined to what degree this is

a sign of heterogeneity in the units of assessment in this context. Irrespective of the estimation

technique chosen, a number of observations had to be excluded from the estimations due to

problems with data availability and compatibility. Out of a total number of 169 institutions

in higher education in the UK, 138 were used for estimation purposes. An overview of all

institutions in higher education is included in table A.l on page 352.7 All data transformations

which were carried out in the estimation process are included in table A.2 on page 353.

Definition of input and output
As outlined in section 1.5, an important issue which needs to be addressed is the definition of

input and output in the higher education process. Whereas inputs can obviously be determined
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quite easily, the definition and herein especially the quantification of output (at an institutional

level) remains a difficult task. One approach could be to count publications in journals, papers,

etc. and to use this figure as a proxy for research activity at an institutional level [Ng and

Li, 2000], This is a purely quantitative approach, since research quality is not accounted for.

Another procedure is to use results from quality assessments, such as e.g. the RAE in the UK. The

difficulty with the latter procedure is that RAE results are purely determined at a departmental

level. The RAE results are more qualitative research measures. In order to obtain measures

for research activity at an institutional level, departmental results need to be aggregated and

computed for each institution as a whole. This procedure is established in a sense that it has been

carried out in the literature. Examples for this procedure can be found in Beasley [1990, 1995],

The advantage of this procedure is that it is highly practicable especially when both qualitative
and quantitative aspects are taken into account.

For the 2001 RAE, the data aggregation has been carried out by Cullen [2002] so that

research measures exist for research activity in terms of quantity and quality at an institutional

level. Due to reasons of practicability and for the purpose of this study, the approach undertaken

by Cullen [2002] is applied in this paper. One particular advantage is that in 2001, results

form the current RAE were published. The 2001 RAE results covered the time period of 1996
to 2000. The results were used by Cullen [2002] in order to compute both a league table

comparison of institutions in higher education and a research weight table. In both tables, RAE

results (at a departmental level) are used to compute research output measures for the institution

as a whole. The former league table ranks IHE with more than 10 assessed units on a scale

from one to seven, where seven is the most desirable and hence highest ranked result [produced

by cullen, 2002]. Institutions in higher education with less than 10 units of assessment were

omitted. RAE results were weighted according to the number of academic staff employed in

the unit under consideration. In the second league table, research weights are computed by

multiplying total (i.e. institutional) quality times the research volume in each unit of assessment

for each institution, based on the seven point scale which had been derived in the first league table

[Cullen, 2002]. This way, both qualitative and quantitative aspects of research output are taken

into account. This second league table was used for the estimations presented in section 2.6.

Terminology

Before any estimation is carried out, technical terms are defined. These definitions will help to

clarify the main concepts of efficiency analysis.
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As outlined before, the term productivity denotes the ratio of output over input. In the
case of a single input, single output production process, this computation is a trivial matter.

Problems arise in situations where multiple inputs are used to produce multiple outputs. In these

cases, a single index needs to be derived by means of aggregation. This issue will be looked
at later on. Whenever all factors of production are included in the productivity analysis, the
technical term used in this case is total factor productivity. The contrary would be partial

factor productivity. Examples provided by Coelli et al. [1998, p. 3] are land productivity in

farming, labour productivity in a factory, and fuel productivity in a power station. Productivity

and efficiency denote two different concepts, although they are often interchanged. In contrast

to productivity, the concept of efficiency assesses how good individual decision making units

(DMU) are in relation to the production frontier. If firms operate on the production frontier,

they are fully technically efficient. Production is inefficient if firms produce beneath the

frontier. Although being feasible (input,output)-combinations, all production points beneath the

production frontier are inefficient (although being part of the feasible production set). The

points along the production frontier define the efficient subset of the feasible production set.

The difference between productivity and efficiency is illustrated in figure 2.3.

Y A

Output

->
X

Input

Figure 2.3: Productivity, technical efficiency, and economies of scale
Source: COELLI ET al. [1998, pp. 4-5]
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Figure 2.3 shows a production frontier F' and three decision making units: A, B, and C.

Rays from the origin indicate the ratio of Y over X. The slope of the ray is hence an indicator
of productivity, the steeper the slope, the higher the overall level of productivity. A firm in point
A operates below the production frontier. If the firm moves to point B, productivity increases

(formally shown by a higher slope of the ray). The ray in point C is tangent to the frontier. If a

firm moves from A to C, scale economies can be exploited (since scale economies are greater

in point C than they are in point B). Point C is the point of technical optimal scale. Any
other point on the frontier is less productive (although still efficient). It can be concluded that
firms can be technically efficient (i.e. on the frontier), but there is still an option to exploit scale
economies in the long run. COELLI ET AL. [1998, p. 4] stress that it is difficult to change the
scale of operations quickly. Therefore, technical efficiency and productivity both have short-run
vs. long-run implications. If several time periods are looked at, it is possible to examine technical

changes that led to shifts of the production frontier. COELLI ET AL. [1998, p. 5] point out that if
information on prices is available and if certain behavioural assumptions such as cost minimising
or profit maximising behaviour are satisfied, this information can be incorporated into the

analysis. Performance measures can then be extended in order to assess allocative efficiency (in
addition to technical efficiency). Allocative efficient input selection denotes efficiency in terms

of selection of inputs that produce a given quantity of output at minimum cost. As shall be seen

later, both measures, technical efficiency and allocative efficiency together, provide a measure

of overall economic efficiency. Allocative efficiency can only be examined if factor input and

output prices are given. This allows examination of the chosen (input,output)-combination in

comparison to the most efficient one.

It can be concluded from the view of different concepts of productivity and efficiency that

many of the types of efficiency are irrelevant for the application considered in the following. This
is either due to

- problems with data availability, or

- the fact that these concepts must be interpreted in terms of competitive behaviour.

However, the key concepts of productivity and efficiency will be of importance later on in this
thesis. Using the basic definitions as a first starting point, the efficiency analysis techniques
used in this chapter are outlined in the following section. The aim is both to briefly review
the basic idea of efficiency analysis as well as particularities of different efficiency analysis

techniques. Both parametric and non-parametric techniques are looked at for this purpose.
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Stochastic Frontier Analysis will be used as parametric estimation technique in section 2.6. The

non-parametric measurement technique used is Data Envelopment Analysis. The foundations of
Data Envelopment Analysis are outlined in section 2.7.

Before efficiency analysis is carried out, an overview is provided on how the definition of

input and output and how different concepts of efficiency are related. This is done in figure 2.3

on page 133. At the same time, figure 2.3 allows a better understanding of the structure of the

thesis to be gained.
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Terminologyandmethodologicalstructureofthethesis
chosenforthepurposeofefficiencyanalysisininstitutionsinhighereducationintheUK(academicyears1995/1995and1999/2000) (followingthetheoreticalconsiderationsoutlinedinsection2.4andfigures1.5and2.1)

Perspective chosen

Definition ofthe functional relationship

Focusof analysis: Kindof efficiency under examination

Definition of variables (LHS/RHS)

Efficiency analysis techniques

Validationofresearchfindings:'Methodologicalcross-check' withineachbetweenfroman chapterchaptersintertemporal
perspective

Input perspective

y=g(x)

Functional relationship: Input(RHS)
inrelationto output(LHS): Productive efficiency

LHS: UGFTE PGFTE RAE (transformed) RHS: EXP ASFTE

Dual approach: SFA and DEA (ch.3)

Computation of rank correlation coefficients

Combinationof
>inputandoutput perspective:

Examination of efficiency changes:

Output perspective

c=f(y)

Functional relationship: Output(RHS)
inrelationto cost(LHS): Cost efficiency

LHS: EXP RHS: UGFTE PGFTE RAE

Dual approach: SFA and DEA (ch.2)

Computation of rank correlation coefficients

Validationofresults viacomputationof
>rankcorrelation coefficients

Productive efficiency and cost efficiency (ch.4)

Table2.3:Terminologyandmethodologicalstructureofthethesis



2.6 Stochastic Frontier Analysis
Theoretical foundations of parametric efficiency analysis
SFA is a parametric efficiency analysis technique which allows examination of different kinds of

efficiency, namely

— technical efficiency (i.e. productive efficiency),

— cost efficiency, and

— profit efficiency.

SFA as a parametric estimation technique builds upon the findings of Deterministic Frontier Anal¬

ysis (DFA). The use of parametric models requires two things, namely

— a careful definition of the underlying functional form that is estimated, and

— a sensible definition of inputs and outputs.

These two issues will be addressed before any empirical work can be carried out. Since SFA relies
on DFA, its foundations will be briefly outlined in the following.

Foundations of Frontier Analysis: Deterministic Frontier Analysis

Using standard production theory as a starting point, a deterministic production function model
can be written as follows:

where i stands for 1,,N number of producers, y for the output produced, x is a vector of

inputs used, (3 is a vector of technology parameters which needs to be estimated and f(xp /3)
indicates the production frontier. KUMBHAKAR AND Lovell [2000] show that TEi is an output-

oriented technical efficiency of producer i. TEi can be computed by calculating

which defines technical efficiency as the ratio of maximum feasible output over observed out¬

put. If TEi < 1» this indicates a shortfall of observed output from maximum feasible output

[KUMBHAKAR AND LOVELL, 2000, p. 65]. The production frontier in equation 2.1 is deter¬

ministic in a sense that it does not allow for random shocks which cannot be controlled by the

producer. A potential drawback of this estimation procedure is that the entire shortfall of output

is attributed to technical inefficiency. Equation 2.2 can be rewritten as

Vi = f{xp,P) ■ TEi, (2.1)

(2.2)

Hi = f{xp, (3) ■ exp{—Ui), where TEi = exp{—Ui}. (2.3)
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Since TEi < 1, Ui > 0. TEi is specific for the zth producer, firm or decision making unit

(DMU).

Following kumbhakar and Lovell [2000, p. 66], if /(a^;/3) takes a Cobb-Douglas

Form, a representation of a deterministic production frontier model in terms of a log linear
version becomes

N

In yi — p0 + ^2 ln Xni ~

where Ui > 0 guarantees that yi < f(xp, f3).

Stochastic Frontier Analysis and its foundations
A 'novelty' in comparison to a deterministic production function is the introduction of random
shocks that have been ignored so far. This procedure leads to an elaboration on the error term,

i.e. its decomposition in a stochastic part and a part that allows the drawing of conclusions about

institution specific inefficiency levels. For this purpose, the deterministic production frontier
model presented above can be rewritten. It becomes stochastic by extending equation 2.1 in
the following way:

Vi = f(xi; (3) • exp{ui} • TEi, (2.5)

where [f^xp, (3) • exp{tq}] is the stochastic production frontier which itself consists of a de¬
terministic part f(xt; (3) (common to all producers) and a producer-specific part, exp{ui}. The
latter captures the effect of random shocks on each producer [Kumbhakar and Lovell, 2000,

p. 66]. Hence, an appropriate measurement of technical efficiency, TEi, becomes

TEi = —t ~p~~ T—r- (2-6)
f(xi, (3) ■ exp{ui}

If f{xp, (3) again takes a log-linear Cobb-Douglas form, a stochastic production frontier model

(again in Togs') is given as follows [Kumbhakar and Lovell, 2000, p. 72]:

N

In yi = (30 + ^2 (3x ln xni + Vi - Ui, (2.7)
n

where Uj is a two-sided noise component, and ut is the non-negative technical inefficiency com¬

ponent of the error term. The procedure derived above can also be applied to the case of cost

(in)efficiency. This will be done in the following.

Deterministic Cost Efficiency
Stochastic frontier models can be used to estimate cost efficiency. This might be of particular

interest in the cases where duality is applicable and where data on inputs employed, quantities of
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output produced and total expenditure are available. Similarly to the case of technical efficiency,

TEi, a deterministic cost frontier can be set up first. The deterministic cost efficiency model is
the basis for the stochastic one and can be expressed in the following way in the cost efficiency
context:

Ei> c(y,Wi-,/3), i = 1,..., N (2.8)

where Ei is the total expenditure incurred by the ith institution in higher education, yi is a vector

of outputs, Wi is a vector of input prices, c(yt, Wi\ (3) is the cost frontier, and /3 is a vector of

technology parameters. The cost frontier is the same for all IHE. The aim is to estimate values for

13. Following Kumbhakar and Lovell [2000], cost efficiency in a deterministic model for
the ith institution, CEi, can be expressed as follows, given that the cost minimisation assumption
holds:

CE,= C(y"""i<3), (2.9)
Ei

which is the ratio ofminimum feasible cost over observed expenditure Ei. If it is assumed that

Ei ^

then feasible values for CEi are bound between 0 and 1.

- Cost efficiency values equal to 1 indicate full cost efficiency.

- Values close to (but smaller than) 1 indicate that an institution is relatively cost efficient.

There are inefficiencies, however.

- The closer the value to zero, the less cost efficient the DMU is.

The cost frontier in equation 2.9 is deterministic since random shocks are not taken into account.

The whole excess of observed expenditure over minimum feasible cost is attributed to cost ineffi¬

ciency.

Stochastic Cost Efficiency
As in the case of DFA, an extension of deterministic cost efficiency is possible that allows for

stochasticity. The deterministic cost frontier in equation 2.9 can be converted into a stochastic
one if random shocks or any kind of institution specific inefficiencies are taken into account in

the context of deterministic models. These random shocks are outside the producer's control. A

representation of a stochastic cost frontier is given as follows:

Ei > c(yi,WiU3) -expl^j},
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where c(yi,waP) • exp{ut} on the right hand side of the equation is the stochastic cost fron¬
tier. It consists of two parts, namely a deterministic one (the same for all producers or IHE),

c(t/i, wi; (3), and a random part, exp{ui}, which is specific for each producer and which cap¬

tures random shocks. Following Kumbhakar and Lovell [2000, p. 138], the appropriate
measurement of cost efficiency becomes

CEi=C(y"W»l,) exP<t">. (2.11)
Ei

In this case, the measurement of cost efficiency is defined as the ratio of minimum cost attainable

in a environment which is subject to random shocks over observed expenditure.

If the deterministic kernel c(yi, Wi; (3) of a single output cost frontier is assumed to take
a Cobb-Douglas functional form, then equation 2.10 can be rewritten as follows (again, in 'logs'):

In Ei > P0 + Py In y* + ^ Pn In wni + Vi. (2.12)
n

This inequality is equivalent to the following equality:

Ei — Po + Py In yi + ^2 Pn In Wni + Vi + ui: (2.13)
n

where Vi is a two sided random noise component and Ui is the non-negative cost inefficiency

component of the composed error term. It follows that

= Ui + (2.14)

where Ui and Vi are independent of each other. As stressed previously, whenever parametric
models are estimated (irrespective of the estimation technique used), the definition of the

underlying functional forms is of crucial importance.

A third kind of efficiency that can theoretically be examined within a SFA framework is

profit efficiency. In this case, SFA can be used to estimate and decompose profit efficiency both
for the case of single-output models and multiple-output models. The main question or 'driving
force' behind this kind of analysis is whether or not inefficient producers can survive in a com¬

petitive market environment [Kumbhakar and Lovell, 2000, p. 185]. Kumbhakar and

Lovell [2000] suggest estimation procedures which allow the estimation of profit efficiency for
a price-taking environment in a short-run framework. Although this kind of analysis is feasible
in a multiple output setting where the producer faces both technical and allocative efficiency, it

is not looked at in this paper. It is nonetheless named here for the purpose of completeness. The
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application of the profit motive is therefore not sensible in the case of NPOs such as IHE. One
reason is that in the case of IHE, estimation of profit efficiency seems not to be sensible. Both

types of institutions are usually managed under a soft budget constraint and most of the goods are

not marketable as market prices (which are an essential component in this estimation process) do
not exist [Kornai, 1980c].

Estimation procedure
The estimation procedure adopted in the following follows the theoretical considerations outlined
in section 2.4. Different functional forms and representations which allow efficiency issues to be
taken into account are set up and estimated. They are outlined in detail in section 2.6.1. Esti¬
mation results will be presented in section 2.6.2. Due to the specifics of the production process

in higher education (as outlined in section 1.4), it seems to be of importance to take the case of

multiple outputs into account. The empirical work in this chapter therefore adopts the output

perspective. The aim will be in the following to formulate a functional relationship between total
cost on the one hand and output on the other hand. This model specification allows a separate

treatment of output so that potential problems resulting from an aggregation of output are avoided.

In the following section, parametric efficiency analysis will be applied to examine cost ef¬

ficiency in UK institutions in higher education for the academic year 1999/2000 (section 2.6.1).

Empirical results are presented in section 2.6.2.

2.6.1 Analysing cost efficiency using Stochastic Frontier Analysis

As outlined above in section 2.6, the estimation of cost efficiency allows a better understanding

of organisational performance of institutions in general to be gained. It also provides a first

insight into how 'productive' or cost efficient IHE are. A major disadvantage is certainly that due
to simplifying assumptions, the specifics of the HEPP as outlined in section 1.4 cannot fully be

captured. The model specifications chosen represent a simplification of the HEPP. Furthermore,

only essential aspects and those aspects of the HEPP common to all IHE will be focused on. On

the basis of these assumptions, a comparison of seemingly heterogeneous units of assessment

seems feasible from a methodological viewpoint (see section 1.7 for details). However, it also

needs to be pointed out that the smaller the number of assumptions, the smaller the influence of a

priori implicitly made restrictions. It is therefore suggested that the choice of the functional form
used for parametric efficiency analysis in the following should be as general as possible.

From the most general perspective, a functional representation of the relationship between
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cost (i.e. total expenditure) and output of the ith institution in higher education can be thought of

in the following way.

TCi = +e<, (2.15)

where TC is total cost (measured by total expenditure during the academic year under consid¬

eration), y a vector of outputs, and is an composed error term for the zth IHE. In the light of
difficult conceptual issues surrounding the definition of inputs and outputs for the case of higher

education, data quality worries, and the precise objective functions of universities, some readers

may question whether the estimated function is a 'true' cost function. These readers may wish

to interpret this empirical work as a benchmarking exercise. A benchmark is defined in terms

of university characteristics (various measurements of teaching and research) and then comparing

costs relative to this benchmark. The procedure chosen at this point seems to be easily justifiable

since prices for both input and output are not necessarily available in the higher education con¬

text. Furthermore, crucial assumptions that would justify the use of a 'traditional' cost function
estimation approach do not necessarily hold in this context. Reasons are the inapplicability of

duality theory (profit maximising vs. cost minimising behaviour) in the context of IHE and the

management under the soft budget constraint.8

Theoretical considerations: Choice of the appropriate functional form
The definitions of output derived earlier on for the context of higher education (section 1.4)

will be used for the purpose of empirical analysis. In order to specify functional forms of the

relationship in equation 2.15, the specifics of SFA need to be taken into account. The choice of
the appropriate methodological form has to be clearly justifiable. The following arguments seem

important in this context.

It is assumed that

(i) the functional form should be kept simple,

(ii) the functional form has to be such that it easily allows comparisons between parametric and

non-parametric efficiency analysis techniques,

(iii) given the small number of observations in the sample, the functional form should minimise
a potential loss of degrees of freedom,

(iv) the functional form needs to be established (i.e. widely used and accepted in the literature)-

Despite its specifics, it should not impose too strong restrictions.
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(v) the functional form that is chosen in the SFA case should easily be represented by an (some¬

how) equivalent DEA model specification.

A standard Cobb-Douglas functional form seems to fulfill all these criteria. The functional form
of the underlying higher education production process (output perspective) is therefore given as

follows.
M

TCi = (3ol[y%i + a, (2.16)
1

or equivalently (if both sides of the equation are 'logged'):
M

In TCi = In Po + ^/3mlni/mi + €*, (2.17)
l

where Ci stands for total cost (total expenditure of the ith unit of observation (here: IHEs)),

1, , N, m = 1, — , M for the number of outputs, a: is a vector if inputs and y is a vector

of outputs. This model will be referred to as model 1 in the following. The motivation here is that
the function is a benchmark function which expresses cost in terms of output. It is not a 'true'

cost function in the standard textbook sense. In the case outlined above (equation 2.17), special

focus will be on the institution specific error term, ei.

Justification of the choice of the functional form

The choice of the appropriate functional form is highly relevant in this context here and the author
of this thesis is well aware of that. Some researchers believe that the use of a Cobb-Douglas

functional form is regarded as illegitimate (c.f. Baumol et al. [1982]), since in the case

of zero output, the In of this particular variable would be —oo (i.e. the function would break

down if any of the outputs were zero). Furthermore, critics might argue that the choice of the

Cobb-Douglas specification is objectionable since it does not allow for synergy (i.e. economies
of scope).

Bearing these issues in mind, the following counter-arguments will be outlined in the fol¬

lowing which underline the choice of this particular functional form for the purpose of this

particular benchmarking exercise in the following and for the purpose of methodological
cross-checks.

• The aim of work carried out in the following is to benchmark IHEs by using both SFA and

DEA. The purpose is not to examine potential economies of scale and/or scope.

• The functional form has to be kept simple in order allow for the methodological cross-check

to be carried out.
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• Only those IHE will be included into the analysis that produce all kinds of outputs and that
make use of all the inputs specified in the methodological part of this chapter.

• By doing so, any 'collapses' of the function are avoided. Furthermore, it is ensured that het¬

erogeneity is reduced in a sense that comparable IHE are looked at (and e.g. not specialised
institutions that only produce one kind of output).

The choice of this particular (and certainly not uncontroversial) functional form seems hence

justifiable given the circumstances outlined above and given the purpose of this study. This choice
is in line with COELLI ET AL. [1998, p. 201] who summarise their point of view on the choice of
a Cobb-Douglas functional form in the following manner:

The Cobb-Douglas functional form has been commonly used in the empirical esti¬
mation of frontier models. Its simplicity is a very attractive feature. A logarithmic
transformation provides a model which is linear in the logarithms of the inputs and,
hence, the Cobb-Douglas form is easy to estimate. This simplicity, however, is asso¬
ciated with a number of restrictive properties. [... ] [T]he Cobb-Douglas production
function has constant input elasticities and returns to scale for all firms in the sample.
Further, the elasticities of substitution for the Cobb-Douglas function are equal to

[COELLI ET AL., 1998, p. 201]

In a different context, however, the choice of a different functional specification, e.g. a CES or

quadratic cost function, would certainly be more advisable.9

Decomposition of the error term

Following the specifics of Stochastic Frontier Analysis (as outlined in section 2.6), the aim is
to decompose so that conclusions can be drawn about random shocks and institution specific

inefficiencies. The decomposition of e for the ith institution means that

where Vi represents a random error term and ut the decision making unit specific inefficiency
term, is assumed to be normally distributed to reflect random effect, whereas Ui reflects the

efficiency component. Ui is a single-sided disturbance. It follows that

The one sided error term Ui captures both technical inefficiency and allocative inefficiency for the
ith unit of assessment. The error structure of Vi is given as follows:

one.

ti = Vi + Ui, (2.18)

m — \ui\, Ui~N(0,crl) and Vi ~ JV(0, <r^). (2.19)

, for all v. (2.20)
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Following the assumption of a half-normally distributed error term for Ui, its distribution is given

by

V2
f(u) = exp

= 0

1 ( U

2 \cr
for all u < 0

otherwise.

(2.21)

(2.22)

If MLE be used as an estimation technique, then the log-likelihood function is given as follows.

1 2
In L = —N In AT In a +

2 7T
0 -€i- Ee?> (2.23)

where N denotes the number of observations in the sample. The maximisation can easily be
carried out by using standard maximisation methods. Special focus herein is on the resulting
stochastic frontier. In order to obtain efficiency coefficients for each DMU, needs decomposi¬

tion. The decomposition procedure outlined by Jondrow et al. [1982] is followed at this point.
jondrow et al. [1982] find that the conditional distribution of Ui (given e0 can be achieved in

the following way:
<t A

(2.24)--

1 + A2 _$(<£) a J '
where Ei stands for the expected value, A = ™, and a2 — <r2 + cr2 and 0 and $ are

the standard normal density function (PDF) and the standard normal distribution function (CDF)

respectively, evaluated at ^.10 Figure 2.4 shows diagrammatically the decomposition of the
error term in a random part and into the inefficiency component for the case of a Stochastic Cost

Frontier (SCF).

Figure 2.4: Illustration of a Stochastic Cost Frontier model (Decomposition of the error term)
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It is clearly visible from figure 2.4 how the overall error term is decomposed into two main compo¬

nents (the institution specific inefficiency term and a residual error term). In order to facilitate the
estimation and computation as such, the econometric software LIMDEP [Greene, 1998, 2003b]

will be used to carry these estimations out. Values for A and a were computed by the software
and the error term was decomposed automatically.11 Both OLS and MLE were used as estimation

techniques. The overall institution specific efficiency measurement, £j, can be defined as follows:

Ci = exp{-Mi}, (2.25)

where values for are bound between zero and one (0 < & < 1) and Ui denotes the institution

specific inefficiency term. Hence, values for close to one are desirable for an institution to be

highly cost efficient.

The model specification presented in equation 2.17 will be estimated in the following.
Both OLS and MLE are used as estimation techniques. Empirical results are presented in the

next section.

2.6.2 Empirical results
Model 1 (equation 2.17): CE
According to the specification outlined in section 2.6.1, the model specified in equation 2.17 was

estimated by using a total number of three outputs. Following the discussion led in section 1.4,
it seems to be plausible that in the context of higher education, the total number of postgraduate
students in terms of their full time equivalents (PGFTE), the number of undergraduate students

(full time equivalents as well, UGFTE) and a proxy for research output (RAE) are used
as outputs. In terms of logged variables, the variables used as outputs are LNPGFTE,

LNUGFTE, LNRAE. An overview of all variables used and the corresponding transfor¬

mations can be found in the appendix on page 353. The estimation was carried out by using OLS

first and then MLE. In this context, due to the nature of the error terms, OLS provides consistent,

albeit inefficient estimators, whereas MLE is both efficient and consistent. The specification of

the residual is different in each case.

Once the first estimation had been carried out, it turned out that all variables were signifi¬

cant at the 5% significance level when both OLS and MLE were used. Results from both OLS

and MLE of this second estimation of model 1 are provided in tables A.4 and A.5 on page

354. The signs for all coefficients are positive. It can therefore be concluded that increases in
the number of undergraduate and postgraduate students, as well as increases in the amount of
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research carried out do have a positive effect on the cost level.

Following the Jondrow et al. [1982] procedure, the institutional specific error term £{

was then decomposed and IHE were ranked according to their cost efficiency levels. According
to the results from model 1, all values for CE are distributed between 0.9558 and 0.0864. Table

2.4 shows those five institutions which were ranked most efficient and least efficient according

to the estimation technique chosen in this section. The complete league table is provided in the

appendix in table A.6 on page 355.

League Table: Model 1: CE
Rank. Number Institution in higher education

1 5 (0127) Birkbeck College
Top 2 139 (0176) The University of Wales, Lampeter

5 3 39 (0131) Goldsmiths College
4 23 (0082) University College Chichester
5 29 (0015) Dartington College of Arts

134 46 (0132) Imperial College of Science, Technology & Medicine
Bottom 135 102 (0145) St George's Hospital Medical School

5 136 131 (0189) Writtle College
137 48 (0133) Institute of Education
138 163 (0175) Scottish Agricultural College

Table 2.4: League Table: Model 1: CE

So far, no clear distribution or pattern of distribution of IHEs seems to emerge instanta¬

neously from these findings, neither are old and established IHE highly efficient, nor is this
the case for recently founded institutions. For the moment being, it remains unclear to what

degree there is a potential bias towards institutions which do a lot of undergraduate teaching and
education or postgraduate education and research. In addition, there is always the danger of a 'left
out variable bias'. The latter might result from the fact that some outputs cannot be quantified

(or even identified) in the higher education production process (such as e.g. intermediate output

that remained unconsidered in this case here), ft also remains to be examined to what degree

these findings overlap either with findings from other model specifications (using the same

estimation technique) or with findings from other estimation techniques (both with different
model specifications and different estimation/measurement techniques). Preliminary conclusions

regarding the results obtained from SFA are drawn in the following paragraph.

2.6.3 Preliminary conclusions from Stochastic Frontier Analysis

A Cobb-Douglas cost equation specification has been estimated using SFA in order to assess cost

efficiency in UK fHE. Benchmarks have been produced in the form of league tables, which reflect
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differences in cost efficiency. Although the functional form chosen in equation 2.17 for estimation

purposes relies on a justifiable theoretical groundwork, it seems that several methodological issues
remain to be addressed.

- Firstly, it seems to be evident that an assessment of cost efficiency should be linked to the

issue of how efficiently resources are first of all allocated and then used within institutions

in higher education. For this purpose, a better institutional understanding is required.

- Secondly, due to the rather complex nature of institutions in higher education, it remains un¬

clear what model specification is the best one. Additional and different model specification

could certainly be thought of and empirically tested (such as e.g. a translog cost function).

- Thirdly, an evaluating conclusion regarding the superiority or inferiority ofparticular model

specifications is not possible from the analysis carried out so far. The main reason for

this is that parametric efficiency analysis in the previous section relies on a single model

specification. Therefore, future work in this area needs to focus on two further aspects,

namely

(i) elaboration of different concepts of efficiency analysis in the higher education context,

and

(ii) an improvement of the theoretical foundations of parametric efficiency estimation

techniques given the particular nature of IHE and the specifics of their production

process.

A more comprehensive conclusion will be drawn later one in section 2.10. Before this can be

done, a non-parametric estimation technique will be used to measure productive efficiency for

institutions in higher education. The foundations of this procedure are outlined in the next section.

2.7 Data Envelopment Analysis
2.7.1 Theory of radial efficiency measurements

DEA is a widespread technique for assessing or 'measuring' productive efficiency.12 A brief

introduction to DEA will be provided in the following. Similarly to SFA, the underlying definition
of productivity is the ratio of output to input used in the production process [COOPER ET AL.,

2000], In order to measure efficiency, DEA techniques compute a frontier which envelops all data

points. DEA is not a single technique, instead, it is a toolbox that provides a number of models

which can be used to measure efficiency. Examples are input or output oriented measures of

efficiency for either constant or variable returns to scale production processes and cost efficiency.
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In the first case, the key issue to be addressed is by how much firms need to reduce input to become

fully efficient. In the latter case, the question is to what degree firms can increase output if the
amount of input is held constant. Assumptions regarding economies of scale can be incorporated
into the analysis as well.

Input oriented measurement of efficiency
An input oriented measurement ofefficiency is shown in figure 2.5 for the case of a firm which
uses two inputs (x\ and a;2) to produce one output (y). Examples are outlined in COELLI [1996a],
If the isoquant of all feasible production combinations of a fully efficient firm is known (e.g. SS'
in this case here), then a firm which is not technically efficient is producing in point P above

the isoquant. Hence, QP would be an appropriate measurement of technical inefficiency. QP

represents the amount of input by which the firm might reduce its inputs without a reduction in

output. To make the analysis easier, a measurement for technical efficiency which is input oriented

(hence TEj) can be defined as follows:

0Q
TEi = =, (2.26)

OP

which is equivalent to 1 — == [see COELLI, 1996a, for further details]. Secondly, allocative

efficiency can be computed if factor input prices are known. The input price ratio is represented

by AA' in figure 2.5.

Figure 2.5: Measurements of technical and allocative efficiency
Source: COELLI [1996a, p. 5]

A measurement for allocative efficiency would be

OP
AEj = =.

0Q
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RQ represents the reduction of production costs that need to be introduced if production was

completely efficient, i.e. both technically and allocatively. Q would be technically efficient, but

not allocatively.

Output oriented measurement of technical efficiency
Following coelli [1996a] total economic efficiency is given by output oriented measurement

and can be computed in a similar way. It is best illustrated for the case of one input and one

output (see figure 2.6 for details). An input oriented measurement of technical efficiency is given

by the ratio of ==== (figures 2.6 and 2.7). CD represents the amount of Y that is produced given
x amount of input. If a DMU is in point P, it is inefficient since it is not on the frontier, but below

A D

it. =^p measures inefficiency in this case from an input orientation point of view, i.e. the question
is by how much input needs to be reduced to move this DMU onto the frontier. In the case of an

output oriented efficiency measurement, the distance == can be used to measure inefficiency in
U JJ

this case.

Figure 2.6: Technical efficiency measures: Decreasing returns to scale
Source: Coelli [1996a, p. 7]

An output oriented measurement of technical efficiency is given by === (figures 2.6 and

2.7). Coelli [1996a] points out that both measurements yield identical results for the case of a

constant return to scale production technology (as shown in figure 2.7).

A further example of an output oriented measurement is presented in figure 2.8. In this

case, the distance AB represents technical efficiency, hence
OA

TE0 = =•
OB
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Figure 2.7: Technical efficiency measures: Constant returns to scale
Source: Coelli [1996a, p. 7]

Figure 2.8: Technical and allocative efficiencies: Output orientation
Source: coelli [1996a, p. 7]

Allocative efficiency can be defined as follows if factor prices are given:

OB
AEo = =•

0C

This efficiency measure has a revenue increasing interpretation, similar to the cost reducing inter¬

pretation of allocative efficiency in the case of input oriented efficiency measures. Once technical

and allocative efficiency are known, overall economic efficiency can be computed. For the case

of output orientation the efficiency measurement, EEq, is given as the product of technical effi-
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ciency and allocative efficiency:

/0A\ /0A\ /0B\
£Eo = rBoxAEo=(-) = (-jx(-j. (2.27,

The above derived efficiency measures are all radial measures in the sense that they measure

efficiency alongside a ray from the origin to the observed production point. DEA uses this

concept of radial efficiency measures. They are unit invariant, which makes the efficiency
measures derived by DEA resistant against changes in the units of measurements and allows
variables to be included which are quantified in different units [Coelli, 1996a, p. 8],

DEA uses exactly this definition of overall economic efficiency derived by Debreu [1951] and
koopmans [1951]. In particular, technical efficiency means that institutions (such as firms) are

able to use their inputs in the most efficient way, i.e. in order to yield the most feasible output

from a given set of inputs. Allocative efficiency, however, describes how good institutions are at

using inputs in the optimal proportions, taking relative factor prices into account [coelli, 1996a].

In the following section, the link between traditional efficiency measurements and the

foundations of DEA are looked at.

Theoretical foundations of non-parametric estimation techniques
DEA uses the theoretical foundations outlined in section 2.7.1 in order to make statements about

how 'efficient' an individual decision making unit is. DEA provides a comprehensive framework
to assess efficiency. It has its foundations in the seminal work by Charnes et al. [1978]

and uses the findings of Farrell [1957] as a basis, who himself refers back to work done by

Debreu [1951] and Koopmans [1951].

Following the definition provided by Ganley and Cubbin [1992], DEA is an

[... ] empirical calculus deriving from the implementation of relatively straightfor¬
ward linear programs. The underlying theoretical justification for its use is the con¬

cept of a boundary production function.
[Ganley and Cubbin, 1992, p. 5]

DEA uses linear programming methods which allow the piece-wise construction of a non-

parametric surface (or frontier) over the data. Following coelli [1996a], this allows efficiency
measurements relative to the surface to be computed. This is outlined in in figures 2.9 and 2.10.
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Figure 2.9: Production frontier following Charnes et al. [1978] (CRS case)
Source: Cooper et al. [2000, p. 86]

Figure 2.10: Production frontiers following Banker et al. [1984] (VRS case)
Source: Cooper et al. [2000, p. 86]

The main idea of DEA goes back to work by fare et al. [1985], fare et al. [1994],

and Lovell [1993]. The aim of DEA is to construct a non-parametric envelopment frontier over

the data points in a way that all data points are enveloped by the production frontier (i.e. they
either lie on the production frontier or below).

The Charnes et al. [1978] CRS DEA model specification

Following Cooper et al. [2000], the underlying assumption of DEA is that each decision mak¬

ing unit (DMU) under investigation aims at maximising its efficiency. The definition of a DMU

is rather loose in order to allow for a wide range of possible applications. Examples for DMUs

are firms, departments in public institutions, branches of banks or universities. Each DMU enjoys
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relative managerial freedom in decision making. There are n DMUs with j = 1, , n. Inputs

and outputs need to be common for each DMU. However, numerical data need to be available in

both cases. This allows inclusion of qualitative aspects into the analysis. There are no restrictions

that these measurement units need to be congruent [cooper et al., 2000, p. 22]. In terms of

vectorial representation, input X and output Y can be written in the following way:

(

X =

®n x2X

X2\ a?22

Xln

&2n

\

and

Y =

y t'rti 1 a' ni'2

yn 2/21

2/21 2/22

(2.28)

2/ln

• 2/2n

•Emn J

\

(2.29)

y 2/sl ®s2 ' ' ' Dsn J
where X is an (m x n) matrix of inputs and Y is an (s X n) of outputs. Given these assumptions,
a non-linear (or fractional) programme can be set up in which each DMU wants to maximise its

efficiency. For each DMU, efficiency is measured once, therefore, n optimisations are needed.

This optimisation procedure follows charnes et al. [1978] [as outlined in cooper et al.,

2000]. This fractional programme is solved for input and output weights Vi and ur respectively,

where i = 1,..., m and r = 1,..., s. The subscript O, O,... ,n, indicates that out of

the whole range of j DMUs, one DMU, namely the oth has been chosen. This DMU is de¬
noted DMUo■ The complete fractional programme FPo can be written in the following way

following Cooper et al. [2000, p. 23]:

uiyio + u2y2o H b usyso
max 9 =

v-lX1o -j- v2x2o "T * * * T~ m^mo

subject to
Uiyij + h usysj

VlXlj + 1- Vm^mj

Vl,V2, . . . ,Vm > 0

Ui,U2, ...,US>0.

< 1 (j = l,...,n)

(2.30)

(2.31)

(2.32)

(2.33)

The objective is to measure the input and output weights such that efficiency is maximised for the
DMU under examination. The restrictions implied in this optimisation procedure are that the ratio

of virtual output and virtual input does not exceed one and that input and output weights are bigger

than one. As a result, values for 9 are bound between zero and one, due to the non-negativity

constraint. In order to solve this fractional programme, Cooper et al. [2000] transform this
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non-linear programme into a linear programme, LPo

max 9 — H\U\0 4 b VsVso (2.34)

subject to ViXio H + ^m^mo = 1 (2.35)

VlVlj 4 b VsVsj < VxXxj H b VmXmj (j = 1,..., n) (2.36)

Vx,v2, ...,vm>0 (2.37)

Mil M2) • • • ) Ms ^ (2.38)

It can also be shown that the fractional programme, FPo, is equivalent to the linear one, LPo

(and hence the change from arabic to Greek letters) [COOPER ET AL., 2000, p. 24], If the
non-zero assumption of v holds and ifX >0, then the denominator of the constraint in equation

2.32 is positive for every jth DMU. Equation 2.36 can be obtained by multiplying equation 2.31

by the denominator. Setting the denominator in equation 2.32 equal to one, it is transformed

into a constraint (as in equation 2.35) and the numerator is then maximised. The justification for

this procedure is that any fraction number is invariant under multiplication of both numerator

and denominator by the same non-zero number. This procedure leads to the LPo programme.

Given optimality, the solution of LPo is given by v = v*, /r = fi*, and 9*. The solution to

LPo is also optimal to LPo, if v — v* and u — fi*. Given the assumptions made above, the

transformation from FPo to the LPo is irreversible. In general, optimal objective values for 9*
are the same for both FPo and LPo• Furthermore, the optimal value for 9* are independent of

units (i.e. they are 'units invariant'). Regardless of the units in which inputs and outputs are mea¬

sured, the optimal value for 9 will be the same, provided that the units are the same for each DMU.

The formal setup of a DEA model allows models like these to be solved in practice by

e.g. using a linear programming code. This is especially helpful in the case of multiple inputs

and multiple outputs. The model can be solved by the simplex method of linear programming.

This optimisation procedure results in optimal values for 9*, u*, and v*. If 9* = 1, a DMU is

efficient and there exists at least one optimal pair of u*, and v*, with u* > 0, and v* > 0.

In any other case, the DMU is inefficient. Inefficiency means that either 9* < 1 or that even if

9* = 1, then at least one element of u*, and v* is zero. COOPER ET AL. [2000, p. 25] stress

that in the case where 9* < 1, an additional constraint is necessary to ensure that 9* cannot

be enlarged. If 9* < 1, there must be at least one constraint or DMU for which the weights
u* and v* are such that there is equality between the left and right hand side of equation 2.37.
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Otherwise, 9* could be enlarged. A set of such j , n} can be defined for which

A subset Eo to the set of E'0 of all DMUs can be defined. This subset is called the reference
set or the peer group to the DMUo Due to the existence of full efficient DMUs, DMUo is
inefficient. The existence of peers is of importance in order to compare and rank fully efficient
DMUs. In the case where a number of DMUs are ranked as fully efficient (first order criterion),

the number of peers can be used as a second order criterion to further differentiate fully efficient
DMUs. The more peers, the better the DMU's performance. The existence of fully efficient

DMUs forces DMUo t0 be inefficient. cooper et al. [2000, p. 25] call the set spanned by

Eo efficient frontier of DMUo-

As far as the interpretation of optimal weights is concerned, cooper et al. [2000, p. 25] point
out that both u* and v* are a set of optimal weights for each DMU. These weights can also

be interpreted in terms of how the item is evaluated, i.e. it can be regarded as a sign of relative

importance (in the case of output). As far as input is concerned, these optimal weights describe

the relative contribution of each input to overall output and to the overall value of 9*.

This model outlined above is also referred to as the 'CCR ratio form' as it follows closely

the findings derived by Charnes et al. [1978]. The acronym designation originates from the

authorship of the original article published by charnes et al. [1978], It is input oriented
in the sense that is allows the examination of how much each DMU can reduce its input if it

produces the same amount of output in an efficient way (i.e. if it was on the production boundary).

Furthermore, it assumes CRS. It needs to be examined whether this assumption also seems to

be applicable in the case of IHE. Empirical evidence concerning the case of either increasing or

decreasing returns to scale in the HEPP differs at this point. Findings by [cohn et al., 1989],

Beasley [1995], and Johnes [1996b] do not allow to establish a clear picture as to whether

there are constant or variable returns to scale in the FIEPP. Therefore, it seems to be sensible to

use DEA as a relatively new technique in this context. Ganley and Cubbin [1992] argue that

DEA provides an alternative and superior frontier measurement to cost efficiency measurement

by OLS. The reason is that whenever OLS is used to estimate efficiency, an average function is
estimated. This might be a misleading indicator of efficient production possibilities as average

performance standard will tend to institutionalise inefficiency [see Ganley and Cubbin, 1992,

p. 9, for further details].
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DEA is a comprehensive framework that encompasses a number of different model speci¬
fications. These model specifications can be defined and they all follow the basic idea of DEA.
The specification of the DEA models depends largely on the research question that is examined.
The DEA approach allows different aspects to be incorporated into the model, such as multiple

inputs and multiple outputs, constant and variable returns to scale. The basic DEA model

presented above, for instance, does not account for scale efficiencies. Banker et al. [1984]

presented an extension to Charnes et al. [1978] which accounts for variable returns to scale.
The case of different scale economies is illustrated diagrammatically in figure 2.11.

Figure 2.11: Production frontier: Variable vs. constant returns to scale
Source: Cooper et al. [2000, p. 86] following Banker et al. [1984]

The Banker et al. [1984] VRS DEA model

COELLI ET AL. [1998, pp. 150-8] point out that the CRS assumption is only appropriate when all
firms are operating at an optimal scale. The model specification presented by BANKER ET AL.

[1984] overcomes this shortcoming of the original model specification presented by CHARNES

ET AL. [1978], This model specification accounts for VRS by adding a convexity constraint to

the original DEA CRS model specification. By doing so it is furthermore possible to decompose

the CRS technical efficiency measure into pure technical efficiency and scale efficiency.13

A formal representation of the model will be outlined next following COOPER ET AL.

[2000, ch. 4], A distinction will be made between the input and output oriented model specifica¬

tions. Both specifications will be outlined in the following since they will both be used for the

purpose of empirical analysis in the second half of this chapter.14
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The Banker et al. [1984] VRS DEA model with an input orientation
The idea behind a VRS DEA model with in input orientation is to evaluate efficiency of the Oth
DMU by solving the following linear programme.

min 6b (2.39)

subject to Obxo — XX > 0 (2-40)

YX > yo (2.41)

eA = 1 (2.42)

A > 0, (2.43)

where 6b is a scalar. This model specification can be transformed into a dual multiplier form in

the following way.

max z — uyo — «o (2-44)

subject to vxo = 1 (2.45)

—vX + uY — uog < 0 (2.46)

v > 0 (2.47)

u > 0, (2.48)

where z and uo are scalars and uo is free in sign, i.e. it can either be positive or negative.

Cooper et al. [2000, p. 88] then present the following equivalent BCC factional programme

that is based on the above mentioned duel programme.

max Uyvx0U° (2"49>
subject to UV:]VXjUO <1 (j, • • •, n) (2.50)

v > 0 (2.51)

u > 0, (2.52)

The difference between this model developed by Banker et al. [1984] and the original model

derived by Charnes et al. [1978] is present in the variable uO, a dual variable that is also

associated with the constraint that eA = 1. cooper et al. [2000, p. 89] point out that the BCC

model is solved by using a two-phase procedure that is similar to the CCR case.

• Firstly, &b is minimised.

• Secondly, the sum of input excesses and output shortfalls is maximised, keeping 6b — 6g,
i.e. at its optimum level.
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Furthermore, COOPER ET AL. [2000, p. 89] stress that the optimal solution for the BCC model

is related to the solution obtained from the CCR model. The 0B in the BCC model cannot be
less than the optimal objective value 6* of the CCR model since the BCC model only imposes
one additional constraint (so the feasible region of values for 0*B is a subset of the ones obtained
for 0* in the CCR model). As in the CCR case, COOPER ET AL. [2000, ch. 4, pp. 89-90] then

develop formal solutions to the optimisation problem outlined above.

The Banker et al. [1984] VRS DEA model with an output orientation
An output oriented BCC model can be specified in the following way.

min t]b (2.53)

subject to XX<xo (2-54)

Vbvo — ^A < 0 (2.55)

eA = 1 (2.56)

A > 0, (2.57)

where rjb is a scalar. This model specification can be transformed into a dual multiplier form in

the following way.

max z = vxo — t>o (2.58)

subject to uyo = 1 (2-59)

vX -uY - v0e > 0 (2.60)

v > 0 (2.61)

u > 0, (2.62)

where z and vo are scalars and vo is free in sign, i.e. it can either be positive or negative, vo is

the scalar associated the eA = 1 in the envelopment model. COOPER ET AL. [2000, p. 91] then

present the following equivalent BCC factional programme that is based on the above mentioned
duel programme.

VXuy0V° (2-63>
subject to UXuyj V° <1 (j\ • • • > n) (2.64)

v > 0 (2.65)

u > 0, (2.66)

Both model specifications can be combined, as shown in COOPER ET AL. [2000, section 4.3],

Given the sheer number of potential DEA specifications, the question remains how to select the
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'optimal' DEA model representation. Cooper et al. [2000, ch. 4, pp. 102-4] recommend the

following considerations.

• Shape of the production possibility set

(i.e. resumptions regarding the shape of the frontier and the question whether a CRS or VRS

model is more appropriate),

• Input vs. output orientation

(i.e. considerations regarding the aim of the analysis, i.e. use of results for either input

reduction (holding output constant) or increase of output (given the amount of input that

has already been used)),

• Number of input and output items

(i.e. bearing in mind that the inclusion of either too many input or output items can lead to

losses of degree of freedom, while too few input or output items might lead to a potential

loss of explanatory value of the model),

• Total number of models

(i.e. testing a number of model specifications, depending on the purpose of analysis).

It can be concluded from these considerations that the choice of an appropriate DEA model speci¬

fication remains of utmost importance. It is therefore suggested that a general and comprehensive

approach should be followed and that a large number of DEA model specifications are examined.
In the next section, the DEA model specifications chosen will be presented.

2.7.2 Efficiency analysis procedure

Although DEA does not require a specification of the underlying functional form which is esti¬

mated, it needs to be decided which model to estimate. Criteria for this decision are

- the hypothesised characteristics of the production process (regarding e.g. the definition of

input and output),

- the assumption regarding a constant or variable returns to scale production process, and

- input vs. output orientation of the efficiency measures.

The general and comprehensive approach followed ensures that as many different models as pos¬

sible are measured. In order to make things comparable with the previous analysis, the same

number of observations and the same data are used (see section 2.5 for definitions regarding the

157



data). The same specifics of the UK higher education sector (as outlined in section 1.5) and prob¬
lems with data availability and compatibility (section 2.5) are taken into consideration as well. A

total number of four DEA model each with different specifications will be measured, namely:

1. a constant returns to scale model with an input orientation (Model 2: CRSI),

2. a constant returns to scale model with an output orientation (Model 3: CRSO),

3. a variable returns to scale model with an input orientation (Model 4: VRSI),

and

4. a variable returns to scale model with an output orientation (Model 5: VRSO).

The main reason for this large number of models is that hardly any restrictions should be imposed

by the model specification chosen.15 By choosing this large number of models, it is possible

to compare results from these models without any 'biases'. This is of particular importance
in the context of higher education as there seems to be some doubt in the current literature

whether or not there are constant, decreasing or increasing economies of scale in the production

process [see e.g. Brinkman and Leslie, 1986; Johnes, 1996b, for details]. Not only is
the degree of economies of scale unknown in the HEPP, there also seems to be doubt in the

current literature whether or not IHE are restricted regarding the input that they might use for the

production process. Restrictions can affect the output side of the higher education production

process. Whereas some critics argue that input might be quasi-fixed in the medium and short run

only, others claim that output is quasi-fixed even in the long run if it is assumed that there is no

incentive for IHE to increase output due to rising student figures and decreasing financial support.

Following the first opinion, it is sensible to compute input oriented efficiency measures as IHE

might have to use input efficiently (by adjusting output accordingly). In the second case, the

computation of an output oriented measure can be better justified as IHE intend to adjust input

holding output constant in order to be fully efficient. All feasible model specifications are taken

into account in order not to impose a priori too many or too strong behavioural assumptions on

IHE in the UK. Results from the measurement procedures will be presented in the following
section.

In order to carry the estimation process out, the freeware programme DEAP is used. DEAP

has been developed by coelli [1996a], Following the specifications mentioned above, results
will be presented in the fonn of a league table which ranks IHE according to the corresponding

efficiency coefficient. In all four cases, the functional relationship postulated between total cost
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and output is assumed to hold. This follows the theoretical underpinnings outlined in section
2.4. It also ensures that all DEA model specifications are comparable, although not identical to

the specification derived in equation 2.17. The following assumptions regarding input and output

are made. Outputs are the number of postgraduate students (full time equivalents, PGFTE),
the number of undergraduate students (full time equivalents, UGFTE), and the research results
determined by cullen [2002] (RAE). Total cost are defined by EXP. For comparability

purposes, all variables used are in logged form, although this would technically not be required
from a computational perspective. In terms of mathematical treatment, DEA can handle any

format of data. Technically speaking, all variables could be unit free. The latter allows use of

rather heterogenous units of output without any computational restrictions.

Following the underlying theory of DEA, all those DMUs that constitute the a frontier

will be ranked as fully efficient. In order to distinguish these fully efficient DMUs, the number

of their 'peers' can be looked at as a second-order criterion. As outlined earlier on in section

2.7, DEA computes efficiency coefficients by 'comparing' DMUs relatively with each other.
In this computation process, a fully efficient DMU which constitutes the productivity frontier

serves as a reference case or 'peer' for a number of other DMUs which are closely located to

the reference DMU. These DMUs hence have the same or similar characteristics, e.g. similar

quantities of units of output or similar factor costs or they all use the same quantities of input.
In order to distinguish fully efficient DMUs (which are all on the frontier as they themselves
constitute the frontier), the number of peers they have is an appropriate measurement which
allows these fully efficient DMUs to be ranked. In cases where DMUs have the same number

of peers or the same rank without peers (i.e. if there are ties in both cases), this fact has been

taken into account in the ranking process. It is suggested that the assignment of 'intermediate
ranks' is appropriate in this context in order to break the ties. This procedure is consistent with

the standard literature [yule and Kendall, 1965; Yamane, 1973; Sachs, 1997; Sheskin,

2000]. It is especially important when it comes down to computing rank correlation coefficients
in section 2.8. Furthermore, 'breaking the tie' allows a refinement of results from the efficiency

analysis procedure. This, in turn, facilitates the computation of the rank correlation coefficient in
section 2.8. Assigning intermediate ranks ensures that the number of ranks equals the number of
observations in the sample. Clearly, the number of ranks cannot exceed or fall below the number
of observations.

Before estimations are carried out, anticipated results are formulated and the underlying
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theory of DEA is briefly revised in order to ensure comparability between the results from SFA
and DEA.

Anticipated results and compatibility of efficiency analysis techniques
Anticipated results are that the number of fully efficient DMUs will be lower when a CRS pro¬

duction frontier is assumed (in comparison to the VRS case). As far as the input versus output

orientation is concerned, it is anticipated that there is no, difference between the results of these
two models in the CRS case; in the VRS, coefficients might differ, the ranking should not be

affected greatly by this specification [this assumption is supported by Coelli et al., 1998,

p. 159]. The reason is that in both cases the same frontier will be derived mathematically, and

only the determination of the efficiency coefficient differs (depending on the choice of the orien¬

tation). Regarding the appropriate choice of an input vs. an output orientation, Coelli et al.

[1998, p. 158] state the following.

[... ] [l]t is also possible to measure technical efficiency as a proportional increase
in output production, with input levels held fixed. The two measures provide the
same value under CRS but are unequal when VRS is assumed [...]. Given that linear
programming does not suffer from such statistical problems as simultaneous equation
bias, the choice of an appropriate orientation is not as crucial as it is in the case of
econometric estimation. In a number of studies, analysts have tendered to select
input-oriented models because many firms have particular orders to fill [... ] and
hence the input quantities appear to be the primary decision variables, although this
argument may not be as strong in all industries. In some industries, the firms may be
given a fixed quantity of resources and asked to produce as much output as possible.
In this case, an output orientation would be more appropriate.
[Coelli et al., 1998, p. 158]

coelli et al. [1998, p. 159] point the following out regarding differences of results of an input
vs. an output orientation.

One point of importance is that the output- and input-oriented models will estimate
exactly the same frontier and therefore, by definition, identify the same set of firms as

being efficient. It is only the efficiency measures associated with the inefficient firms
that may differ between the two methods.
[Coelli et al., 1998, p. 159]

The choice of the orientation should hence have no effect on the ranking as such (although it

affects the efficiency coefficient and maybe the number of peers.)16

Structure of the functional relationship
One issue seems worth highlighting regarding the choice of the functional relationship between

cost and output. In the SFA case, cost is assumed to be an output produced by a number of inputs

(i.e. cost is a LHS variable and output of the HEPP appears on the RHS of the equation). SFA
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then estimates average efficiency by means of regression analysis. However, should the same

model specification be used in the DEA case (in terms of LHS and RHS variables), the results

might be misleading. The reason is that DEA as an extreme point measurement technique would
assume that the DMUs with the highest cost levels (but the least output production) would be the

most efficient ones.

This can easily be shown diagrammatically in figure 2.12. Three cases need to be distin¬

guished, though.

- Case 1 represents the SFA regression line.

- Case 2 represents a CRS DEA model.

- Case 3 represents a VRS DEA model.

Whereas SFA aims at estimating a linear function through all data points (case 1), DEA constructs

piecewise a line from the origin. The difference between SFA and DEA is that SFA uses the

concept of average efficiency as the basis of analysis, whereas DEA uses a best-in-class principle
to rank DMUs. In the latter case, the line is either a straight one from the origin through the

data-points (case 2, CRS) or a convex one (case 3, VRS). It is thus likely that when DEA is
used given the model specification outlined above, DMUs A and B are reported as being 'fully
efficient' (due to the direction of the functional relationship assumed in this case) although this
definition is highly misleading in this context. A possible solution to this problem is presented in
the following.
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Inverting the functional relationship between cost and output for DEA analysis
Following the theoretical considerations presented above, the suggestion is that for the DEA case,

an inversion of the functional relationship between cost (previously on the left hand side of the

equation) and the output vector (previously on the right hand side of the equation). This idea
is shown diagrammatically in figure 2.13, where in contrast to figure 2.12, labels on the axes

have been inverted (and so has hence been the functional relationship) in order to acknowledge
differences in the underlying functional relationship. Apart from this modification, the same

conventional notation as in the previous case applies in this case, too. Figure 2.13 shows cost on

Figure 2.13: Inverting the relationship between the LHS and RHS: DEA analysis

the x-axis and output on the y-axis. Two different cases are shown, namely the constant returns to

scale situation (case 1) and a variable returns to scale frontier (case 2). In the former case, DMU

C is fully efficient, in the latter case, both DMUs C and D are fully efficient since they constitute

the frontier. In contrast to figure 2.12, however, DMUs A and B will be reported as relatively
inefficient in the DEA case. The inversion of the functional relationships implies, however, that

the LHS will be multi-dimensional, whereas the RHS is single-dimensional only. DEA as a non-

parametric efficiency analysis technique can easily handle the computation of a multiple output,

single input case. A representation of this model is given as follows:

( UGFTE ^
PGFTE in relation to EXP. (2.67)

y RAE j

It is pointed out that since DEA is non-parametric, there is no functional relation ship between

the RHS and the LHS of the equation in the 'true' sense of the meaning of the word. Nonetheless,

output is related to input in this case, too, and hence the following terminology has been chosen
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to describe this relationship: The specification outlined in equation 2.67 shows how output as a

multi-dimensional output vector 'is related to' the use of a single input. In the following, DEA

will be used to measure (cost) efficiency in terms of the specification given in equation 2.67.

All empirical results will be discussed in detail in the following section. Complete league
tables are provided in the appendix.

2.7.3 Empirical results
Model 2: CRSI

The first DEA model specification is a constant returns to scale DEA model with input orientation.

Once the analysis has been carried out by making use of DEAP [Coelli, 1996a], it turns out

that a total number of three institutions is ranked as being fully efficient (i.e. their data points

constitute the enveloping frontier). The values for the efficiency coefficient derived by this model

are distributed between 1 and 0.669.

Table 2.5 shows those five institutions which were ranked most efficient and least efficient

according to the model specification chosen in this case.

League Table: Model 2: CRSI
1 85 (0001) The Open University

Top 2 87 (0156) The University of Oxford
5 3 16 (0114) The University of Cambridge

4.5 57 (0124) The University of Leeds
4.5 58 (0125) The University of Leicester
134 131 (0189) Writtle College

Bottom 135 108 (0147) The School of Pharmacy
5 136 29 (0015) Dartington College of Arts

137 98 (0034) Royal College of Music
138 163 (0175) Scottish Agricultural College

Table 2.5: League Table: Model 2: CRSI

In order to rank the fully efficient DMUs (i.e. all those DMUs whose efficiency coeffi¬

cients was reported being equal to one), the number of 'peers' was used as a second order ranking

criterion. IHE 71 has 135 peers, IHE 73 has 58 peers, and IHE 15 has 23 peers. In order to rank
DMUs that have the same inefficiency coefficient, the procedure outlined by sachs [1997] and

Sheskin [2000] was followed to break the ties when 'intermediate ranks' were assigned to these

cases. Following this procedure, it has been ensured that the actual number of ranks equals the
number of observations in the sample. These results are taken into account when rank correlation

coefficients, rs, were computed in section 2.8.
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A complete league table encompassing all observations in the sample can be found in the

appendix (table A.7) on page 356.

Model 3: CRSO

The second DEA model specification is a constant returns to scale DEA model with output

orientation. Once the analysis has been carried out by making use of DEAP [coelli, 1996a], it

turns out that a total number of three institutions is ranked as being fully efficient (i.e. their data

points constitute the enveloping frontier). The values for the efficiency coefficient derived by this

model are distributed between 1 and 0.669.

Table 2.6 shows those five institutions which were ranked most efficient and least efficient

according to the model specification chosen in this case.

League Table: Model 3: CRSO
1 85 (0001) The Open University

Top 2 87 (0156) The University of Oxford
5 3 16 (0114) The University of Cambridge

4.5 57 (0124) The University of Leeds
4.5 58 (0125) The University of Leicester
134 131 (0189) Writtle College

Bottom 135 108 (0147) The School of Pharmacy
5 136 29 (0015) Dartington College of Arts

137 98 (0034) Royal College of Music
138 163 (0175) Scottish Agricultural College

Table 2.6: League Table: Model 3: CRSO

In order to rank the fully efficient DMUs (i.e. all those DMUs whose efficiency coeffi¬

cients was reported being equal to one), the number of 'peers' was used as a second order ranking
criterion. IHE 71 has 135 peers, IHE 73 has 58 peers, and IHE 15 has 23 peers. In order to rank

DMUs that have the same inefficiency coefficient, the procedure outlined by SACHS [1997] and

Sheskin [2000] was followed to break the ties when 'intermediate ranks' were assigned to these

cases. Following this procedure, it has been ensured that the actual number of ranks equals the

number of observations in the sample. These results are taken into account when rank correlation

coefficients, rs, were computed in section 2.8.

A complete league table encompassing all observations in the sample can be found in the

appendix (table A.8) on page 357.
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Model 4: VRSI

The third DEA model specification is a variable returns to scale DEA model with input orienta¬
tion. Once the analysis has been carried out by making use of DEAP [coelli, 1996a], it turns

out that a total number of 22 institutions is ranked as being fully efficient (i.e. their data points

constitute the enveloping frontier). The values for the efficiency coefficient derived by this model
are distributed between 1 and 0.866.

Table 2.7 shows those five institutions which were ranked most efficient and least efficient

according to the model specification chosen in this case.

League Table: Model 4: VRSI
1 85 (0001) The Open University

Top 2 5 (0127) Birkbeck College
5 3 52 (0021) King Alfred's College, Winchester

4 139 (0176) The University of Wales, Lampeter
5 59 (0062) The University of Lincolnshire and Humberside

134 140 (0181) University of Wales College of Medicine
Bottom 135 101 (0143) The Royal Veterinary College

5 136 131 (0189) Writtle College
137 102 (0145) St George's Hospital Medical School
138 163 (0175) Scottish Agricultural College

Table 2.7: League Table: Model 4: VRSI

In order to rank the fully efficient DMUs (i.e. all those DMUs whose efficiency coeffi¬
cients was reported being equal to one), the number of 'peers' was used as a second order ranking
criterion. An overview of all those DMUs that were ranked as fully efficient including their

number of peers is provided in table 2.8.

In order to rank DMUs that have the same efficiency coefficient, the procedure outlined

by sachs [1997] and Sheskin [2000] was followed to break the ties when 'intermediate ranks'

were assigned to these cases. Following this procedure, it has been ensured that the actual number
of ranks equals the number of observations in the sample. These results are taken into account

when rank correlation coefficients, rs, were computed in section 2.8.

A complete league table encompassing all observations in the sample can be found in the

appendix (table A.9) on page 358.
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Model 4: VRSI: Fully efficient DMUs with number of 'peers'
Rank Peers Number Institution in higher education

1 67 85 (0001) The Open University
2 65 5 (0127) Birkbeck College
3 40 52 (0021) King Alfred's College, Winchester
4 33 139 (0176) The University of Wales, Lampeter
5 27 59 (0062) The University of Lincolnshire and Humberside
6 23 143 (0091) Swansea Institute of Higher Education
7 22 87 (0156) The University of Oxford
8 18 136 (0179) Cardiff University
9 16 79 (0027) University College Northampton
10 11 29 (0015) Dartington College of Arts
11 10 110 (0159) The University of Sheffield
12 8 141 (0086) University of Wales College, Newport

13.5 7 16 (0114) The University of Cambridge
13.5 7 58 (0125) The University of Leicester
16 5 17 (0012) Canterbury Christ Church University College
16 5 48 (0133) Institute of Education
16 5 128 (0084) Wimbledon School of Art
18 4 121 (0040) Trinity and All Saints College
19 3 3 (0048) Bath Spa University College
20 1 57 (0124) The University of Leeds

21.5 0 62 (0126) The University of Liverpool
21.5 0 67 (0137) London School of Economics and Political Science

Table 2.8: Model 4: VRSI: Fully efficient DMUs with number of 'peers'

Model 5: VRSO

The fourth and last DEA model specification of this section is a variable returns to scale
DEA model with output orientation. Once the analysis has been carried out by making use of

DEAP [COELLI, 1996a], it turns out that a total number of 22 institutions is ranked as being

fully efficient (i.e. their data points constitute the enveloping frontier). As in the previous case,

the values for the efficiency coefficient derived by this model are distributed between 1 and 0.866.

Table 2.9 shows those five institutions which were ranked most efficient and least efficient

according to the model specification chosen in this case.

League Table: Model 5: VRSO
1 85 (0001) The Open University

Top 2 5 (0127) Birkbeck College
5 3 52 (0021) King Alfred's College, Winchester

4 136 (0179) Cardiff University
5 139 (0176) The University of Wales, Lampeter

134 140 (0181) University of Wales College of Medicine
Bottom 135 102 (0145) St George's Hospital Medical School

5 136 101 (0143) The Royal Veterinary College
137 131 (0189) Writtle College
138 163 (0175) Scottish Agricultural College

Table 2.9: League Table: Model 5: VRSO
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In order to rank the fully efficient DMUs (i.e. all those DMUs whose efficiency coeffi¬
cients was reported being equal to one), the number of 'peers' was used as a second order ranking
criterion. An overview of all those DMUs that were ranked as fully efficient including their

number of peers is provided in table 2.10.

Model 5: VRSO: Fully efficient DMUs with number of'peers'
Rank Peers Number Institution in higher education

1 74 85 (0001) The Open University
2 63 5 (0127) Birkbeck College
3 37 52 (0021) King Alfred's College, Winchester
4 29 136 (0179) Cardiff University
5 26 139 (0176) The University of Wales, Lampeter
6 25 143 (0091) Swansea Institute of Higher Education
7 23 59 (0062) The University of Lincolnshire and Humberside
8 21 87 (0156) The University of Oxford
9 20 79 (0027) University College Northampton
10 14 110 (0159) The University of Sheffield
11 9 58 (0125) The University of Leicester

12.5 7 16 (0114) The University of Cambridge
12.5 7 141 (0086) University of Wales College, Newport
14 6 29 (0015) Dartington College of Arts

15.5 5 17 (0012) Canterbury Christ Church University College
15.5 5 48 (0133) Institute of Education
18 3 3 (0048) Bath Spa University College
18 3 57 (0124) The University of Leeds
18 3 128 (0084) Wimbledon School of Art
20 1 121 (0040) Trinity and All Saints College

21.5 0 62 (0126) The University of Liverpool
21.5 0 67 (0137) London School of Economics and Political Science

Table 2.10: Model 5: VRSO: Fully efficient DMUs with number of 'peers'

In order to rank DMUs that have the same efficiency coefficient, the procedure outlined

by Sachs [1997] and Sheskin [2000] was followed to break the ties when 'intermediate ranks'

were assigned to these cases. Following this procedure, it has been ensured that the actual number

of ranks equals the number of observations in the sample. These results are taken into account

when rank correlation coefficients, rs, were computed in section 2.8.

A complete league table encompassing all observations in the sample can be found in the

appendix (table A. 10) on page 359. Preliminary conclusions from DEA analysis are drawn in the

following section when results from all DEA model specifications are examined in greater detail.
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2.7.4 Preliminary conclusions from Data Envelopment Analysis

DEA is an extreme point efficiency measurement technique that can handle a large number of

inputs and outputs and does not require any assumption regarding the underlying functional

form. This is of advantage in cases where there is little information regarding the specifics of

the underlying production process. Inputs and outputs need to be identified concisely but can be
measured in different units. There are, however, some disadvantages associated with the use of

DEA.

Firstly, due to the particular nature of DEA as an extreme point measurement, outliers and
measurement errors might lead to significant problems with reported results. The reason is that

DEA assesses relative efficiency, i.e. it compares DMUs by assuming implicitly that some DMUs

are more efficient than others and by ranking them relatively to each other. DEA neither assess

the maximum (in-)efficiency that might be feasible, nor does it make a statement about reasons

and sources of inefficiencies. In a sense, the results provided by DEA follow a 'best-in-class'

principle whereby the most efficient DMU in the sample becomes the standard that is used to

compare all DMUs. Due to the high degree of relativity of results, minor changes in the data basis

might potentially have significant implications regarding the overall computation of efficiency

correlation coefficients. The same is true for an inclusion of additional DMUs in the analysis.

Secondly, the assumption that each DMU is an autonomous decision making unit might be

rather simplistic in the context of institutions in higher education. IHE are constrained in their

behaviour in multiple ways by e.g. social, political and economical constraints and as far as

the choice of input and output is concerned. Inputs such as labour and capital might be fixed
both in the short and medium run. This makes short-term adjustments for IHE quite impossible,

which in return affects productive efficiency. With some of the institutions being rather old and

well-established, institutional characteristics might also determine the use of resources, e.g. input
factors such as buildings, laboratories, and other facilities. In addition, labour market institutions

such as tenure make labour a quasi-fixed input factor which cannot be easily adjusted.

Thirdly, although—as outlined above—DEA does not require any parametric form of an

underlying function to be defined a priori, the choice of either a CRS or a VRS model certainly
has an important impact on the overall efficiency analysis result. In comparison to the constant

returns to scale case, more institutions are reported fully efficient whenever a variable returns

to scale estimation is chosen. The reason for this can be found in the way the enveloping
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production frontier is 'designed' (or constructed piecewise, to be precise). Therefore, this finding

is not surprising. However, the question remains which assumption regarding scale economies

should be made if little is known about the underlying production process (such as in the case of

higher education). It is also not surprising to see that the difference between those models that

are computed with an input orientation is not significantly different from those with an output

orientation.

Fourthly, it is still unclear to what degree both choice and setup of the estimation proce¬

dure favour large, research based institutions in higher education. Further extensions and

different alternatives of the model specifications used above can be thought of. One alternative to

the procedure carried out above might be to include more qualitative measures of teaching which

have not been incorporated into the models so far. Different model specifications with different
variables or definitions of both input and output could be used for estimation purposes and results
could be compared to find an answer to the question how results depend on the inclusion or

exclusion of certain variables.

Fifthly and finally, some critics might argue that the explanatory value of the model speci¬

fications computed in this section is relatively low since the DEA model here yields efficiency
coefficients based on a slightly different model specification. It needs to be pointed out,

however, that the model specification chosen in equation 2.15 does not allow statements

regarding institutional efficiency to be derived if it is directly applied to the DEA case. Instead,

following the theoretical considerations presented in figure 2.12, the coefficients are clearly

inefficiency ones. An alternative procedure would be to change the axes in the DEA and to

assume that cost are an input to a multiple output production process. This issue is indirectly

linked to the question of the functional relationship: Whereas the specification in equation
2.15 assumes that output is the cause for cost, the opposite might be true as well. In this case,

expenditure can be regarded as the input to the production of multiple outputs. As a result,

there is the need for an inversion of the functional relationships represented in equation 2.15

should DEA be used in this context and should the aim being to derive efficiency coefficients.

Therefore, the procedure as it has been carried out in this section seems to be appropriate from

a methodological viewpoint since it best fits the underlying economic theory. Clearly, this is

a case where the model specification follows the underlying economic theory (and not vice versa).

In the following section, results from SFA and DEA will be compared by means of com-
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puting rank correlation coefficients.

2.8 Methodological cross-check: Comparison of results
Although both SFA and DEA both have the same aim, namely analysing efficiency, the central

question is whether or not results from different efficiency analysis techniques, i.e. both from

parametric and non-parametric techniques, are consistent. In order to compare results from
SFA with the ones from DEA, correlation coefficients will be computed in the following. The

advantage is that by doing so, no absolute values of efficiency coefficients are compared. Instead,
ranks are used for comparison purposes. Since the focus is not on the efficiency coefficient as

such (due to different underlying distributional assumptions), this procedure allows comparison
of the results of two completely different efficiency analysis techniques. Given this specific
context (i.e. comparison of ranks), the use of a Spearman's rank correlation coefficient rs instead
of Pearson's product moment correlation coefficient r seems to be appropriate [spearman,

1904; slegel, 1956; Yamane, 1973; Sprent, 1990].17 Although Spearman's rank correlation

coefficient rs is a special case of a Pearson's product moment correlation coefficient r, Pearson's

r is commonly used whenever the assumption is implicitly made that the two variables are jointly

normally distributed. The use of Spearman's rs is more appropriate whenever this assumption
cannot be justified. Therefore, Spearman's rs is non-parametric or distribution-free.18

Following schlittgen [1996], the formula for computing a Spearman rank correlation

coefficient is given as follows:

1l2(R(,xv) R(xv))(R{yv) — R(yv))
rs - 7 _ - 7 _ (2.68)

- R(xv))^Z(R(yv) - R(yv))2
where R(xv) and R(yv) stand for the rank of each value xv and yv, v = 1,..., n. This for¬
mula underlines the strong relationship between Pearson's product moment and Spearman's rank

correlation coefficient.19 However, basler [1988] points out that for a larger number of ties, rs

still produces reliable results. Under these circumstances, where the number of ties is rather low

(less than |th of the cases), a tie correction is hence only necessary under certain circumstances.20

The computation will be carried out for all models. Results obtained from the computa¬

tion of the Spearman ranks correlation coefficient are presented in table 2.11. These results will

briefly be commented upon in the following. It can be seen in table 2.11 that all correlation

coefficients are positive. The lowest value of the correlation coefficient is rs = 0.016. This is

an undeniable indicator of correlation. The highest value is rs = 1. Individual results will be
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SFA DEA

Model 1 Model 2 Model 3 Model 4 Model 5
CE CRSI CRSO VRSI VRSO

Model 1 1.000 0.016 0.016 0.443 0.411

Model 2 0.016 1.000 1.000 0.323 0.448
Model 3 0.016 1.000 1.000 0.323 0.448
Model 4 0.443 0.323 0.323 1.000 0.973
Model 5 0.411 0.448 0.448 0.973 1.000

Table 2.11: Cost efficiency: Spearman's rank correlation coefficient: Comparison of results

briefly commented upon in the following.

Spearman's rs

Results in the following will be interpreted on the basis of both the results of the rank correlation

coefficient and the probability value. The rank correlation coefficient determines the degree of

correlation in absolute (i.e. positive or, if applicable, negative) terms.

All correlation coefficients reported in table 3.16 are positive, although they vary consider¬

ably in size. The correlation coefficient between model CE and CRSI is 0.016. The same

is true for the one between CE and CRSO. The latter is due to the fact that the correlation

coefficient between models CRSI and CRSO is rs — l-21 The correlation coefficient

between model CE and both VRSI and VRSO is 0.43; the correlation coefficient between

CE and VRSO is 0.41, i.e. it differs slightly from the one with VRSI which reflects the

fact that efficiency coefficients between models VRSI and VRSO differ marginally which is,

however, reflected in the data. In all cases, the correlation coefficient between the CRS models

(be it input or output orientation) and the VRSI model specification is 0.32 and it is 0.448 for
the VRSO model specification.

A number of interesting conclusions can be drawn from the correlation coefficients presented in

figure 3.16. This will be done in the following section.

Summary of findings: Correlation and comparability of results from SFA and DEA

As far as the question of an input versus output orientation is concerned, it can be concluded
from the table that DEA models with the same returns assumption, but different orientations are

perfectly correlated. There is not much of a difference between the choice of the orientation of
the model although there are differences in efficiency coefficients. The choice of an appropriate

production technique (constant versus variable returns to scale) seems to be of higher importance

due to the implicit assumptions regarding the production technique that are made when either a
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CRS or a VRS model specification are used for measurement purposes. However, from this

estimation, no conclusion can be drawn whether or not the HEPP exhibits constant or variable

returns to scale. This question cannot be answered using the approach that has been used so

far since no appropriate ex post test diagnostics is available. Unfortunately, DEA does not

provide any ex post test statistics e.g. regarding the choice or selection of an appropriate model

specification. It can be concluded, however, that a VRS model specification is clearly less

restrictive than a CRS model specification. Furthermore, potential outliers or extremely well

performing DMUs have less impact on the overall results in the VRS case than in the CRS case.

In general, high or low correlation coefficients among models which have been estimated

using the same technique can also be caused randomly due to the measurement or estimation

process as such. An example in this context is the case of both model CRSI and CRSO. In

this case, the high correlation coefficient is due to mathematical reasons. The computation of

rank correlation coefficients, however, does not allow a statement to be made about the goodness

of fit of model specifications or about their appropriateness of application in the context of higher
education institutions. Following what has been said above, an immediate conclusion from these

findings is that the choice of the orientation depends entirely on the purpose of the analysis (input

reduction vs. output extension).

Choice of the appropriate DEA model specification
Given the particular behavioural assumptions regarding the higher education production process

and given the specific nature of institutions in higher education, the key issue is to chose an ap¬

propriate procedure of efficiency measurement in the context of DEA (in terms of an appropriate
model specification that is determined a priori). In a second step, efficiency analysis techniques
can then be applied and DMUs can be ranked according to their efficiency coefficients. The

ranking depends on the underlying assumptions and is not invariant to changes in both the esti¬
mation technique and the definition and both input and output. These aspects will be looked at in

greater detail in section 2.10. Given the sometimes low correlation coefficients between different

model specifications, questions that need to be addressed are whether there are potential problems

with issues such as

- applying efficiency measurement techniques to institutions in higher education in the UK,

- the model selection and specification used in this chapter (in terms of inputs and outputs

used), and

- assumptions regarding the functional form of the underlying production process or cost
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relationship.

The following section wished to address this issue briefly, based on the experiences made in the

course of this study.

2.9 Applicability of efficiency analysis to institutions in higher edu¬
cation

An intermediate conclusion from the analysis of cost efficiency in the HE context is that

the comparison of results from different efficiency analysis techniques (as presented in the

league tables) is only sensible under certain circumstances. A direct comparison of efficiency

coefficients (e.g. in terms of absolute values) derived from models which use different estimation

techniques or completely different foundations (e.g. in terms of input and output used), or which

make different assumptions regarding scale economies are certainly not quite correct from an

econometric viewpoint.

The results obtained in this chapter seem to depend largely on the assumptions made and

on the analysis technique chosen. The efficiency coefficients/measures obtained from SFA are

based on skewness and kurtosis of the error terms and so the standard errors associated with them,

while not known, are surely huge. Following the methodology derived by Simar and Wilson

[2000a,b, 1999], work that has been done on using the bootstrap to evaluate confidence intervals

for DEA efficiencies typically yields large confidence intervals. The use of any point estimate
of efficiency is therefore suspect (cf. jensen [2002] and horrace and schmidt [1996] for

further details on this issue). It is therefore difficult or even impossible to say which estimation or

measurement technique produces the 'best' or most reliable results—and the correct league table

that can be regarded as the 'ultimate' answer to the question of how to rank institutions in higher

education in the UK.

The question whether or not productive efficiency measurement is applicable to the case

of public sector services needs to be discussed in greater detail. On the one hand, one might

argue that the higher education sector is similar to any production sector in the sense that input

is somehow transformed into output. However, as outlined in section 2.5, the specifics of the

HEPP need to the acknowledged appropriately. In the case of IHE, one major issue that still

remains is how to incorporate research activity or output into the analysis—both in terms of
its qualitative and quantitative dimension. The direct measurement of output is difficult, if
not impossible. Counting and ranking of publications, journal articles and books [as carried
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out by Ng and Li, 2000] seems not to be feasible for large scale studies which include

large institutions in higher education with a rather heterogeneous structure of faculties and

departments. Furthermore, it is debatable to what degree e.g. publications made by different

departments can easily be compared and added together to yield a uniform output measures

which accounts for qualitative and quantitative aspects. As far as this study is concerned,
the measure derived by cullen [2002] that have been used seems to be a good proxy in a

sense that it does account for both qualitative and quantitative aspects of research activity.

However, research is not the only output that institutions in higher education produce. Any

form of intermediate output that does not transform directly into measurable output (such as

quality of supervision and administrative services) has not been taken into account in this analysis.

Although there are potential difficulties associated with the quantification of output in the

context of institutions in higher education, this study suggests that productive efficiency measure¬

ment is applicable to these institutions—provided it is done carefully enough. Clearly, results are

only relative and not absolute and largely depend on the efficiency analysis technique chosen, the

underlying definitions of input and output, as well as the sample selection. The special nature of

organisations in this area specifically needs to be taken into account. This implies in particular

— financial aspects (given e.g. by the soft budget constraint),

- behavioural aspects (given by the particular organisation form of IHEs and due to an ab¬

sence of incentives to save costs),

- the multiplicity of objectives (due to the nature of institutions higher education and their

multi-dimensional layers of output), and finally

— special organisational features (given by e.g. the prevalence of different levels of agency

situations, where it is relatively vague who the principal and who the agent is).

It has been pointed out in this study that in comparison to privately-owned, private sector com¬

panies, IHE are subject to a number of restrictions and limitations. It is therefore unrealistic to

assume that these institutions behave completely market oriented and fully efficient. Examples are

e.g. that it is impossible for IHE to sell assets (e.g. buildings) or to adjust the use of input factors

(such as labour) fully flexibly in the short run (due to labour market rigidities and institution such
as e.g. tenure). In comparison to private sector companies, the degree of 'sunk cost', given e.g. by
location decisions, might be higher as it is impossible for IHE to move or change locations easily
in order to benefit from cheaper sites.
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Further possible extensions

Following these considerations and suggestions made above, extensions to the efficiency analysis

presented in this chapter can be thought of. Estimates of productive efficiency for IHE could for
instance be used for second stage analysis and hypothesis tests. Reasons for institutional efficiency

could be examined as well. However, the comparison of results as such clearly shows that league
tables vary. An important finding of this part of the thesis is therefore that the explanatory power

of league tables is limited in a sense that league tables are quite sensitive to (minor) changes in
the data. Results may change easily if the estimation technique or the model specification are

changed. Two important arguments need to be kept in mind in this context, however.

- Heterogeneity

Firstly, there seems to be a degree of heterogeneity in institutions in higher education. This
is not only reflected in the way these institutions are structured and organised internally

(departmental structures, schools and colleges), but also in the fact that on an institutional

basis, different weights are probably assigned internally to research and teaching (as a sign

of relative preference).

- Objectives

In this study, it was indirectly assumed that all institutions share the same objectives, namely
the maximisation of output in form of postgraduate students, undergraduates and research

given their production cost. An alternative formulation of this problem is the minimisation
of cost given an ex ante defined amount of output.

These two aspects, heterogeneity and the uniformity of objectives (across departments and at an

institutional level) are clearly artificial assumptions which heavily influence efficiency analysis
and which lead to distortion and therefore a potential misinterpretation of the rankings and league
tables. It has been tried to achieve homogeneity in the data by only using those institutions in

higher education in the UK that 'produce' all three units of output. The functional form chosen
in equation 2.17 did not impose any restrictions in terms of weights on each output. The same is
true for the DEA models. In this case, each DMU is assumed to attach institution specific weights

to each output, while the overall institutional aim is to maximise efficiency.

Econometric issues related to efficiency analysis

However, from a theoretical viewpoint, there might be potential problems with the consistency of

efficiency measures in general. Recent theoretical findings e.g. Jensen [2002] and horrace

and Schmidt [1996] have shown this. Horrace and Schmidt [1996] point out that

efficiency estimates are only precise under certain circumstances. It might be worth discussing
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whether the number of observations in this study is large enough to produce these precise point
estimates. The latter is especially true for the case of stochastic frontier analysis. The authors

point out that deterministic models such as DEA are not immune from this 'pessimism'—as
Horrace and Schmidt [1996] call it. These theoretical considerations need to be taken

seriously. However, for the moment being, they are left aside.

Another aspect that needs to be taken into account in this context is a potential sensitivity

of estimation/measurement results given that the definition of output can easily vary and is

subject to the design of the empirical study (based on theoretical knowledge and other research

findings). This is in particular true for the proxy which has been used in order to measure research

output in both a qualitative and quantitative way. It seems obvious that different definitions of
research output lead to different results. This certainly affects the rankings/league tables. These

problems are not unknown to the authors of rankings and have been reported by Bauwens
et al. [2000], Kalaitzidakis et al. [2001], and Lubrano et al. [2003], In all cases, there

are substantial problems with measuring individual research output or with comparing research

activity of universities in different countries.

In general, the question of how to measure scientific production in embodied and disem¬
bodied form of an institution as a whole remains [cf. Hare and Wyatt, 1992]. Potential

problems might occur due to

- the aggregation of output over different, heterogeneous departments,

- dynamics in HE sector, given by e.g. migration of visiting professors, or other movements

within the 'academic transfer market',

- quantification problems of research output (both in terms of quality and quantity),

- incorporation of university-industry research collaborations, and

- mergers of IHE.

In each case, the production of scientific knowledge (or output in general) is affected. This, in

turn, makes the output quantification a difficult, yet hopefully not impossible task.

The following section concludes by summarising main results from this chapter. An out¬

look for further research is provided, too.
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2.10 Conclusions and outlook for further research

Conclusions

Aim and methodology of this chapter

The aim of research carried out in this chapter was to contribute to the ongoing debate regard¬

ing public service productivity analysis by looking at institutions in higher education in the UK.
This has been achieved by using data on UK institutions in higher education for the academic

year 1999/2000. Two different econometric approaches—SFA and DEA—have been used to de¬

rive cost efficiency coefficients. Both techniques are widely used and accepted in the current

literature. The first estimation technique, SFA, is a parametric one. The second one, DEA, is a

non-parametric one. In both cases, a number of models with different model specifications were

estimated. Results were presented in league tables and correlation coefficients were computed in

order to examine the degree to which these estimation results are correlated with each other. The

aim of this study is clearly not to compare these two approaches in order to evaluate which one

is superior. Instead, this study uses both of them in order to gain a better understanding of the

institutional characteristics of IHE. A novelty presented in this chapter is the area of application

as such (higher education) and the comprehensive and systematic approach of this study.22 A

significant contribution has been made to the ongoing discussion about public sector efficiency

analysis by comparing results from different estimation techniques and applying them to an inter¬

esting and systematically unexplored research area. The latter also allows a statement to be made

regarding the robustness of rankings (or league tables) in this context.

Results and critique

A first result is that both SFA and DEA allow assessment of efficiency for IHE in an innovative

way. Depending on the model specification chosen, both techniques can handle large numbers of
institutions with several inputs and outputs. SFA offers the advantage that it is possible to estimate

productive efficiency by decomposing an error term which is a result of a regression estimation

(OLS and MLE). This allows examination of possible reasons for productive efficiency. Being a

parametric estimation technique, SFA though requires a specification of an underlying functional
form which is then estimated. DEA allows derivation of efficiency coefficients by estimating an

enveloping, piecewise constructed frontier. DEA is a non-parametric estimation technique which
does not require a definition of an underlying functional form. It does, though, require some a

priori decisions to be taking regarding economies of scale and an input vs. output orientation of
the model. In both cases, league tables were produced which easily allows comparison of DEA

and SFA results. A potential disadvantage of using DEA might be, however, that is does not
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provide any ex post test statistics to assess the 'fit' of the DEA models.

An important finding from this study is that efficiency analysis can only be carried out for
IHE if specific assumptions regarding inputs and outputs are made. This includes the use of

proxies in order to quantify research activity. In this context here, results form the most current

2001 RAE in the UK were used for the purpose of defining research output. Another important
result is that institutions in higher education differ largely regarding their relative productive

efficiency levels. Furthermore, when compared with each other, the results obtained both from

SFA and DEA differ as well. Rank correlation coefficients which have been computed between
the individual models are usually quite low if completely different model specifications are

compared. It can be concluded that each estimation technique has its own particularities and

particular strengths. It is hence suggested that due to the different underlying specifications of
each estimation technique, SFA and DEA should be used as complementary efficiency analysis

techniques, depending on the purpose of the analysis. It also needs to be pointed out that the
estimation of productive efficiency always yields a relative result, not an absolute one as efficient
and less efficient or inefficient institutions are compared with each other and not ranked on an

absolute scale. Furthermore, as always in econometric analysis, the results depend on the overall
size and quality of the data in the sample.

Robustness of benchmarks, sensitivity of results, and behavioural assumptions

One question which remains from the study carried out above is how robust rankings are and
what the explanatory power of rankings is. This study makes it quite clear how 'relative' league
tables and rankings are when it comes down to comparing results from estimations. Results
differ depending on the specification of the model and/or the econometric technique used. This

is especially true for institutions in higher education. Another point of criticism is that relatively

strong behavioural assumptions that are implicitly made about IHE when these estimations
are carried out, e.g. regarding cost saving behaviour. It can be doubted that institutions in

higher education always behave in a cost saving manner, although increasing financial pressure

certainly has not left these institutions unaffected. Since financial pressure in these institutions
has increased over the past three decades, there certainly is greater awareness regarding cost and

expenditure. However, some of the expenditure might be given exogenously, e.g. due to labour
market institutions such as tenure, quasi-fixed inputs and output regulation (regarding e.g. the
number of student intake). It can also be the case that these institutions invest in academic

departments and courses which are not that productive (in terms of research output produced or
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research income generated) for altruistic of scientific reasons. Their justification might be e.g. the

advancement and dissemination ofknowledge in academic niches. This is a valid explanation why

there are cost inefficiencies. A major advantage of all model specifications chosen in this chapter

is, however, that they did not make any implicit (and therefore restrictive) assumptions regarding

weights that are assigned to each output. The issue of heterogeneity remains a controversial

issue, too. For the moment being, it is believed that it was the best starting point to pool all
IHE and to carry efficiency analysis out, before the issue of heterogeneity is examined any further.

Two research issues therefore remain, namely the question of applicability of efficiency

analysis to institutions in higher education and the question ofpossible alternative representa¬

tions offunctional forms (in parametric efficiency analysis). An outlook for further research is

provided next.

Outlook for further research

The results derived in this paper provide an important and valuable foundation for further research.

- Objectives of institutions in higher education

Another topic of interest might be the one of objectives and objective functions of institu¬

tions in higher education.

- Allocative efficiency in institutions in higher education

It seems to be interesting to link these results to the question whether or not there is efficient

use of resources within IHE and the issue of technical and allocative efficiency.

- Use of results for modelling purposes

Another idea is to use these findings for the purpose of microeconomic modelling.

- Extension of SFA

The idea here is to extend SFA for the purpose of efficiency analysis. Following Baumol

et al. [1982], a quadratic cost function (relating cost to output) could be estimated by OLS

and then MLE (in order to derive institution specific efficiency coefficients):
N N

TC — fa +]T7liKi + ^72iY.2r2
1 1

N N

+ 4i(DjYj)2 -f 6i,
i i

for all i ... N. This allow testing the significance of institution specific dummy variables,

Di, at the same time. The quadratic translog model specification also allows to test for
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monotonicity. The latter would be important to check in order to ensure that there are no

economic irregularities, e.g. to make sure that cost are increasing in outputs. However, this

topic is left for further research.

- Extension of the functional form and the statistical techniques

Following the work done by Izadi et al. [2002], a CES cost function could be used in

order to estimate the following (non linear) model and to derive institution specific ineffi¬

ciency coefficients [Izadi et al., 2002, p. 64]:

where a, /3, and 7 are the parameters of interest and j — 1, , k. As shown by Izadi

et al. [2002], this estimation can then be carried out by using MLE techniques.

It is assumed that different kinds of IHE pursue different objectives and perceive themselves

e.g. more as research or teaching institutions. This makes a general definition of an ubiquitously

valid objective function—that in turn leads to a well-defined production or cost function—for

these institutions (at an aggregate level) rather difficult. Possible explanations might be the

multiplicity of objectives, general heterogeneity of IHE, the vagueness about core activities

and finally a divergence of objectives at an intra-institutional level. Agency situations are a

plausible explanation at this point which definitely requires greater attention in further research.
More information on institutions in higher education, their institutional characteristics, and their

multiple objectives is needed at this point.

From the computational and methodological viewpoint, a topic of urgent interest is the
one of heterogeneity in research objects. IHE seem highly heterogenous units. This needs to

be taken into account when efficiency analysis is carried out. Attempts in this direction will be

undertaken in the course of this thesis (chapter 4). Other topics are left for future research.

In the following section, a different perspective on the higher education production process is
chosen when the input perspective is looked at for examination purposes.
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Endnotes

1The term 'institutions of higher education' will be used throughout the thesis to indicate any
institutions within the tertiary education sector. The term 'universities' will only be used if uni¬
versities in particular are looked at. Clearly, within the higher education sector, there is in most
countries of the world a heterogeneity ofinstitutions, such as universities, colleges (such as Further
Education Colleges [FEC] in the UK), polytechnics, academies and many more.

2 A good example in the establishment of the 'Public Services Productivity Panel' in the UK,
which made suggestions on how to improve police performance as part of the 'modernising gov¬
ernment' initiative [Spottiswoode, 2000]. Another example is the issue of efficiency in re¬

cently deregulated industries in the UK and the discussion whether there is a so-called 'privati¬
sation effect', i.e. an increase in efficiency due to privatisation [Office of Water Services
(Ofwat), 2003], Further examples can be found in Office of Gas and Electricity Mar¬
kets (Ofgem) [1999] for the electricity sector and in Office of Telecommunications (Of-
tel) [1999] for the telecommunication sector.

3The theory ofprivatisation has been widely discussed in the literature e.g. by Boycko et al.
[1996], LaPorta and Lopez-De-Silanes [1999, for the Mexican case], and Megginson
and Jeffrey [2001, in a survey article]. Since this topic is certainly interesting, but not the main
focus of this study, it is only briefly mentioned in this context here. A more detailed treatment of
this issue would certainly be interesting.

4The aim is to obtain results in a pragmatic way. The aim is neither to develop new econometric
tools, nor to derive a too sophisticated model of efficiency estimation which is too impractical to
be estimated.

5This value refers to the Open University. Although it is believed that the cost structure of
the Open University differs from the ones of other institutions, the Open University is left in the
sample for comparison purposes. This is certainly debatable and other fellow researchers might
have chosen a different approach at this point. We stick to this decision, however. Future might
want to elaborate on this issue.

6 Based on a UK league table, where each institution was ranked on a seven point scale, insti¬
tutions were ranked here based on the product of quality and volume. The seven point scale has
been computed as a measure of staff-weighted average rating, taking the actual RAE result into
account and the numbers of units of assessment and the proportion of staff that was included into
the analysis. See http : //www.gla. ac .uk/R-E/pub/rae/rae01analysis .html for
further details, including the datasets that were used for the purpose of analysis here.

7The following IHE were excluded from the computation in this chapter due to data availability
problems: 7, 20, 21, 25, 27, 28, 47, 55, 63, 64, 68, 78, 80, 82, 91, 93, 95, 96, 97, 100, 116, 122,
126, 132, 145, 146, 150, 157, 161, 167, 168.

8I am indebted to Prof. Paul Hare for suggesting this line of research to me. Thanks to
Prof. Koop for this suggestion regarding the classification/labelling of the function in equation
2.15 cf. benchmarking exercise.

9See e.g. Izadi et al. [2002] for attempts into that direction in an SFA framework.

181



10A similar procedure was used by e.g. Ali et al. [1996] in a slightly different context though.
Applications in the literature show that this procedure is also applicable in the context of institu¬
tions in higher education (see section 2.3 for details).

1:LThere is a discussion in the literature regarding the assumption of the distribution of the error
term. There are basically three alternatives, namely

- half-normal,

- truncated-normal, and

- exponential.

Clearly, it might be desirable to use all three specifications in the analysis. However, at this point,
the procedure described in Coelli et al. [1998, ch. 8 and 9] is followed and the assumption
is made that the distribution of the efficiency coefficient is half-normal. Coelli et al. [1998,
p. 199] point out that within SFA there is no a priori justification for the selection of any particular
distributional form for the inefficiency coefficient, m. More research at this point would certainly
be desirable, but is reserved for future work. However, this approach, including the choice of the
half-normal error distribution for m is also followed in Izadi et al. [2002]. The choice of the
'appropriate' estimation technique will be re-assessed in detail in section 3.4.3.

12Following the convention introduced by Horrace and Schmidt [1996], the term estimate
seems more appropriate in the context of SFA and the term measure is used in the context of
non-parametric techniques.

13Following Coelli et al. [1998, p. 151], a potential shortcoming of the model specification
presented by Banker et al. [1984] is that it does not allow an indication to be obtained as
to whether the firm is operating in an area of increasing or decreasing returns to scale. coelli
et al. [1998] present a further extension to the Banker et al. [1984] model to overcome this
shortcoming.

14An excellent overview of different DEA model specifications can be found in Charnes
et al. [1994] and Cooper et al. [2000],

15Both input and output oriented model specifications are examined although it has been estab¬
lished diagrammatically that the results should be identical. This is purely done for the purpose of
methodological cross-checks.

16Results in the following have been cross-checked to avoid computational errors at this point
[Coelli et al., 1998, section 6.5, "Input and Output Orientations", p. 159].

17The variable rs will be used to denote the Spearman rank correlation coefficient. In the
standard literature, p is usually used to denote the population correlation coefficient, whereas r
denotes the correlation coefficient of the sample.

18An alternative would be to compute a Kendall r statistic [Sprent, 1990, p. 138]. Kendall's
t is applicable in the same situations than Spearman's rank correlation coefficient. However,
correlation is measured in a slightly different way. Kendall's r is a relative measurement which
measures the discrepancy between the actual observed order of the x and y values and those that
would result from perfect association [Gibbons, 1976, p. 284].

19 According to Sachs [1997], if less than of the observations have the same rank (i.e. there
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is not a large number of ties), the formula simplifies as follows:

r. = x.'Sl.W-.)-*<».»• (2.69)
n(n2 — 1)

f» sr^n t-J2
= 1 - ,r1 (2.70)n(nz — 1)

where D2 = (R(xv) — R(yv))2. Values for rs, —1 < rs < 1, indicate the degree of linear
dependency between the results of two estimation techniques. However, if there is a relatively high
number of observations with the same rank, the computation of the Spearman's rank correlation
coefficient rs needs to be slightly adjusted and calculated as follows:

rs,B = 1 -

1 .

Txi '
2
1 .

Ty' = 2 ' ■

6E Dl (2.71)
(n3 - n) - (Tx> +Ty,y
E(4 (2.72)

- ty>), (2-73)

where tx> and ty> stand for the number of ties between two subsequent groups of ranks. If Tx> =
Ty' = 0, equation 2.71 becomes equation 2.70.

20This finding is consistent with Sheskin [2000, p. 870]. As most of the standard statis¬
tics packages (SPSS, Stata, Statview) do not offer extra procedures for computing a tie-corrected
Spearman's rs according to the specification in equation 2.71, an unadjusted Spearman's rs has
been used in the following. As outlined in section 2.7.2, equation 2.70 has been used for compu¬
tation purposes [Kendall, 1962; Yule and Kendall, 1965, pp. 264-6],

21This finding is not surprising as such and in accordance with DEA theory. Coelli et al.
[1998, p. 159] points out that the input and output oriented models will measure exactly the same
frontier and therefore identifies the same set ofDMUs as being efficient. Only efficiency measures

might differ in absolute terms. The measurement of both input and output oriented models has
been carried out for the purpose of completeness of analysis.

22The intention of research in this section was clearly not to make a statement whether 'old' or
'established' universities are more efficient than 'less traditional' institutions in higher education.
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Chapter 3

The nature of the higher education
production process:
The input perspective

3.1 Purpose of the chapter

So far in this thesis, an approach has been undertaken to examine the applicability of efficiency

analysis to IHE. Findings from the previous stress the complexity of IHE in the UK. To extend the

analysis even further, this chapter aims at developing the understanding of the higher education

production process even further. Whereas in the previous chapter, the approach chosen was to

examine the 'output perspective' (when cost and output were related to each other by means of

a function), the core of this chapter is on examining the higher education production process by

choosing an 'input perspectiveThe aim is to derive a model representation of the HEPP that

links output to input.

Defining this HEPP—both in terms of its functional forms and its arguments, in a 'parsi¬

monious' way—remains a difficult task. Potential problems associated with the application of

established efficiency analysis techniques to the case of institutions in higher education need
therefore to be addressed in the following. Problems might arise in both cases when both SFA

and DEA are applied to the UK higher education sector in order to estimate productive efficiency.

These problems result from two sources, namely

- duality theory is inapplicable in cases where the profit motive is absent and where prices on

inputs and outputs are not available, and

- a coherent definition of input and output and the quantification of research cannot easily be
done.
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As a result, applying standard efficiency measurement techniques to the case of IHE in the UK
remains a difficult task due to the underlying complexity of the HEPP. In order to overcome these

difficulties, solutions need to be sought which allow the application of both parametric and non-

parametric efficiency analysis techniques. The following aspects will be looked at.

— Firstly, research in this chapter wishes to re-examine the nature ofefficiency analysis (from a

general perspective) in the context of IHE in the UK. For this purpose, suggestions are made
how measures of efficiency should be designed appropriately so that existing efficiency
measurement techniques can be applied (theoretical contribution).

— Secondly, a significant contribution to the issue of efficiency measurement in the context of
non-market organisations is made by re-applying existing efficiency estimation and mea¬

surement techniques to the HE case (applied contribution).

The structure of this chapter is as follows. Motivation, aim, and contribution are outlined in section
3.2. Research questions are presented in section 3.3. An overview of recent findings and prior
research is provided in section 3.4. The foundations of efficiency analysis are examined more

deeply in section 3.5. Data and definitions are outlined in section 3.6. The empirical analysis is

carried out in section 3.7. Explanations for differences in efficiency levels are sought in section

3.8. A summary of main findings from this chapter is provided in section 3.9. In response to

potential criticism related to the methodological approach chosen in this chapter, a sensitivity

analysis is carried out in section 3.10. Implications for both empirical analysis and policy design

are outlined in section 3.11. Section 3.12 concludes and gives an outlook for further research.

3.2 Motivation, aim, and contribution
The application of SFA and DEA to the case of HE in the previous chapter leaves a number of

research questions unanswered. One issue which needs to be addressed is the question of how

the theory of the firm can be applied to the case of institutions in higher education. Conventional

theory of the firm assumes that firms either maximise revenue or that they minimise cost [FARE

and Primont, 1995, p. 43]. These two aims can be linked mathematically. Given that there is
'full information'(i.e. input and output prices are known), the mathematical relationship between

the cost and the profit function can be derived by making use of the so-called 'duality theorem'.

Duality theory is used in the context of microeconomics analysis in order to

— explain the relationship between cost, profit functions and input demand functions and sup¬

ply functions, and
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- link input and output sides of the production process.

The underlying prerequisites of duality theory have been examined in detail by Shephard [1953,

1970, 1974] for the context of production theory. Diewert [1982], Beattie and Taylor

[1985], and chambers [1988] all provide a good overview of the theoretical foundations of

duality theory. In a more recent treatment, both Varian [1992, ch. 6] and Mas-Colell et al.

[1995] outline the necessary conditions for duality theory to be applicable. The theoretical work
in this area is well developed and although duality theory has been applied in the context of

efficiency analysis [e.g. by Fare and Primont, 1995], however, the combination of duality

theory and efficiency measurement and its application to the case of higher education leaves a

number of research questions unanswered.

At first glance, the application of duality theory to cases of multiple product production

processes seems unproblematic. Indeed, handling the multiple input, multiple output production

technology itself is not a problem at this point. As outlined in the previous chapter, the use

of a translog multiple input, multiple output cost function is well established in the literature.
This approach allows the application of efficiency estimation techniques to cases of multiple

input, multiple output production processes. Findings by Fare and Primont [1990] and
Fare et al. [1994] have laid important fundamentals for the case of multiple output production

processes in combination with cost functions. However, it needs to be pointed out that in the
cases considered so far, duality theory was applicable due the the specifics of the underlying

economic context. Key assumptions which are required for the duality theorem to be applicable
are first of all convexity of the output set and disposability of inputs. The definition of the cost

function assumes that it is non-negative and non-decreasing in prices, homogeneous of degree
one in prices and concave and continuous in prices. This derivation of properties of cost and
revenue functions can be carried out mathematically. The link between cost/profit theory and

efficiency theory is therefore close, as shown in FARE and Primont [1995, pp. 59-66] who
derive an input-oriented efficiency measurement using cost functions as a starting point. Another

prerequisite for the applicability of duality theory is that input and output prices are known

(i.e. there has to be a market for the goods produced). In absence of this information and if the

prerequisites of production theory do not hold, duality theory is inapplicable. This is exactly
where problems arise when examining the HEPP.

The HEPP has already been examined in the previous chapter. Following both the theoret¬

ical and technical advances made in the current literature on efficiency measurement, the
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application of efficiency measurement techniques is not an econometric problem. Instead, it is
more an economic problem. Especially in the context of institutions in higher education, the
derivation of 'proper' production and cost functions still remains a difficult, if not impossible
task (see section 1.4 and Brinkman [1990], james [1990], clotfelter [1996c], and
Clotfelter [1996d] for details). There are mainly three problems associated with that, namely

1. a lack of knowledge and data,

2. the absence of a profit motive in IHE, and

3. a potential 'misfit' of the underlying theory ofnon-market organisations to the case of IHE.

Although IHE are part of the set of NPO firms, they might represent a special case since the
NPO sector is in itself heterogeneous and quite diverse.

As outlined in chapter 1, IHE are particular in terms of their (non-)market environment, their

organisational aspects and in terms of their complex objectives. Therefore, it cannot easily be

assumed that these institutions aim at maximising profits although a significant commercialisation

of the non-profit sector is taking place [Weisbrod, 1998c], Given the specific nature of IHE,
the application of the cost-minimising hypothesis does not seem sensible under all circumstances

(see chapter 1). However, the multiplicity of objectives and the multiple input, multiple output

production process complicate the problem of inapplicability of duality theory even further.

Whereas in the literature, a cost minimisation approach is conventionally chosen in cases where

there is a multiplicity of objectives, this approach is not followed here. The reason is that quite

strong behavioural assumptions that indirectly, but implicitly imposed on the research object

when this approach is pursued. However, in order to overcome potential difficulties associated
with the existence of multiple objectives (some of which might be extremely difficult to quantify),
the representation of a utility function is used in the literature in order to describe and explain the

behaviour of institutions in higher education. It needs to be pointed out that the use of the utility

maximising concept does not remain problem-free in itself (cf. section 1.6 on page 89 for further

details).

The key question that arises therefore is whether there are alternative or additional approaches

that allow the formal description of IHE in terms of standard microeconomic theory.

Application of utility theory as an auxiliary means

In order to make standard microeconomic theory applicable to institutions in higher education, a

common approach in the literature is the use of a utility function approach. This approach assumes
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that IHE aim at maximising a complex utility function. As outlined above, there might also be

difficulties associated with this approach. These aspects will now be looked at in detail.

- Objectives and utility

Firstly, a key question is what objectives should be included in an objective or utility func¬
tion and how immeasurable objectives should be quantified so that comparisons between
IHE can be carried out (e.g. in terms of efficiency analysis). Qualitative aspects, such as

the quality of input, the quality of output, the quality of the supervision process, the quality
of the working environment etc. are of utmost importance in the HE context. Critics ar¬

gue that due to the multiplicity of objectives, a simplification or aggregation of objectives

cannot be carried out due to a potential loss of information. Furthermore, not all objectives

necessarily contribute to output production (and vice versa).

- Parameterisation of the utility function

Secondly, the question is how the objective or utility function could be parameterised, both

in terms of the functional form chosen, as well as far as arguments and weight (on each

argument of the utility function) are concerned.

- Inclusion of intermediate outputs into the utility function

Thirdly, the question is how intermediate objectives should be dealt with. As mentioned

above, there might be a substantial number of intermediate outputs in the production process

that do not translate directly into a final (i.e. visible, tangible or measurable) output. In

addition, there might be a number of goods and services that are produced by IHE that are

not classified as output in a strict sense. Examples for this are administrative services and
the quality of supervision of students.

Two examples from the current literature provided by Johnes [1996a] and James [1990] show

that an application of the idea of utility maximisation to the case of higher education clearly
remains a methodological auxiliary means. Results are not always convincing and satisfactory.
These two examples illustrate how difficult and complex the application of utility maximisation

to the case of IHE is. There is therefore an ongoing debate in the literature about how to

mathematically represent the HEPP without too much of a loss of underlying particularities. The

example of Johnes [1996a] underlines the issue of parameterisation. james [1990], on the
other hand, shows the complexity of arguments of an objective (i.e. utility) function. Despite
the advantages that the use of the utility maximisation approach offers, the concept of utility

maximisation remains a strong one in terms of microeconomic theory. However, it needs to

be determined to what degree the concept is applicable at all in the context of IHE. Due to a
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persistent lack of knowledge in the context of IHE, the definition and solution of a formal utility
maximisation problem remains an impossible task. To overcome this problem, it seems to be

appropriate to approach the problem from a different angle. These findings are in line with the

ones derived in section 1.6 on page 89.

The main aim of this chapter is therefore to carry out empirical work that helps to under¬

stand the nature of IHE and the HEPP. The aim of the empirical work done in the following is

therefore

- to establish efficiency measurement techniques for multiple output production processes in

non-market institutions,

- to contribute to the ongoing debate regarding how to represent complex multiple input,

multiple output production processes (in cases where duality theory does not necessarily

hold), and finally

- to examine the relatively unexplored nature of IHE.

The main motivation of research in this area is primarily to explain the relatively unexplored
features of IHE. The aim of this chapter is to contribute to understanding the IHE at an institutional

level. For the purpose of this study, the examination in the following is based on the findings from
the two previous chapters. The knowledge derived in the previous sections will be used and

developed further. Two key assumptions are important in this context.

1. IHE autonomously choose their output, they pursue a multiplicity of objectives, and derive

institutional utility from these activities.

2. Objectives, utility and output production need to be linked mathematically to the concepts

ofproduction frontiers and efficiency.

The concept of utility still remains important in this context since it is linked to production. The

underlying idea that IHE derive utility from what they do will not be questioned. Instead, this

concept will be embedded into the analysis in the following, although it is itself not at the centre

of interest in this chapter.

Detailed research questions will be defined in the following section in order to approach
these issues. At the same time, recent findings from previous parts of the thesis will be critically
reflected upon.
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3.3 Derivation of research questions
The aim of this section is to define specific research questions that will be dealt with in the re¬

mainder of this chapter. Furthermore, the findings from chapters 1 and 2 will be critically reflected

upon in order to point out what exactly further research needs to focus on. Main achievements
from previous chapters can be summarised as follows:

- If institutional specifics of IHE into account are taken into account, efficiency analysis

techniques can be applied to the case of institutions in higher education.

- However, as far as both SFA and DEA are concerned, the approach in the previous chapter

relies on the underlying definition of the relationship between cost and output.

- When DEA was used, the functional relationship of LHS and RHS variables of the under¬

lying function had to be inverted both for theoretical and computational reasons in order to

fit the purpose of the analysis.

Despite the significant contribution that has been made in chapter 2 to the research area of

efficiency analysis in the context of IHE, a number of research questions remain unsolved.

Examples for such so far unanswered research questions are provided in the following.

- Applicability

The most fundamental question remaining is whether in absence of a profit motive and in

absence of input and output prices, efficiency analysis is applicable to non-market organisa¬

tions. This question arises both from a philosophical and a practitioner's (i.e. econometric)

viewpoint. This issue is of particular importance since part of the goods produced by these

institutions are

(i) non-marketable and

(ii) contain a high qualitative component that is difficult or impossible to quantify

(e.g. quality of services or education provided).

The idea behind the approach chosen in this chapter is to address the issue from the practi¬

tioner's viewpoint and to link theory and practice in a way that hypothesis will be generated
and existing theories will be reflected upon based on practical experiences made when effi¬

ciency analysis is carried out. Therefore, once econometric analysis has been carried out is
it possible to fully answer these questions.
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- Multi-product nature of the production process

Another still unsolved question is how the multiple output nature of the production process

of these institutions can be dealt with given that no (or only few) data on cost input and

output prices are available. This is highly relevant in this context due to the non-market

nature ofhigher education as a good.

- Appropriateness of estimation and measurement techniques

Three different approaches towards efficiency analysis have been introduced so far (DFA,

SFA, DEA). Critics might ask which technique is the most appropriate one.

- Comparability

The question remains how to compare results from parametric and non-parametric effi¬

ciency analysis techniques. In order to follow the approach undertaken in chapter 2, it

seems to be appropriate to analyse various concepts of efficiency e.g. of production (us¬

ing different methodological approaches) and to compare the results by computing rank

correlation coefficients.

- Classification of units of assessment

Another important question is whether there are problems associated with underlying het¬

erogeneity of units of assessment in this context. The question here is to what extent IHE

differ from each other (although they are—as one might argue—already part of a quite

homogeneous set of institutions).

- Sensitivity and robustness of research results

It needs to be examined to what degree efficiency measurement techniques are sensitive to

changes in the definition of inputs and outputs. This is of particular relevance in the context

of IHE. It remains unclear what input and output in the HEPP is. It is assumed that different

definitions of input and output affect the robustness of the results. As a result, league tables

are always relative, since they are highly sensitive to potential changes in both the data basis

and their generating process, i.e. the underlying econometric procedure used to produce the

league table.

These research questions will be looked at later. For this purpose, questions outlined above will

be grouped into different research areas. The issue regarding the econometric procedures is not

normative in a sense that the 'best' estimation technique is looked for. Instead, the question is
first of all more of an academic nature. However, answers to these questions will certainly have

important implications both for empirical analysis and for policy design. These links will be
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established in the second part of the paper. In general (in terms of the methodological approach
chosen in this chapter), the idea is to approach the research questions with relatively few a priori

assumptions regarding both the nature of the production process and the underlying behavioural

assumptions of institutions in higher education. This chapter is therefore both a theoretical and

an applied one, since based on the theoretical approach chosen, implications for both policy

design and economic modelling will be derived.

Before the research questions will be looked at, main results from prior research in these

areas will be presented. Results from the literature in these areas will be briefly highlighted in the

following.

3.4 Prior research and theoretical underpinnings of this chapter
At this stage of the thesis, the underlying concepts of efficiency analysis will be revised. This

serves two main purposes, namely

(i) to critically assess the theoretical underpinnings of efficiency theory and to review its ap¬

plicability to the case of IHE, and

(ii) to extend the work which has been done so far by introducing new concepts of efficiency

analysis.

In order to achieve these aims, a categorisation of existing efficiency approaches is sought and

their applicability to the case of higher education production processes is once again critically
revised.

- Firstly, alternative or more sophisticated measurements of efficiency in the context of mul¬

tiple input, multiple output production processes are derived. As a starting point, the ap¬

proaches towards efficiency analysis that have previously been used in this paper (SFA and

DEA; chapter 2) will be extended.

- Secondly, a categorisation of these different approaches is presented in the following part

of this chapter.

In addition to these two aims, additional aspects regarding efficiency analysis techniques are pre¬

sented in this chapter, together with a critical assessment of the appropriateness of the efficiency

analysis procedures used in the following. For this purpose, important aspects of efficiency anal¬

ysis, such as the consistency of results and 'correct' model specification will be revised.
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3.4.1 Comparison and categorisation of alternative approaches of efficiency analy¬
sis

In their article, forsund et al. [1980] review the state-of-the-art techniques of frontier pro¬

duction functions. Using the standard idea behind inefficiency as a starting point, the authors
first revisit the theoretical underpinnings of efficiency analysis. Secondly, econometric models
are examined which allow the estimation of efficiency. In particular, the following approaches are

looked at in detail:

- deterministic non-parametric frontiers,

- deterministic parametric frontiers, and

- stochastic parametric frontiers.

Lovell and Schmidt [1988] provide a similar categorisation of approaches to efficiency

analysis. Special focus is on the applicability of duality theory in the context of profit
maximisation and cost minimisation. The paper concludes with a review of more philosoph¬
ical questions, such as e.g. the nature of inefficiency and the role of frontier and average functions.

The paper published by forsund et al. [1980] serves as a good starting point for fur¬

ther analysis that will be carried out later on in this section. Apart from the good categorisation

of statistical approaches to efficiency analysis, the paper highlights some advantages and

disadvantages of different approaches when DFA is compared to SFA. Whereas conventional

SFA assumes that the error term is composed, its deterministic counterpart does not allow for
random shocks. Therefore, in DFA, only a single one-sided error term is used. Furthermore,

this approach assumes that there is a best possible behaviour so that under the best possible

circumstances, frontier output is (at maximum) attainable. Another important aspect is the role
that duality plays in the context of efficiency analysis. This issue will be addressed later in greater

detail. Special focus will be on the (in-)applicability of duality theory in the context of multiple

input, multiple output production processes of non-profit organisation.1 SFA offers a wider array

of econometric options to assess inefficiency. The latter estimation method is hence preferred to

the former one [Coelli et al., 1998, p. 185].

The key result from this paper is that it assesses the explanatory power of different and

often competing procedures. The choice of appropriate estimation or measurement procedures is

obviously important. Therefore, it remains important to make a statement about the consistency
of results from efficiency analysis (e.g. via a methodological cross-check).
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3.4.2 Deterministic frontier analysis, stochastic frontier analysis, and consistency
of results

Broeck et al. [1980] critically review different approaches towards estimation of frontier

production functions. Existing approaches are extended by introducing the notion of deterministic

(vs. stochastic) frontier production functions. In particular, results from DFA are compared

empirically with the ones obtained from SFA. The key difference between both approaches is
that if the frontier is deterministic, all observations must lie on or below the frontier. A frontier

is stochastic if—due to random shocks—observations can be above the frontier. Apart from

two different model specifications (deterministic vs. stochastic), three estimation techniques are

considered (linear programming [LP], maximum likelihood [ME], and maximum likelihood with

a composed error term [ME-CE]). When comparing deterministic frontier production function

models with their stochastic counterparts, Broeck et al. [1980] find that there are differences

in corresponding parameter values. Results from both estimation techniques differ therefore and
cannot be easily compared. Furthermore, results are not irresistible to small changes. In the case

of LP, a sensitivity analysis shows that for instance removing one unit from the frontier has a

significant effect on the stability of results. Broeck et al. [1980] find that there are important
differences of content between the deterministic and stochastic approaches towards efficiency

analysis. Different analytical approaches are based on different methodological foundations.

The authors point furthermore out that deterministic ML-CE estimation yields an average

frontier across all observations, rather than a best-practice function. The overall conclusion

from the research done by Broeck et al. [1980] is different model specifications need to be

chosen depending on the purpose of analysis. The authors recommend that the choice between

deterministic and stochastic frontiers must be made based on the availability of information, the

quality of data and according to the purpose of the study. The research carried out by broeck
et al. [1980] underlines the importance of the question of how to chose the most appropriate

econometric estimation technique for the purpose of efficiency analysis.

Greene [1980] offers some interesting insights at this point. Key results from this paper

will be presented in the following.

3.4.3 Re-assessing the choice of the appropriate estimation technique: MLE
vs. OLS

Greene [1980] offers a methodological approach towards efficiency estimation by focusing on

the maximum likelihood function and different approaches to efficiency measurement. Different

efficiency measurement techniques are considered together with their statistical foundations
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(DFA vs. SFA).

It has been pointed out previously that estimating SFA models by use of OLS is ineffi¬
cient and restrictive due to the particular assumptions made regarding the distribution of the error

term (]}G Ui — 0).2 Using DFA would not help at this point, since no distinction is possible

regarding random noise and institution specific inefficiency. Following Gabrielsen [1975],
COLS could provide an alternative to pure OLS since it corrects for the bias that is included when

OLS is used. richmond [1974] suggested another technique, called MOLS, to overcome these

problems. A further alternative, MLE, is suggested e.g. by greene [1980]. MLE provides an

important econometric framework for the estimation of efficiency in different contexts (e.g. cost,

profit, and technical efficiency). greene [1980] points out that the estimation is consistent.

The whole issue of how to estimate efficiency arose since the distribution of the error terms can

have an important aspect on consistency and efficiency of the estimation procedure used. Given
the specification of the disturbance term(s), results derived from MLE are both consistent and

efficient. Depending on how asymmetric the disturbance distribution is, there are efficiency gains

if MLE is used instead of OLS. If the error terms are symmetrically distributed, the estimator

from MLE approaches the one from ordinary least squares estimation. The large efficiency gains

(from MLE) are therefore only obtained if the error distribution of the error term is asymmetric.3

MLE—amongst other techniques—provides an appropriate framework for estimating SFA

models. However, the question remains how efficiency can be applied to the case of multiple

input, multiple output production processes. Different approaches can be found in the literature.

3.4.4 Duality theory and multi-dimensional production processes

lothgren [1997a,b] examines in both of his articles the foundations of multiple output

stochastic ray frontier production models. The author extends conventional efficiency analysis

to the case of multiple output production. This is novel since the approach suggested by

lothgren [1997a,b] has not been used before in this context. The author suggests that given

the particularities of the multiple output production process, it is possible to both specify and
estimate technical efficiency. The key idea is to use a stochastic ray frontier production model.

The ray production function is a scalar valued representation of the multiple input multiple

output technology. It uses the notion of the Euclidean norm of the frontier output vector as a

function of inputs and output mix to overcome problems with how to aggregate multiple outputs

i.e. n—dimensional space into a one-dimensional single measure of output. For the case of a
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single output technology, the output norm equals the actual output level. In this case, the ray

model simplifies to the standard single output model. Stochasticity comes in if random shocks
are allowed for. These random shocks are accounted for by introducing a composed error term.

In this respect, the paper follows conventional SFA.

Within the ray frontier production functions framework, the definition of technical effi¬

ciency is given by the radial distance from the output to the production frontier. This definition

corresponds with the ones derived by Farrell [1957] and Shephard [1970], The main idea
behind the concept of ray frontier production functions is given by scalar value representation of
the multiple output technology. A polar co-ordinate representation of the output vector according
to the following definition is used for this purpose:

y = rm(0), (3.1)

where

denotes the Euclidean norm of the output vector y, rri(-) is a function. Following the definition

provided by Mardia et al. [1979], m(-) represents a transformation of the polar co-ordinate

angle vector 6, to the output mix vector m(6). By definition the norm is that

||m(0)||=l. (3.3)

In cases where ||m(0)|| = 1 does not hold (case of a non-cartesian co-ordinate system),
the polar co-ordinate angles can easily be obtained mathematically by trigonometry, as shown
in lothgren [1997b, p. 4]. This polar co-ordinate representation is then used to define a

ray production function analogous to the single output production function. This procedure
is therefore not reproduced at this point. Conventional SFA—developed for the single output

case—is only applicable to the multiple output case if this single scalar representation is used on

the left hand side of the equation. lothgren [1997b, p. 13] concludes by pointing out that the

ray model can incorporate technical efficiency, following the definition provided by battese

and coelli [1995]. This definition will be looked at next.

Battese and Coelli [1995] develop a model for technical inefficiency effects in a

stochastic frontier production function for panel data. In this model, non-negative technical

efficiency effects are assumed to be a function of firm specific variables and time. The panel data
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model is therefore an extension of hitherto proposed models of inefficiency effects in stochastic
frontiers for cross-sectional data. The model is applied to the case of Indian paddy farmers. Given

their model specification, both technical change and time-varying technical inefficiency can be

estimated. However, a prerequisite for this is that inefficiency effects are stochastic and have a

known distribution. The authors point out that more work is needed in the future in order to obtain

a better understanding of how technical inefficiency can be incorporated into SFA with panel data.

Given the assumptions made, Battese and Coelli [1995] show how it is therefore

possible to assess technical efficiency is a multiple time period setup. However, the issue of how

to deal with a multiple output production process remains. Lothgren [1997a,b] points out that
the derivation of the scalar representation of output represents an alternative approach to the one

chosen by Kumbhakar [1996].

kumbhakar [1996] discusses different approaches towards modelling technical and al-

locative inefficiencies in both cost minimising and profit maximisation frameworks. Special

focus here is on multiple output, multiple input production processes. Both primal and dual

approaches are considered for this purpose. Both approaches are treated separately from the

beginning onwards, since under the cost minimisation hypothesis, outputs are treated as exoge-

nously given; inputs are the decision variables. Under the profit maximisation hypothesis, both

inputs and outputs are exogenously determined. In the primal approach, a constant elasticity of

transformation (CET) output and a Cobb-Douglas (CD) input functions are used. Under the dual

approach, translog cost and profit functions are used both under the cost minimisation and the

profit maximisation hypothesis. Both output augmenting and input saving technical inefficiency

measures are looked at separately in both cost and profit models. Kumbhakar [1996] treats

allocative inefficiencies as input-specific parameters (instead of random variables). In the context

of profit maximising models, allocative inefficiencies in output are treated as output-specific

parameters. By doing so, the authors accommodate flexible functional forms in modelling and

estimating both technical and allocative inefficiencies.

There are however disadvantages associated with this approach. Kumbhakar [1996]

points out that it is neither possible to estimate firm- and input-specific in the cost minimising

models, nor is it possible to estimate firm- or input- and output-specific allocative inefficiencies
in the context of profit maximisation models (when cross-sectional data are used). The estimation

of both technical and allocative inefficiencies is carried out in the context of cross-sectional and
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panel data setting. Due to its particular properties, MLE is used as an estimation technique [see

Greene, 1980, for further details].

Kumbhakar [1996] stresses that the primal approach relies on separability of input and

output functions. The primal approach refers to separable input and output function. The opposite
is the dual approach where flexible functional forms are used (such as the translog cost function).

Under the dual approach, translog cost and profit functions can be used to derive input demand

functions—given that there is full information regarding input and output prices. The author finds
that under the cost minimisation approach and if technical efficiency is ignored, both the intercept
of the cost function and its parameters are heavily affected. If technical inefficiency is not taken

into account, all parameters are biased within the profit maximisation framework. Another

finding is that the use of a flexible functional form such as the translog function complicates
SFA both under the cost minimisation and the profit maximisation framework. Kumbhakar's

findings rely to a large extent on the applicability of duality theory. Still the question remains
how appropriate procedures can be applied to estimate technical efficiency if duality theory is

inapplicable. This issue will be looked at next in the context of recent studies which have been
carried out for departments of an Italian university.

3.4.5 Efficiency estimation and utility analysis

Rizzi [1999] applies DEA and DFA to the case of departments of the Italian Ca'Foscari

University in Venice. In this paper, the production of research and teaching is modelled by using

multiple inputs and outputs. Research and teaching output is measured by using proxies such
as the quantity and quality of teaching and an indicator of fund raising for research. Inputs are

quantified in terms of budget and staff endowments. RlZZI [1999] finds that overall results from

DEA and DFA differ to a large extent. Differences in efficiency measures from both estimation

techniques consequently lead to differences in rankings. This result is interesting insofar as it is
consistent with the work that has been done in chapter 2.

In his 1999 paper, RlZZI uses the notion of aggregation of output by means of a depart¬
mental utility function. This notion is later developed further in RlZZI [2000b] and then
standardised in the UFPF computer programme [RlZZI, 2000a], This concept is fundamental in
a sense that it allows the application of standard efficiency analysis in the context of a multiple

output production process. It hence fits the needs of the HEPP (as outlined in section 4). Key

findings from the 2000b paper are that under special circumstances, the application of standard
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efficiency analysis is made difficult for two reasons:

(i) inapplicability of duality theory in the case of non-market organisations if information re¬

garding input and output prices is absent, and

(ii) multiple input, multiple output production processes.

RiZZl [1999, 2000b] proposes procedures to circumvent these problems. In particular, the author

suggests that utility analysis can econometrically be linked to efficiency analysis in the following

way. Utility U of the ith DMU is supposed to depend on the output level produced and on a

number of weights, oti that indicate the preference of each output, where the condition is applied
at

that J2 ai = 1, for all i — 1,,N, and where m is an institution specific output vector and
i=l

a; is a vector of inputs. It follows therefore that:

Ui = U(yi,ai). (3.4)

The author then defines a vector Y-® that yields the actual level of utility for the ith DMU when
all outputs are set to the same quantity, yf, therefore

Ui = U(Vi, c*i) = U(Y.f, ai). (3.5)

The latter can be solved for yf as follows:

yf - U'1 [Ui(yi, c*i)] = V(yi, cci), (3.6)

where the scalar value for yf denotes equally distributed equivalent (EDE) output [Rizzi, 2000b,
p. 4],

RIZZI [2000b] then continues his analysis by suggesting that

yf = f(xi,Zi), (3.7)

where Zi is an institution specific inefficiency component. The latter definition can then be used
for the purpose of efficiency analysis, if e.g. a Cobb-Douglas functional form is assumed.

yf
_ exp(/3o + $ In Xi — Ui)

yf exp(/30 + $ In Xi)

where the numerator or equation 3.8 indicates the actual output level, the denominator the

potential (i.e. frontier) output level, and Ui is the estimated error term for the ith DMU. Rizzi

[2000b] therefore suggest the use of UFDF in order to link utility analysis with efficiency

analysis. In particular, the author suggest choice of ai (either on the basis of endogenously or
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exogenously given information) so that efficiency for the ith DMU is maximised. A solution to

this problem can only be found via making use of a grid search, i.e. an algorithm that allows

testing efficiency levels for different choices of on values. The procedure is then repeated for
each DMU so that optimal values for ai, the maximum efficiency level Ci and the associated

production frontier can be obtained [Rizzi, 2000b, p. 7].4

The procedure derived is mainly based on findings by Atkinson [1970]. In his paper,

Atkinson [1970] makes an approach towards measuring inequality. His findings are important

for this thesis since he introduces the notion of equally distributed equivalent (EDE) income,

Yede- This concept will be used later on when the concept of utility is examined in the context

of a multiple input, multiple output production process.

Atkinson [1970] points out that measuring inequality remains a difficult task. Problems

are how to compare and rank distributions in income and how to quantify the difference in

inequality between two different wealth levels. As a starting point, Atkinson [1970] examines

the nature of rankings of distributions. An initial tool that allows comparison of inequality
is the conventional Lorenz curve and the corresponding Gini-coefficient. There are, however,

problems associated with that since a complete ordering of distributions of inequality cannot be

obtained unless a functional form is specified. Only a specification of the function will provide a

ranking of all distributions. Although the paper of Atkinson [1970] has much of a theoretical

character, the idea of Yede is then used later on by the author for the purpose of measuring

(i.e. quantifying) and ranking income distributions. Yede has the advantage that it allows the

obtaining of measures of inequality which are invariant with respect to linear transformations.

Atkinson [1970] finds that

y v

U (YEde) J f(y)dy = J U{y)f{y)dy (3.9)
o o

where U(-) is a utility function, Yede, stands for equally distributed equivalent income, y is
an upper limit of income distribution, and f(y) is a function of income. Using equation 3.9 as a

starting point, Atkinson [1970] then derives a new measure of inequality. The author points out

that the concept of equally distributed equivalent income is closely related to the idea of a risk

premium or a certainty equivalent (if, e.g. decision making under uncertainty is looked at). The

concept of Yede will be used later on. In his paper, Rizzi [2000b] applies this concept to the

case of output when introducing the notion of EDE output. The idea would be to use the concept

derived by Atkinson [1970] in the context of efficiency analysis when a measure of aggregate
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output (i.e. Yede) is generated from a multi-dimensional output vector.

Before efficiency analysis and the higher education production process will be examined,

it seems to be sensible to briefly revise the issue of model specification and efficiency analysis.
This is of particular importance in the context of DEA and has been looked at in a recent paper

by Smith [1997]. Main findings from his paper will be summarised in the following.

3.4.6 Model misspecification in Data Envelopment Analysis

Smith [1997] points out in his paper that the use of DEA has become a widespread tool for the
examination of efficiency. There are, however, two main problems associated with that, namely

1. the specification of the model, and

2. the unavailability of an appropriate test diagnostics that allows the determination of the

appropriateness of the model chosen.

The latter is of particular importance as far as the definition of inputs and outputs is concerned.

In order to shed light on this issue, Smith [1997] examines the robustness of DEA specifications

by omitting significant variables, including irrelevant variables, and adopting an inappropriate

returns to scale assumption. Furthermore, the author investigates the robustness of results in

relation to the sample size, variations in the number of inputs, correlation among inputs, and

variations in the importance of inputs.

SMITH [1997] considers a simple production model (derived by Monte Carlo simulation

techniques) and a number of simulation techniques to examine the issue of model misspecifica¬

tion. In particular the focus is on

- a potential omission of variables,

- the inclusion of extraneous variables, and

- the returns to scale assumption.

The author shows that in general, accuracy increases with sample size. Results are highly

sensitive to the omission of salient variables. Therefore, from the model builder's perspective, it

is sensible to include variables which might or might not be important. Especially, if only a small
number of observations is available. As far as the assumption of returns to scale is concerned,
Smith [1997] suggests that in absence of any information about the scale properties of the

production process, the use of a variable returns to scale model is justified as it imposes fewer
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restrictions on the model and it provides more conservative estimates of achievable productivity

improvements.

Smith [1997] concludes that there is the potential danger of a misspecification of DEA

models. Problems arise in particular if simple models are used (e.g. with only few explanatory

variables) and if the sample size is small. The author recommends rather to include irrelevant

variables instead of excluding a potentially important variable from the model.

Important conclusion from the findings provided by smith [1997] are that

(i) various DEA model specification should be tested in a general and comprehensive approach

when efficiency is measured for institutions in higher education,

(ii) it is rarely possible to make a statement about which model is the 'best' or most appropriate
one. Due to the unavailability of ex post test diagnostics, the choice of the model specifica¬
tion depends on the assumptions made ex ante about the functional form of the underlying

production process. This choice therefore depends solely on the judgement of the user, and

finally

(iii) DEA yields the most accurate estimates if the (hypothesised) production process is kept

simple.

Smith [1997] points out that DEA yields the most accurate estimates of true efficiency if the

underlying production process is kept simple. The latter result is especially important in the
context of higher education. Therefore, for estimation purposes, it should be the aim to find a

relatively easy representation of the higher education production process. The aim is hence not

to explain every minor detail of the HEPP. Instead, a general, yet comprehensive representation
of this production process (in terms of the econometric model specification chosen) needs to

be sought. These findings provide a first guideline and point out strengths and weaknesses of
DEA analysis. The findings will be taken in account when the model of the higher education

production process is defined in section 3.5.

The main findings from this literature review will be summarised in the next paragraph.

Thereafter, the nature of the HEPP will be looked at from the input perspective.
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3.4.7 Summary of recent findings from the literature

A brief summary of the main findings from the literature that has been reviewed in this chapter

will be provided next. The main idea is to back up findings from the previous chapter and to

promote a more in depth understanding of the complex issue of efficiency analysis in general.

Main findings from the literature are as follows.

1. A number of alternative approaches towards efficiency estimation and measurements ex¬

ist. Findings from the literature show that if applied in the same context, results differ if

different estimation techniques and model specifications are used.

2. Whereas OLS is consistent and inefficient, MLE provides both consistent and efficiency

parameter estimates.

3. Estimation and measurement results largely depend on the underlying model specification.

Therefore, it seems to be highly sensible to continue with a general and comprehensive

approach. The procedure is hence similar to the one followed in chapter 2. This allows an

unbiased approach.

4. The issue of multiplicity of objectives and outputs in institutions in higher education re¬

mains unsolved. The problem is that duality theory does not hold in this context. Different

approaches towards dealing with a multiplicity of outputs can be found in the literature.

5. According to findings from the most recent literature and from previous chapters of this

thesis, the applicability of duality theory in the context of IHE remains a difficult task. Due

to unavailability of information, the utility minimisation approach as an auxiliary means is
not a feasible approach.

6. However, utility maximisation could technically be linked econometrically to the issue of

efficiency maximisation. This has been done in the literature, e.g. by RlZZI [1999, 2000b]

in his UFPF approach. This procedure might be a good way to determine the relative output

weights that are assigned to each output by each DMU. This, in turn, allows the drawing of

conclusions about institutional objectives (by means of revealed preferences). This topic is

left for further research.

7. Multiplicity of outputs can potentially be dealt with by means of aggregation. It remains
to be seen which aggregation is the appropriate one in the context of institutions in higher

education.
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Using these findings as an important framework, it seems to be highly sensible to revise the nature

of the higher education production process. This will be done in the next section.

3.5 Efficiency analysis and the higher education production process
The nature of the higher education production process

So far, the nature of the HEPP has been examined both at a theoretical and an applied level
in chapter 2. Results from e.g. Coleman [1973], James [1990], Balderston [1990],

Hopkins [1990], Hare and Wyatt [1992], and Rothschild and White [1993] have been

incorporated into this analysis. Empirical work by Johnes [1996b] shows difficulties associated
with the coherent definition of inputs and outputs in the context of higher education. Given the

experiences made in the previous chapter, it seems to be sensible to review the nature of the

higher education production process based on the research findings from the previous chapter.

The purpose of this section is to change perspective from the output to the input perspec¬

tive and to review the nature of the higher education production process. A further aim is to

derive methods which allow application of parametric efficiency measurement techniques that
were originally developed for the single-output case to the multiple output case.

The input part of the higher education production process

A key question that is related to the definition of the higher education production process is what
could potentially be regarded as input to that process on the institutional level. The following
items can potentially be regarded as inputs to the higher education production process:

- full time equivalent of academics (ASFTE),

- capital endowment (ENDOW),

- funding council grants (FCG),

- research council grants (RCG),

- net assets (NAS),

- expenses for academic services (ACD),

- expenses for administrative services (ADS),

- total expenditure (at the institutional level, EXP).

In addition to these variables, further information could be included into the analysis which has

so far not been looked at. Examples are as follows:
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- quality measures of teaching,

- environmental coefficients that influence the higher education production process (e.g. li¬

brary spending per full time member of staff, IT expenditure, student to staff ratio), and

maybe

- quality of input (e.g. students).

A good example for such environmental coefficients can be found in Rizzi [1999, 2000b], who
includes the ratio of students to full time staff in his higher education production function:

Full time equivalent of academics
Z = . (3.10)

Full time equivalent of students

The idea behind the inclusion of Z is that there might be factors that influence the HEPP either

in a positive or negative way.5 It seems to be sensible that in the context of higher education, the
ratio of academics to students is important in determining the quality of output.

It seems to be sensible to reduce the number of inputs for estimation purposes (especially

in order to visualise the HEPP in three dimensional space). It is assumed that the neo-classical

production theory is better matched and potential problems of correlation are reduced. As far
as the above mentioned inputs are concerned, the idea is to group monetary and non-monetary

inputs and to classify inputs either as labour or capital. Whereas in the previous chapter different
sources of income or different kinds of expenditures or net assets have been looked at, net

expenditure is excluded from the analysis in this case since it is believed not to be important for
the analysis. The reason is that as far as the higher education production process is concerned,

only overall expenditure seems important (and not net assets). This simplification (aggregation of

inputs) is presented graphically in table 3.1. The definitions derived in table 3.1 seem to be highly

ASFTE
ENDOW Capital:
FCG EXP
RCG
NAS Labour:
ACD ASFTE
ADS

Table 3.1: Representation of inputs in the higher education production process

appropriate for the purpose of efficiency analysis. By excluding net assets from the analysis, less
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wealthy IHE are not put into a disadvantageous position in comparison to their more wealthy

brethren. Given that a suitable representation of inputs to the higher education production process

has been found, the output side of this process will be looked at next.

The output part of the higher education production process

The aim of this section is to find a solution to the problem of applying standard (parametric)

efficiency theory to the case of a multiple output production process when prices for inputs are

not available. The methodological approach chosen in this part of the thesis follows closely the

work done by Rizzi [2000b] and is mainly based on findings by Atkinson [1970], fare and

Primont [1995], and Coelli et al. [1998, ch. 3]. The latter authors have contributed by

developing the underlying theory of efficiency measurement. The econometric approach closely
follows Richmond [1974], Forsund et al. [1980], Greene [1980], Lovell and Schmidt

[1988], and coelli et al. [1998]. The idea is to use findings from these papers in order to solve
the problem of the multiple output production problem of multiple outputs, the main purpose (or

mission) of IHE will briefly be revised. Among these authors, there is agreement that universities'

main aims are

- research (R) and

- teaching (T).

Although this finding almost seems to be trivial, it remains difficult how to specify these aims
in order to make these intangible objectives more tangible for the purpose of both economic and
econometric analysis. Hare and Wyatt [1992] classify these aims by pointing out that the

production of knowledge in both

- embodied and

- disembodied form

is a university's main aim. The question remains therefore, how knowledge can be quantified

for the purpose of efficiency analysis. The idea is to distinguish between those outputs which

are an essential part of the HEPP and those which are 'by-products' and therefore less essential.

Conventionally in the literature, undergraduate and postgraduate students and research output

are regarded as essential outputs, whereas the organisation of conferences, the provision of extra

services are not directly linked to the knowledge production process. There might—obviously—
be interdependencies in output production that, in turn, lead to economies of scale or scope.

However, these interdependencies are difficult to assess and measure. This is also true for other
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kinds of output, such as the number of patents, research collaborations, or the amount of funds
raised from third parties.

To reduce the degree of complexity at this point, the procedure in the following is there¬
fore similar to the one from the previous chapter. For reasons of simplification, only three outputs

will be taken into account here, namely

- undergraduate students,

- postgraduate students and

- (a proxy of) research output.

These three outputs need to be aggregated so that parametric efficiency analysis techniques can

be made applicable. This is important since in productive efficiency measurement, output (i.e. the

left hand side variable) is one dimensional only. In contrast to conventional cases in the literature,
the higher education production process is multi-dimensional, both on the output and the input
side.

The question is therefore if there is a way how multiple outputs can be combined into a

single dimensional measure of outout. Atkinson [1970] in his paper suggest that outputs should

be weighted in order to maximise overall utility. The result would be a single value for utility.
Rizzi [1999, 2000b] used this idea and linked it to efficiency in order to examine utility levels in

Italian universities. At a theoretical level, Mardia et al. [1979] show how in the context of

multivariate analysis multi-dimensional data can be scaled down and expressed as a single scalar

representation. As outlined above, this idea is picked up by Lothgren [1997a,b]. Referring
back to Mardia et al. [1979], Handl [2002] in his textbook ofmultivariate analysis describes

these procedures of multi-dimensional scaling in greater detail. The main idea in all cases is

that multi-dimensional data can be scaled down and expressed as a single scalar. This way, it is

possible to scale down observations from multi-dimensional space to R1. Whereas conventional
multivariate analysis used these multi-dimensional scaling techniques on the basis of a distance
matrix (i.e. in order to determine relative distances from one observation to another), the aim in

this context here is to use absolute measures. Absolute measure in this context means that the

single scalar output representation of one DMU is independent from the output combination of
another DMU. Based on the theoretical work done by the authors mentioned above, a measure

needs to be defined that allows a

- single scalar representation of multiple outputs,
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- in absolute terms (i.e. indiviually for each DMU, regardless of other DMUs and regardless

of the relative distance from one DMU to another).

Once an appropriate single scalar representation of multiple outputs has been found, the

application of established parametric efficiency measurement techniques to cases where duality

theory is inapplicable seems possible.

The assumptions made regarding the HEPP sum some of the ideas up from chapter 1.

The whole process of the identification of output in the HEPP is visualised in table 3.2. Table

Knowledge
in embodied form

Knowledge
in disembodied form

Student figures
PGTFE
UGFTE

Proxy for research
RAE

^>

Scalar representation
of output following e.g.

Atkinson [1970]
Mardia et al. [1979]
Lothgren [1997a,b]
RlZZl [1999, 2000a,b]

Table 3.2: Representation of outputs in the higher education production process

3.2 clearly shows the derivation of output in the higher education production process. Using the

findings derived by Hare and Wyatt [1992] as a starting point, the production of knowledge
in embodied and disembodied form seems the essential aim of institutions in higher education.

Knowledge can therefore be grouped in student output and research. As far as student output is

concerned, UGFTE and PGFTE are suitable representations. The quantification of research

can be achieved by using RAE. All variables will be commented upon later on in this chapter.

Given these two main groups, a scalar representation of the multi-dimensional output vector

needs to be sought. This issue needs examination in the following.

Given that both the input and the output side of the higher education production process

have been examined, the process itself will be looked at in greater detail in the following.

Functional representation of the higher education production process

The idea of this section is that the higher education production process can be simplified by means

of aggregation both on the input and output side. It is suggested that it can be described formally
in the following way:

9(y) — f (k, I; Ui), i = l,...,N (3.11)
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where both capital, k, and labour, I, enter the production process and produce a vector of outputs,

g{y). Production is affected by Ui, an institution specific inefficiency coefficient. The underlying

hypothesis is that there are a priori institution specific differences in efficiency levels. In terms of
the variables defined above, I is represented by the full time equivalent of academics, ASFTE
and k is given by EXP, i.e. total cost/expenditure used in the production process. EXP is an

aggregate measure of financial expenditure during the time period under consideration. It is used

regardless of

(i) different sources of income (funding council grants vs. research council grants), and

(ii) regardless of the use ofcapital (e.g. academic vs. administrative infrastructure).

Both of these aspects remain unconsidered in this simplified representation of the HEPP. z can

be any inefficiency coefficient that affects the production of g(y)- The model in equation 3.11 is
therefore consistent with conventional production theory. As has been suggested by RlZZI [1999,

2000b], an inefficiency coefficient Ui can easily enter the production function. However, the

general specification chosen in equation 3.11 does not specify whether Ui affects k (i.e. Ui • k),
or I (i.e. Ui • I), or both (i.e. Ui ■ (k • I)), i.e.

g(y) = /(«i* k,l) or g(y) = f(k,Ui-l) or g(y) = f(ui ■ (k,l)). (3.12)

The production technology chosen is such that

T(y,x;ui) — 0, i — (3.13)

where y is the output vector, x is the input vector. The latter influences the firm's performance.
The chosen production technology is separable in outputs, hence

T(y, x; Ui) = g(y) — f(x; Ui), i = l,...,N (3.14)

which can be transformed into

g(y) = f(x;Ui), i = 1, — ,N. (3.15)

g{y) is a function of output; the production function is given by f(x; uf) such that:

g(y) = yT, hence: yT — f(x-,Ui), (3.16)

where yT denotes a transformation T of the output vector from multidimensional space into a

one dimensional representation. The latter is achieved e.g. by means of aggregation.

The scalar representation of output still remains to be found. Suggestions for how to

solve this problem are made in the following section.
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Euclidean norm and scalar representation of output

Following the work done by Atkinson [1970], Mardia et al. [1979], Lothgren [1997a,b],

and RlZZl [1999, 2000b], the suggestion is to use the Euclidean norm as an appropriate measure

of a single scalar representation of output in the following. The idea behind the Euclidean norm

is diagrammatically visualised in figure 3.1 for the three dimensional case. The computation of

..*1

HylU-""" 1
i

v'

—•—' I
i
i

N. 7

Figure 3.1: Scalar representation of output in three dimensional space

| |y 11 is a valid transformation of a multi-dimensional output vector into a single dimensional
scalar. This transformation has been labelled yT above and is given as follows:

yT = llvll EM ' p = h---,p, (3.17)
VP=1

where the length of y is the scalar representation of output. The main advantages of this

procedure is that is allows the single scalar representation of output. By applying this procedure

to multiple outputs, a single scalar value representation of output is achieved. Despite this

advantage of the procedure, there are, however, disadvantages associated with this computation.

Disadvantages are e.g. that as a result of the aggregation process, any directional information

becomes lost, i.e. it is no longer possible to say whether an institution in higher education is more

research or teaching oriented. However, for the purpose of efficiency measurement, this does not

really matter if is is assumed that institutions in higher education are semi-autonomous units and

decide themselves which outputs to produce and which inputs to use for this purpose. Only the

overall length of the output vector matters for the purpose of efficiency analysis. It then becomes

irrelevant how this vector is composed.
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What seems to be quite important, on the contrary, is that an aggregation can only be car¬

ried out if the aggregates are unit free. The suggestion made by Rizzi [2000b, p. 4] is therefore
followed at this point here. Clearly, it would be wrong to add apples and pears. It is, however,

possible, to count the number of pieces of fruits and to use this information for computational

purposes. Mathematically speaking, a fraction is unit free if both the numerator and the

denominator have the same units (since it cancels out). Otherwise, if the situation is not dealt with

in this way (and if units of output are aggregated arbitrarily), there might a potential danger that

the results are misleading due to incorrect assumptions that are implicitly made. It is therefore

suggested that it is necessary to 'standardise' all variables before the aggregation is carried out

(i.e. in order to make them unit free). It is furthermore suggested that as a 'standardising' or

're-scaling procedure',

- Togs' should first be taken of all variables,

— once Togs' have been taken, variables should be divided by the smallest value in the sample

(i.e. the minimum or smallest variable of that particular variable).

As a result, variables will be unit free. The smallest value could therefore technically be a vector

of unit length. The computation should be based on logged variables in order to comply with
the econometric theory outlined above (cf. chapter 2). Once this procedure has been carried out,

the Euclidean norm can be used to compute an aggregate measure of output. The latter then
allows application of standard efficiency analysis techniques for the multiple-output case. All

variables used will be 'logged' in order to comply with the standard theory of Cobb-Douglas

production functions. The derived variable for aggregate output will be labelled LNY. This

procedure will be depicted in figure 3.2. Further assumptions and their consequences for the

higher education production process are summarised in table 3.3. These assumptions provide the
theoretical foundations that will be of importance in the remainder of this section.

The higher education production process in its wider theoretical context
Three main aims have already been successfully achieved in this section:

- Main inputs into the HEPP have been identified. At the same time, the number of inputs
has been categorised and thereby reduced.

— A single scalar representation of a multi-dimensional output vector has been derived by

making use of the Euclidean norm.
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Figure 3.2: Application of the Euclidean norm: Re-scaling of variables

- An aggregation of output has been carried out. All outputs have been re-scaled and were

made unit free.

These achievements are necessary prerequisites for the application of parametric efficiency

analysis techniques later on in this chapter. In order to carry the econometric analysis out, further
institutional assumptions will be made regarding IHE. These assumptions clearly rely on the
theoretical groundwork developed in chapter 1.

The theoretical work carried out in this chapter provides important and necessary founda¬
tions for the further application of efficiency estimation techniques. Furthermore, it allows
the examination of the nature of the HEPR The findings from this section are consistent with
established ideas, such as the one of utility maximisation. IHE are supposed to maximise their

utility U according to the following specification:

max [/ = [/(/(yT, x; Ui)), i —

where yT denotes a single scalar representation of an output vector y, transformed into R1 by

||y||, x is a vector of inputs, and ttj represents—as outlined above—the institution specific

inefficiency coefficient. This notation is consistent with the one used in section 2.7.1. Utility
is derived from the outputs produced. No statement is made as far as the parameterisation and
the functional form of this utility function are concerned. These issues are left for further research.
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The higher education production process: Assumptions and consequences

Assumption 1: The higher education production process can be represented in a sim¬
plified way by a combination of capital and labour as inputs to yield output. Output
of this production process is knowledge embodied and disembodied form.

Assumption 2: Universities derive utility from their activities and from the output
they produce.

Consequence 1: Output of institutions in higher education is multidimensional.
Some of these outputs might be quantifiable, whereas others cannot be quantified.
A scalar representation of output can be used for this purpose. This scalar does not
contain any directional information, i.e. information regarding whether institutions'
output is bend more towards research or teaching. Therefore, only the absolute length
of the vector matters for efficiency analysis purposes.

Consequence 2: The scalar output representation accounts for the absolute level of
output, not relative ones (i.e. of one institution in higher education in comparison to
another). Re-scaling needs to be carried out to make output comparable.

Consequence 3: Institutions in higher education use different combinations of the
(labour,capital)-combinations to produce output. Some institutions are supposed to
be more 'biased' towards the use of capital, whereas others use more labour.

Table 3.3: The higher education production process: Assumptions and consequences

In order to maximise their utility, IHE engage in an 'academic' or higher education pro¬

duction process. Following the main findings from chapter 2, inputs are transformed into outputs.

Although there is a multiplicity of objectives and although the quality of inputs determines the

quality of output (see section 1 for details), this production process can be represented in a

simplified way. This has already been done. A graphical visualisation of the traditional black box
model in an academic background is given in figure 3.3. In comparison to the theory outlined
in chapter 2, figure 3.3 represents an in depth analysis of what was previously labelled the

production process dimension in figure 2.1. All data used in this chapter are provided by HESA.
A brief overview over the data used, the definitions derived and data sources will be provided in
the next section.
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Input Throughput Output

Higher education
production process

Academic labour /
capital

Institutions
in higher education

Knowledge
(embodied / disembodied)

Examples:
- Lectures
- Seminars

- Students - Tutorials
- Research environment - Essays
- Infrastructure - Examinations
- Human Capital - Project work

- Research
- Self studying time

- Undergraduate students
- Graduate students
- Research output

Further activities:
- Conferences
- Social, political

and other services

Figure 3.3: Model representation: Higher education production process

3.6 Data and definitions

In order to carry the empirical work out, a selection of the data used in chapter 2 were used for
estimation purposes. For analysis purposes, a log linear monotonic transformation will be used in
order to gain a better understanding of the aggregation issue, too. Table 3.4 shows the origin of
the data used in this chapter (subdivided into groups of inputs and outputs).

Name | Definition/Explanation Data source

Institutions in higher education
IHE Institutions in higher education in the UK | Planning Plus 1999/2000, table 1
Inputs
EXP

ASFTE
Total expenditure of IHE in the UK
Full time equivalent for academics

Planning Plus 1999/2000, table 1
HE Planning Plus, table 15

Outputs
PGFTE
UGFTE
RAE

Full time equivalent (FTE) (postgrads)
Full time equivalent (FTE) (undergrads)
Proxy for research activity (see section 2.5)

Planning Plus 1999/2000, table 1
Planning Plus 1999/2000, table 1
Cullen [2002]

Table 3.4: Data sources and definitions

The definition of input and output follows directly the theoretical considerations of the first part

of this chapter. A descriptive analysis of all variables is presented in table 3.5.
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Variable Minimum Maximum Mean Std.Dev. Cases

Inputs
EXP 2861 382592 87472 77655 138

ASFTE 22.47 3613.53 767.50 688.56 138

Inputs (in terms of In)
LNEXP 14.87 19.76 17.90 0.96 138
LNASFTE 3.11 8.19 6.25 0.98 138

Outputs
PGFTE 28.04 8210.72 1731.55 1394.70 138
UGFTE 25.50 55338.35 8464.72 6376.02 138
RAE 14.00 13314.46 1819.58 2397.25 138

Outputs (in terms of In)
LNPGFTE 3.33 9.01 7.02 1.12 138
LNUGFTE 3.24 10.92 8.71 1.02 138
LNRAE 2.64 9.50 6.65 1.48 138
Scalar representation of output (transformed)
LNY 2.60 5.27 4.26 0.61 138

Table 3.5: Descriptive statistics

EXP is measured in thousands of £s, all full time equivalents are expressed in full time employ¬

ees, RAE is a proxy for research quality and quantity (measured in points, see Cullen [2002]
for details), LNY represents the scalar representation of output as a linear combination of all
three outputs. Following the theory outlined in section 3.5, LNY is defined as follows:

yT LNY

I / LNRAE \2 / LNPGFTE \2 / LNUGFTE \2

V \MiriLNRAE J \MiriLNPGFTE) \MiriLNUGFTE )
It is pointed out that the definition of the composite dependent variable seems arbitrary. This

issue will be addressed via a sensitivity analysis when results are critically reflected upon in
section 3.10. In the meantime, the 'standard' Euclidean norm (with unit weights) will be used

for computational purposes. Out of the total number of 169 institutions in higher education

in the UK, 138 are used for the purpose of this analysis. Due to missing data problems, the

remaining observations had to be excluded from the analysis in order to ensure compatibility

with the work done in the previous chapter. All data are provided by HESA for the academic

year 1999/2000. The full time equivalent of academics, ASFTE, and total cost, EXP

(i.e. total cost/expenditure), are regarded as inputs to the production process. Outputs are the

full time equivalent of undergraduate students UGFTE, and postgraduate students, PGFTE,

and a proxy which measures research output both in a qualitative and quantitative way, RAE

[following the work done by Cullen, 2002], The proxy of research is the same one used in

chapter 2. Overall consistency in terms of the data used for empirical examination is therefore

given. All variables from the estimation will be denoted with upper case characters. Lower case

characters will be used to denote general variables.
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The methodological approach and the estimation procedures are outlined in the next sec¬

tion together with a presentation of estimation results. To make things easier, the log linear

transformation of all variables is looked at when both inputs and outputs are examined. Results

from this empirical analysis will be presented in the next section.

3.7 Empirical analysis and estimation results
3.7.1 Analysis of input and output and categorisation of institutions in higher edu¬

cation

The aim of this section is to closely examine the nature of inputs and output that are used in the
HEPR Firstly, the input side of the production process will be examined. Secondly, the output

side of the production process will be looked at. Using results from these two examinations, an

ex post categorisation of IHE is sought on the basis of the available data. The purpose of this
examination is to determine if institutions in higher education can somehow be put in groups. A

key requirement for these groups will be that

— groups are 'internally' coherent, and

- groups differ significantly from another.

The output orientation of groups is similar to the standard categorisation of IHE in groups of
research or teaching oriented institutions. It remains to be seen whether this categorisation holds

after the empirical analysis has been carried out.

Alternatively, input oriented characteristics could be used to group IHE. However, with
the main interest being on the output side of the higher education production process, the

categorisation according to input characteristics will be left for further research.

Examination of input

Histograms will be used to visualise the distribution of input with special focus on the transformed
variable (i.e. after Togs' have been taken). These histograms can be found in figures 3.4. The

histograms of both LNEXP and LNASFTE show that both variables are distributed with a

slight skewness to the right. In addition, there are outliers in both cases. In a next step, correlation

coefficients between each input factor are computed. These correlation coefficients are presented

in table 3.6. The table shows that both inputs are correlated almost 99%. These correlation

coefficients can be visualised graphically in figure 3.5. The graph supports the findings from
the correlation coefficient computation. Both inputs are almost perfectly correlated. The strong
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Figure 3.4: Histograms: Inputs to the higher education production process (LNEXP and
LNASFTE)

LNASFTE LNEXP

LNASFTE 1 0.9851

LNEXP 0.9851 1

Table 3.6: Correlation coefficients for inputs (LNEXP and LNASFTE)

correlation between LNEXP and LNASFTE is clearly visible.
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Figure 3.5: Correlation amongst inputs (LNEXP and LNASFTE)

Examination of output

Histograms of output are shown in figure 3.6. It can be seen that the distribution of LNRAE is

slightly skewed to the right. The distribution of LNUGTE is even more skewed to the right. In
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addition, there are outliers, both at the lower and upper end of the distribution of LNUGFTE.
As far as LNPGFTE is concerned, the distribution is skewed to the left as well with a sub¬

stantial number of outliers at the lower end of the distribution. It remains to be seen how the

distribution of LNRAE, LNPGFTE, and LNUGFTE affect any further efficiency anal¬

ysis, including the single scalar representation of output that will be developed later on. In a next

Figure 3.6: Histograms: Outputs of the higher education production process (LNRAE,
LNPGFTE, and LNUGFTE)

step, correlation coefficients between each output factor will be computed. These correlation co¬

efficients are presented in table 3.7.1. It can be concluded from these correlation coefficients that

LNRAE and LNPGFTE are highly correlated (slightly more than 81%). The correlation

coefficient between LNRAE and LNUGFTE is much lower (52%). This might be an indi¬

cator that research is higher correlated with postgraduate teaching than it is with undergraduate

teaching. This finding might support the hypothesis that a lot of research is carried out in insti¬

tutions that are also heavily engaged in postgraduate education for reasons of potential synergy

effects.6 LNPGFTE and LNUGFTE are correlated with 72%. These correlation coeffi¬

cients can be visualised graphically in figure 3.7. This way the correlations between LNRAE,
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LNRAE LNUGFTE LNPGFTE
LNRAE 1 0.5169 0.8115

LNUGFTE 0.5169 1 0.7237

LNPGFTE 0.8115 0.7237 1

Table 3.7: Correlation coefficients for outputs (LNRAE, LNUGFTE, and LNPGFTE)

LNUGFTE, and LNPGFTE are clearly visible. The graph supports the findings both from

the correlation table and from the histograms. In all three cases, outliers are clearly visible as well.
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Figure 3.7: Correlation amongst outputs (LNRAE, LNUGFTE, and LNPGFTE)

Scalar representation of output

As outlined above, a scalar representation of output has been computed. The aim is now to

examine to what degree the measure derived fits and is positively correlated with the other two

inputs. Correlation coefficients will be computed and displayed graphically. This procedure
allows to make a statement about the quality and preciseness of the scalar representation. This is

important for the further efficiency measurement and estimation process.
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The single scalar representation of output LNY is a linear combination of all outputs

and follows the definition provided above. The correlation between all outputs and their scalar

representation is shown in table 3.8. This way the strong and positive correlation between LNY
on the one hand and LNPGFTE, LNUGFTE, and LNRAE on the other hand is clearly

visible.

LNY LNPGFTE LNUGFTE LNRAE

LNY 1 0.9429 0.7787 0.9236

LNPGFTE 0.9429 1.0000 0.7237 0.8115

LNUGFTE 0.7787 0.7237 1 0.5169
LNRAE 0.9236 0.8115 0.5169 1

Table 3.8: Correlation coefficients of outputs with LNY

Categorisation of institutions in higher education
Institutions in higher education will be categorised in section 3.8.1 when different clustering tech¬

niques are presented. These clusters will be used for the purpose of hypothesis testing.

3.7.2 Estimation of a production function and determination of efficiency coeffi¬
cients

Starting point for the analysis in this chapter is the following production model, where inputs
are represented by an input vector x. These inputs are used to produce an output vector y. The

functional relationship is defined as follows.

Vi = f(Xi,P) + £i, (3.18)

For the xth DMU, a general representation of a neo-classical production process for the single

output case can be written as follows:

M

Vi = 00 n + e», (3.19)
771— 1

with i = 1,..., N and m = 1,..., M„ where no restrictions are imposed on the (3m
coefficients in order to allow for scale economies. /3o and (3m are the parameters to be estimated.
Institutional specific inefficiency coefficients will be derived by making use of SFA. Equation

3.19 represents a Cobb-Douglas functional form with no restrictions on the scale economies.

Using the theory of scalar representation of output that has been derived previously, the

production process will be rewritten and the multidimensional output vector for the ith DMU will
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be transformed by means of computing the Euclidean norm into a single scalar representation
of output. In the case under consideration here, analysis includes three outputs. The scalar

representation of output ensures the applicability of standard parametric efficiency analysis

techniques in the context of multiple input, multiple output production processes. The output

side is simplified by means of aggregation and expressed as a single scalar. Despite the obvious

advantages, there are also disadvantages associated with this procedure. As a result, no directional

information is included into the scalar, i.e. it cannot easily be determined whether institutions in

higher education are more oriented towards research or more towards undergraduate teaching or

more postgraduate teaching. Since these institutions are self-determined and assumed to choose
their output combination independently, only the overall scalar representation of the output vector

will be looked at when efficiency analysis is carried out.

The higher education production process

Before the estimation of the higher education production process is carried out by making use of

different efficiency analysis techniques, the idea is to examine and to visualise this production

process in three dimensional space.

The visual representation in three dimensional space using the scalar representation of

output (LNY) and the two main inputs (LNASFTE and LNEXP) is shown in figure 3.8
where the production frontier is clearly visible (even in absence of lines to the axed from each

point). The aim in the following will be

1. to estimate the production process by using both parametric and non-parametric estima¬

tion/measurement techniques,

2. to determine the robustness of efficiency results from both estimation/measurement tech¬

niques by comparing results from different estimation and measurement techniques by com¬

puting rank correlation coefficients, and

3. to carry out hypothesis tests.

To start with, a pure representation of the production process estimated by OLS in terms of a

log-linear model is given as follows:

In Yi = 0o + Pi In ASFTEi + p2 In EXPi + eit (3.20)

where particular interest in the context of parametric efficiency analysis is on the decomposition

of the institution specific error term [see JONDROW ET AL., 1982, for further details]. Results

222



Figure 3.8: Fligher education production process in three dimensional space

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant -0.7871 0.5226 -1.5060 0.1344
LNASFTE 0.3251 0.1006 3.2330 0.0015

LNEXP 0.2746 0.1027 2.6720 0.0085

Test statistics

R2 0.896382

adjusted R2 0.89485
F - test[2,135] 583.93
Prob value 0.000
Akaike Info. Crt. -0.381
Durbin-Watson Statistic 2.01629

Table 3.9: Academic production process (two inputs, one output)

from the OLS estimation are provided in table 3.9. The results in table 3.9 show clearly that
both inputs, LNEXP and LNASFTE, are highly significant as inputs to the HEPP at the

5% significance level. Both coefficients are positive. The value of the coefficient is negative and

significant as well. Following these results, labour is more important as an input than capital.
This might support the hypothesis that the higher education production process is more labour
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than capital intensive. As far as economies of scale are concerned, there seems to be statistical
evidence for decreasing returns to scale. The overall fit of the model specification is R2 = 0.89

(adjusted R2 = 0.89, too) which is relatively high in absolute terms (as the value is close to

one). However, both R2 and adjusted R? are typically used for the purpose of model selection

(i.e. to choose between two different model specifications). Results from the .F-test show that
both variables are highly significant at the 5% significance level. The probability value is zero.

The Akaike Information Criterion (AIC) shows how well the model is specified in comparison

to other model specifications. It is usually also used to assess different model specifications of

a particular model in comparison of the Akaike values for different model specifications. Given

the theoretical findings of the academic production process as outlined above, no different model

specifications are tested against each other. The Durbin-Watson (DW) test assesses autocorrelated

disturbances and is usually used to test for the presence of a first-order autoregressive scheme.
With the DW statistics being almost equal to 2, there does not seem to be statistical evidence in

the data in support of first-order autocorrelation.

Implications of findings from the higher education production process

Results from the OLS estimation indicate that economies of scale do not seem to be present in

this HEPR This has, however, not been tested for explicitly, e.g. by including quadratic terms in

input levels. The reason is that the focus of this thesis is a slightly different one. There does not

seem to be any evidence that supports the hypothesis that Targe is beautiful', if the values of the
coefficients in table 3.9 are looked at. In the following part of this chapter, SFA will be applied

to this model in order to examine inefficiencies in institutions in higher education in the UK. The

aim is to derive league tables for these institutions and to compare results obtained from SFA to

the one obtained from DEA.

3.7.3 Stochastic Frontier Analysis

SFA will be applied next to the case of two inputs and the scalar representation of output. Given

the results from the OLS estimation, the model specification derived above seems to be reliable

for this purpose. The estimation has been carried out using the 138 observations that were already

used in the previous chapter. Results are presented in detail in the following. A comparison of the

results follows as soon as further models have been estimated by using DEA.

Model 6: SFA: PE

Two estimation techniques have been used in order to estimate this model and to derive institution

specific inefficiency coefficients for productive efficiency (PE). A production frontier will be
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estimated in the following. The error term is supposed to be distributed half-normally. The

results obtained by applying OLS are the same ones as the ones in table 3.9. The results obtained
from MLE are mentioned in table 3.10. In general, results from this MLE estimation support the

Variable Coefficient Standard Error t-ratio P[|Z| >z]

Constant
LNASFTE
LNEXP

-1.1068 0.3472
0.1454 0.0754
0.4247 0.0713

-3.1880
1.9280

5.9550

0.0014

0.0538

0.0000

Variance parameters for compound error

A

(7

3.0989 0.5643

0.2886 0.0126

5.4910

22.9300

0.0000

0.0000

Table 3.10: Estimation results: Model 6 (MLE)

findings derived by OLS earlier on in this chapter. The results in table 3.10 show clearly that both

inputs, LNEXP and LNASFTE, are highly significant as inputs to the higher education

production process. Both coefficients are positive. The value of the coefficient is negative and

significant as well. Following these results, capital is more important as an input than labour.
Another result from the MLE estimation is that values both for a and A are provided by LIMDEP

[Greene, 1998, 2003b], These values have been used for the decomposition of the error term.

The decomposition procedure yields the (in-)efficiency coefficients. Based on the results of this

efficiency estimation procedure, each IHE was assigned an individual efficiency coefficient. In a

second step, institutions in higher education were ranked. The top five and bottom five institutions
are presented in table 3.11. The complete ranking is included in the appendix in table B.l on page

League Table: Model 6 (MLE)
Rank Efficiency Coefficient Institution in higher education

1 0.9738 (0127) Birkbeck College
Top 2 0.9604 (0131) Goldsmiths College

5 3 0.9581 (0176) The University of Wales, Lampeter
4 0.9499 (0121) The University of Keele
5 0.9495 (0146) The School of Oriental and African Studies

134 0.6190 (0080) Thames Valley University
Bottom 135 0.5770 (0145) St George's Hospital Medical School

5 136 0.5534 (0018) Harper Adams University College
137 0.4099 (0189) Writtle College
138 0.2380 (0175) Scottish Agricultural College

Table 3.11: League Table: Model 6 (MLE)

362.
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3.7.4 Data Envelopment Analysis

The foundations of DEA have already been outlined. In total four different DEA model specifica¬
tions will be computed, namely

- a constant returns to scale DEA model with input orientation (CRSI: model 7),

- a constant returns to scale DEA model with output orientation (CRSO: model 8),

- a variable returns to scale DEA model with input orientation (VRSI: model 9), and

- a variable returns to scale DEA model with output orientation (VRSO: model 10).

As far as the results from DEA are concerned, the same procedure has been followed as in the

previous chapter:

- Whenever two DMUs are equally efficient, the number of peers is used as a criterion in

order to rank these DMUs.

- Whenever this procedure is not possible, ties have been broken by assigning intermediate

ranks in order to allow for the computation of rank correlation coefficients to be carried out

[following the specification and requirements outlined by Sheskin, 2000].

Results are presented in terms of league tables. The top five and bottom five institutions are

represented in a table. The complete rankings can be found in the appendix. Spearman's rank

correlation coefficients have been computed in order to determine the degree of correlation
between all models. These results are presented in section 3.7.5. This computation of correlation

coefficients is important insofar as the results as such from both parametric and non-parametric

efficiency estimation techniques cannot be compared directly (in terms of their absolute values).

Results from all four DEA models that have been estimated (or measured, to be precise)

are presented in the following. Although being identical, results for the CRSI and CRSO case

will be reported for reasons of completeness.

Model 7: CRSI

Model 7 is a constant returns to scale DEA model with an input orientation. The purpose of this

model is to construct a linear frontier piece-wise that envelops all data points. Efficiency of each

DMU will be assessed according to the relative distance of a particular DMU from the frontier.
Based on the results of this efficiency estimation procedure, institutions in higher education were

ranked. The top five and bottom five institutions are presented in table 3.12. The complete ranking
is included in the appendix in table B.2 on page 363.
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League Table: Model 7 (CRSI)
Rank Efficiency Coefficient Institution in higher education

1 1.000 (0127) Birkbeck College
Top 2 1.000 (0015) Dartington College of Arts

5 3 0.998 (0146) The School of Oriental and African Studies
4 0.993 (0001) The Open University
5 0.988 (0176) The University of Wales, Lampeter

134 0.829 (0028) Newman College
Bottom 135 0.824 (0145) St George's Hospital Medical School

5 136 0.804 (0018) Harper Adams University College
137 0.690 (0189) Writtle College
138 0.624 (0175) Scottish Agricultural College

Table 3.12: League Table: Model 7 (CRSI)

Model 8: CRSO

Model 8 is a constant returns to scale DEA model with an output orientation. The purpose of this

model is to construct a linear frontier piece-wise that envelops all data points. Efficiency of each

DMU will be assessed according to the relative distance of a particular DMU from the frontier.
Based on the results of this efficiency estimation procedure, institutions in higher education were

ranked. The top five and bottom five institutions are presented in table 3.13. The complete ranking

League Table: Model 8 (CRSO)
Rank Efficiency Coefficient Institution in higher education

1 1.000 (0127) Birkbeck College
Top 2 1.000 (0015) Dartington College of Arts

5 3 0.998 (0146) The School of Oriental and African Studies
4 0.993 (0001) The Open University
5 0.988 (0176) The University of Wales, Lampeter

134 0.829 (0028) Newman College
Bottom 135 0.824 (0145) St George's Hospital Medical School

5 136 0.804 (0018) Harper Adams University College
137 0.690 (0189) Writtle College
138 0.624 (0175) Scottish Agricultural College

Table 3.13: League Table: Model 8 (CRSO)

is included in the appendix in table B.3 on page 364.

Model 9: VRSI

Model 9 is a variable returns to scale DEA model with an input orientation. The purpose of this
model is to construct a linear frontier piece-wise that envelops all data points. Efficiency of each
DMU will be assessed according to the relative distance of a particular DMU from the frontier.

Based on the results of this efficiency estimation procedure, institutions in higher education were

ranked. The top five and bottom five institutions are presented in table 3.14. The complete ranking
is included in the appendix in table B.4 on page 365.
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League Table: Model 9 (VRSI)
Rank Efficiency Coefficient Institution in higher education

1 1.000 (0127) Birkbeck College
Top 2 1.000 (0001) The Open University

5 3 1.000 (0176) The University of Wales, Lampeter
4 1.000 (0015) Dartington College of Arts
5 1.000 (0146) The School of Oriental and African Studies

134 0.881 (0080) Thames Valley University
Bottom 135 0.879 (0145) St George's Hospital Medical School

5 136 0.873 (0018) Harper Adams University College
137 0.846 (0189) Writtle College
138 0.737 (0175) Scottish Agricultural College

Table 3.14: League Table: Model 9 (VRSI)

Model 10: VRSO

Model 10 is a variable returns to scale DEA model with an output orientation. The purpose of this
model is to construct a piecewise linear frontier that envelops all data points. Efficiency of each

DMU will be assessed according to the relative distance of a particular DMU from the frontier.

Based on the results of this efficiency estimation procedure, institutions in higher education
were ranked. The top five and bottom five institutions are presented in table 3.15. The complete

League Table: Model 10 (VRSO)
Rank Efficiency Coefficient Institution in higher education

1 1.000 (0127) Birkbeck College
Top 2 1.000 (0001) The Open University

5 3 1.000 (0146) The School of Oriental and African Studies
4 1.000 (0015) Dartington College of Arts
5 1.000 (0176) The University of Wales, Lampeter

134 0.834 (0028) Newman College
Bottom 135 0.825 (0145) St George's Hospital Medical School

5 136 0.806 (0018) Harper Adams University College
137 0.702 (0189) Writtle College
138 0.627 (0175) Scottish Agricultural College

Table 3.15: League Table: Model 10 (VRSO)

ranking is included in the appendix in table B.5 on page 366.

Results from both the SFA and DEA models will be presented in the following.

3.7.5 Comparison of results: Computation of rank correlation coefficients

Judging from a first visual inspection is seems obvious that the different parametric estimation
and non-parametric measurement techniques yield similar results. This is especially true when
the bottom five institutions in higher education are looked at. The question is now how similar or

dissimilar the results are if the whole league table is taken into consideration.
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As in the previous chapter, a Spearman's rank correlation will be computed between all

models in order to compare the degree to which results from each estimation or measurement

technique are correlated. The reason from this procedure is that the efficiency coefficients as

such cannot be compared since results from parametric and non-parametric techniques follow
different econometric assumptions. Results are presented in table 3.16. The results will be
commented briefly upon in the following. It can be seen in table 3.16 that all correlation

SFA DEA

Model 6 Model 7 Model 8 Model 9 Model 10

PE CRSI CRSO VRSI VRSO
Model 6 1.000 0.837 0.837 0.841 0.800
Model 7 0.837 1.000 1.000 0.941 0.989
Model 8 0.837 1.000 1.000 0.941 0.989
Model 9 0.841 0.941 0.941 1.000 0.951
Model 10 0.800 0.989 0.989 0.951 1.000

Table 3.16: Productive efficiency: Spearman's rank correlation coefficient: Comparison of results

coefficients are positive. The lowest value of the correlation coefficient is rs = 0.84. This is

an undeniable indicator of correlation. The highest value is rs = 1. Individual results will be

briefly commented upon in the following.

Model 6 and 7 are positively correlated with rs = 0.84. This is important since both
models differ regarding the estimation/measurement technique used. An overall relatively high

correlation coefficient shows that SFA and DEA yield highly similar results. Since model 7 and

8 are perfectly correlated (as in the previous chapter), model 6 and model 8 are also correlated
with rs = 0.84. The correlation coefficient between model 6 and 9 is even higher (rs = 0.8).

Again, this can be regarded as a good indicator that both SFA and DEA yield stable results.

Correlation between models 6 and 10 is rs = 0.8. As outlined earlier on, models 7 and 8

are perfectly correlated. Therefore, in both cases, the correlation coefficients between models

7 and 8 on the one hand and model 9 on the other hand is rs = 0.94, the one between model

7 and model 10 is rs = 0.99. These results are not surprising since all models are based
on DEA. Relatively high correlation coefficients among all DEA models have been expected
insofar as DEA produces relatively consistent and robust results. Differences result from different

orientations of the model chosen and from differences regarding the assumption of constant

vs. variable returns to scale. The correlation between models 9 and 10 is rs = 1. In all cases,

rspq = rsQP, where p and q indicate the models examined by means of efficiency analysis.
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Summary of main findings from the computation of rank correlation coefficients
The estimation and measurement procedures carried out in this chapter have led to a number of

interesting and important results. Work carried out in the previous chapter has been extended.
The intention of this research was to contribute to the area of efficiency measurement in IHE.

This aim has been achieved and a number of conclusions can be drawn from these results. The

most important conclusions from these estimations will be highlighted in the following:

- Results from both parametric and non-parametric models are positively correlated with the
correlation coefficient being bigger than at least r$ — 0.84.

- The one output, two inputs-representation of the HEPP allows a graphical representation of
this production process in three dimensional space. As a result, the concept of the envelop¬

ing production frontier can be visualised graphically, too.

The purpose of this section was to lay the foundations and the groundwork for efficiency analysis
in application to IHE. The aim of the following section is to use the efficiency coefficients that

have been derived in the above estimated models in order to examine to what degree different

kinds of IHE are more efficient than others. For this purpose, different categories of IHE are used
which are known ex ante.

3.8 Explaining differences in efficiency levels
3.8.1 Clustering institutions in higher education

The aim of this section is to use clusters of IHE for the purpose of hypothesis testing. The proce¬

dure for this section is therefore to

- divide the set of institutions in higher education into two groups which differ from each

other, and to

- test whether these groups differ significantly regarding their efficiency levels.

For this purpose, results from the models estimated and measured in the first part of the chapter

will be used. The main idea behind cluster analysis will be outlined and its potential use in future

work in this area will be highlighted.

Cluster analysis and hypothesis testing
The aim of cluster analysis is to search for groups (clusters) in the data in such a way that objects

belonging to the same cluster resemble each other, whereas objects in different clusters are

dissimilar. Classes need to be internally coherent and externally isolated. Conventional clustering
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procedures use a distance matrix (e.g. Euclidean distance) in order to produce a hierarchical
structure displaying the order in which groups are merged or divided. These agglomerative

(i.e. hierarchical) procedures of clustering start with n classes (i.e. each observation is regarded

as a class of its own) and proceed with the clustering algorithm until all observations are in a

single group (based on the relative distances between observations and classes). In conventional
ex post cluster analysis, partitions and distances are usually displayed in a dendogram, a tree

diagram that visualises different groups of observations that can be found in the data [Venables
and Ripley, 2002, pp. 315-21],7 Alternatively, clusters can be derived ex ante on the basis of

pre-defined characteristics. This will be done in the following. In this case here, clusters could be

formed on the basis of existing groups of IHE. The main motivation behind the cluster analysis is

to examine whether groups of IHE can be found that differ according to their technical efficiency

levels.

For the purpose of hypothesis testing, three of the five models will be used, namely model
6 (SFA), model 7, and model 9 (both DEA). In this chapter, the use of cluster analysis is therefore

limited to predefined groups. It is believed that cluster analysis (i.e. exploration of data without

any a priori knowledge or presumptions regarding groups of IHE) is a very fruitful area for future
work (e.g. in the SFA case since DEA allows benchmark institutions to be defined without need

for cluster analysis).8

3.8.2 Are 'new' universities more efficient than 'old' ones?
Results from cluster analysis and hypothesis tests

Different clusters of institutions in higher education

In cluster analysis, a distinction is conventionally made between ex ante groups of IHE and ex

post clusters. In the first case, institutions were part of a particular group before the data were

collected, i.e the group already existed at the beginning of the examination and was exogenously

given, e.g. by self selection. As far as ex post clustering is concerned, clusters could be sought
on the basis of the output vector. For this purpose, data on output could used for the clustering

procedure. In the latter case, the only criterion for clustering was to be found in the data, whereas

in the previous case, the groups were defined a priori. In the case under consideration here, only

ex ante clusters will be used to carry hypothesis tests out.

Examples for the ex ante groups considered in this section of the chapter are

1. Russell group (cf. table B.6 on 367),
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2. Coalition of modern universities (cf. table B.7 on 368), and

3. pre 1992 universities (cf. table B.8 on 369).

For reasons of simplification of the hypothesis testing procedure, only results from the following
models will be taken into account:

- model 6 (SFA),

- model 7 (DEA, CRSI),

- model 9 (DEA, VRSI).

Models 8 and 10 are not taken into account here since results from the CRSI and the CRSO

estimation are perfectly correlated (the same is true for VRSI and VRSO, c.f. Coelli et al.

[1998, p. 159]).9

As guidelines for the hypothesis testing procedure, the following research questions can

be thought of:

- Are members of the Russell group more efficient than non-members of this group?

- Are members of the Coalition of Modem Universities group more efficient than non-

members of that group?

- Are post 1992 universities more efficient than pre 1992 institutions in higher education?

These research questions will be transformed into testable hypotheses later on. In all three case,

the criterion for hypothesis testing is based on the results of the measures of technical efficiency
that were derived previously. Results from both parametric and non-parametric efficiency analysis

techniques will be used. In order to derive an appropriate test statistics, the hypothesis is set up

that there are no significant differences in efficiency between the two groups under consideration.
The alternative hypothesis is that there are differences in efficiency levels between the two groups.

In general, these differences can either be positive or negative, i.e. the hypothesis test is two-sided.

These assumptions will be transformed into testable hypotheses. Hence, the aim is to

test

Hq : /i.i = nz versus the alternative hypothesis Ha '• Hi ^ H2- (3.21)

The procedure outlined by kmenta [1986, pp. 110-154] will be followed when the hypothesis

tests are carried out. The sample means of the efficiency coefficients are used as the sample
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^-x2 = , =r=^- (3.23)

summary of evidence about the population means. This is important since not all UK institutions
in higher education are represented in the sample. Out of 169 observations, only 138 were chosen
for estimation purposes. The (observed) sample average efficiency coefficients will be denoted

Xi and X2■ If Ho holds, then the following holds for the true mean: Hi — H2 — 0. Values

for Xi — X2 would then seldom differ from zero. If the opposite is the case, then this could be

considered as evidence against the null hypothesis. It is assumed that efficiency estimation and
measurement coefficients are normally distributed with an unknown variance. If the distribution of

X\ — X2 can be specified, then acceptance and rejections regions for the Hq can be specified. It

is therefore assumed that both Xi and X2 come from normal populations and that their difference

is normally distributed. Therefore

E(X1 - X2) - E(X-_1) - E(X2) = /xi - V2 = 0. (3.22)

The latter is only true if Hq holds. The aim in the following will be to assess the difference be¬
tween the two means of the two normally distributed variables. Both Xi and X2 are characterised

by the same variance <x2. As a result, the following test statistics are applicable:

X1-X2
a \/(l/ni) + (l/n2)

Since the variance a is unknown, it needs to be estimated by the sample variance s, where s is

given as follows:

= /(m-lK + (n
V ni+n2 —2

where n1 and n2 denote the size of each sub-sample, s2 and s| are unbiased estimators of rr2
obtained from sample 1 and 2. Kmenta [1986, p. 145] presents the following test statistics:

sVoTmTTTV^a) ni+ri2 2 ( ^
The above derived hypothesis test procedure will be carried out despite potential criticism that
results from non-parametric analysis cannot be used for second stage analysis since the efficiency
measures are derived from different distributions. The counter argument is at this point that

asymptotically, the enveloping production frontier approaches the 'true' production frontier if
the sample size goes to infinity (asymptotic theory). Furthermore, the efficiency coefficients
are not used for further regression analysis. Instead, hypothesis test regarding the distribution
of the sample means are carried out. It is assumed that asymptotically, the distribution of these

efficiency coefficients is normally distributed, regardless of the estimation or measurement

technique that has been used to derive them. The test procedure hence involves testing for the

equality of two means. Average efficiency levels and sample variances were computed for each
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group by making use sets of dummy variables to divide the total sample into two independent

samples.

It could be argued that when the standard methods of testing population means are used,

the correction for samples are unnecessary since the total number of observations in the sample
is 138 which is almost the total number of institutions in higher education in the UK. Since

a number of observations had to be excluded from the analysis, this correction is carried out

nonetheless in order to avoid any discussion regarding the correctness of the technique used. The

results from the hypothesis testing procedure are included in the appendix in table B.9 on page

370. Results will be commented on in the following. The critical f-value chosen is 1.960, i.e. the

significance level is set to 95% with a = 0.025 (two sided test).

Results from hypothesis tests

An overview of the statistical results from the hypothesis test is provided in table B.9. A first

result from the computation of the t-values is that in each case, results from both parametric and

non-parametric estimation techniques yield consistent results. This might be a result of the high

correlation amongst the estimated models. All results from hypothesis tests and the conclusions

drawn are based on the results of efficiency analysis derived in the first part of this paper. These
results from the hypothesis test will be presented and commented on in detail in table 3.17. A

Research Question Conclusions

Are members of the Russell group
more efficient than non-members?

The mean of the Russell group is below the mean of the
non-Russell group and significantly different from it.

Are members of the Coalition of
Modem Universities group more ef¬
ficient than non-members?

The mean of the Modem Coalition is below the mean

of the non-Modem Coalition and significantly different
from it.

Are post-1992 universities more ef¬
ficient than pre-1992 institutions in
higher education?

The mean of the pre-1992 universities is above the mean
of the post-1992 universities and significantly different
from it.

Table 3.17: Conclusions from hypothesis tests

summary of the results is given in section 3.9. Both policy implications and recommendations for

further empirical analysis and economic modelling are provided in that section. Implications of

these findings for both policy design and empirical analysis are provided in section 3.11. Conclu¬

sions are drawn in section 3.12. An outlook for further research will also be provided towards the
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end of this chapter.

3.9 Summary of main findings from this chapter
Main findings

The main aim of this chapter was to extend the knowledge base by examining on IHE and the

nature of their production process. These aims have been broken down in a number of research

questions in this chapter. Particular research questions of interest were

1. to find a single scalar representation of output in order to apply standard parametric effi¬

ciency estimation techniques,

2. to compare results from the input perspective from both parametric and non-parametric

efficiency estimation and efficiency measurement techniques,

3. to carry a number of hypotheses out regarding IHE.

Results from the research done in this section will be summarised in the following.

Firstly, this chapter has laid groundwork in the area of efficiency analysis for multiple in¬

put, multiple output production processes where duality theory is inapplicable. For aggregation

purposes, the Euclidean norm, a linear combination of all outputs—with uniform weights on each

output—has been used in this section. Both parametric and non-parametric efficiency analysis

techniques have been applied. A total number of five models have been estimated using both SFA

and DEA. Using the efficiency coefficient from each model, league tables have been produced.

Institutions in higher education have been ranked according to their technical efficiency levels.

Secondly, Spearman's rs has been computed in order to compare the results from all models

and to test for robustness of these rankings. It has been shown that the correlation between

results from SFA and a variable returns to scale DEA model is rs = 0.84, i.e. 84%. The

comparison of rank correlation coefficients is the only way of comparing results ('methodological

cross-check'). The reason is that efficiency coefficients obtained from both techniques can¬

not be compared directly due to different underlying distributional assumptions of the coefficients.

Thirdly, a number of hypotheses have been tested. Based on the model specifications
chosen for hypothesis testing, it has been shown that

- the mean of the Russell group is below the mean of the non-Russell group and significantly
different from it,
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- The mean of the Modern Coalition is below the mean of the non-Modern Coalition and

significantly different from it,

- The mean of the pre-1992 universities is above the mean of the post-1992 universities and

significantly different from it.

However, the results derived in this section do not allow to make a statement whether—in terms

of efficiency analysis—SFA is superior to DEA (or vice versa). Despite the high correlation
coefficients between the SFA and DEA results, it is suggested that the choice of the appropriate

efficiency estimation or measurement technique depends on the purpose of the analysis and on ex

ante assumptions regarding the functional form of the underlying production process. In the cases

considered here, the same inputs and output were used in SFA and DEA. A potential advantage of

DEA (over SFA) is that it also allows inclusion of multiple arguments, both on the LHS and RHS

of the equation (i.e. input and output side of the production process). This is not the case when

SFA is used for estimation purposes. On the other hand, a disadvantage of SFA might be that it re¬

quires an ex ante parameterisation of the underlying functional form used for estimation purposes.

The methodological approach chosen in this chapter will briefly be commented upon in
the following, before a number of implications from the findings of this chapter is drawn.

Critique of the methodological approach chosen

In the following, the methodological approach chosen in this context will briefly be critically
reflected upon. Although the particular nature of the higher education production process with its

multiplicity in inputs and outputs has been sufficiently acknowledged, a simplification has been

sought for computational reasons. Input has been collapsed into two, namely capital and labour.
As far as the output side is concerned, the aggregation has been carried out by application of the

Euclidean norm. While this approach has been recognised as mathematically valid, it is certainly
debatable whether it is sensible from an economic viewpoint. Potential points of criticism in this

context certainly are the aggregation procedure and the implicit assumption of uniform weights
on output.10

This question is closely related to the issue whether the transformation function used to

derive the measure of aggregate output is bound or not. This can best be illustrated if a two

dimensional example is looked at. Following the theory outlined in chapter 1, it is assumed

that universities produce both research (R) and teaching (T). If one unit of output was produced

each, then following the definition of the Euclidean norm, aggregate output would be y/2. The
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output-level is hence the same as if only research (R) or only teaching (T) was produced. It is

hence impossible to distinguish institutions in higher education regarding their real output levels,

once the aggregation has been carried out. This has been mentioned in the introduction to the

chapter when it was pointed out that any directional information is not included into the analysis.
In the case of the example outlined above, the assumption is that the transformation frontier takes

a symmetric quadratic form. It is quadratic due to the aggregation technique chose and symmetric

since no assumptions regarding weights are carried out. An example is provided in figure 3.9.

The frontier is graphed as the solid line.
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Figure 3.9: Bound transformation function and the Euclidean norm

Following this discussion, the question arises whether—given that a priori assumptions re¬

garding the higher education can be set up—the transformation function could potentially be
bound in order to acknowledge specifics of the HEPP or for any other reason. Therefore— in

theory—three cases need to be distinguished.

Case 1

If the transformation function was bound towards teaching (T), a measure of aggregate output

would exceed the x/2-level. /^-production, on the other hand, would then presumably be lower

than the \/2-level.
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Case 2

Case 2 is the case ofperfect symmetry. Both outputs, R and T are weighted in the same propor¬

tion.

Case 3

Case 3 represents the opposite case of case 1. A similar line of argumentation holds in this case.

In both cases 1 and 3 the single scalar representation of output is misleading when the Euclidean

norm—with uniform weights—is used as an aggregation technique.

However, only in point P, all three cases yield the same result (and are hence identical).
Even if either case 1, 2, or 3 would hold, the use of the Euclidean norm in point P is both

mathematically valid and economically sensible since only in point P is the economic fact of

equal weights to each output represented mathematically in the correct way. Alternatively, to put

it in positive terms, only in point P does the Euclidean norm as an aggregation technique yield
results that are consistent, both in terms of mathematical validity and economic sensibility and

regardless of the underlying production process.

Since this finding has certainly strong implications for future work, it is briefly commented upon

in the following.

Relevance of critique for application of efficiency analysis technique and procedure
for the remainder of the thesis

Relevance of critique
The critique outlined above reveals difficulties associated with an empirical examination of the

HEPP. In particular, questions such as the following ones arise.

— How is resource utilisation linked to the HEPP, i.e. how much input is used to produce

output?

- How value IHE output production in terms of their own relative preferences on either R or

T?

— How can resource utilisation, output production, utility, objectives and efficiency formally

be linked? Finally:

- What are potential reasons are to weight output in an aggregation process and why should
the transformation function be bound?
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Figure 3.10: Timing of the higher education production process and efficiency analysis

The latter is probably the most comprehensive research question that needs to be addressed in this

context. However, the critique stated above will be commented on in the following.

The higher education production process and the timing of efficiency analysis
As a starting point, it might be important to obtain a better understanding of the timing that is
linked to the HEPP. Figure 3.10 illustrates this idea diagrammatically. Four main stages (or time

periods) have been identified in this HEPP namely

- Stage 0: Preparatory time period

Universities prepare themselves in terms of observing the market for both input and output.

- Stage 1: Self-positioning time period

Universities position themselves by deciding what and how to produce output and which

input to use. One the one hand, self-positioning has to do with the choice of the appropriate

production technique and resource utilisation. On the other hand, self-positioning also takes

place in terms of own institutional determinants as well as market decisions. It is believed

that both competition and cooperation via collusion and regulation influence the decisions
that are taken in this time period. It is assumed that each IHE is a (quasi-)independent de¬
cision making unit, i.e. decisions regarding levels of output and input utilisation are taken

in accordance with institutional specifics. As a result, output levels produced (e.g. in terms

of undergraduate and postgraduate students and research) reflect institutional specifics. In¬

stitutional autonomy also means that institutions themselves know what is best for them. It

is therefore believed that institutions are aware of what they want to produce and what they

can produce.
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- Stage 2: Production time period

Production takes place according to the decisions taken in the previous time period. In

principle, decision regarding output production levels and input utilisation are sunk. It is

debatable whether it is possible for institutions in higher education to adjust input and output

levels in the short run.

- Stage 3: Efficiency analysis time period
Based on the results of stages 0 to 2, efficiency analysis is carried out. Efficiency analysis
therefore takes place ex post. For the purpose of efficiency analysis, institutional specifics
are reflected first of all in output levels. Following the considerations outlined above, it is

believed that the overall output level is a good indicator of institutional performance. The
aim of efficiency analysis is then to assess the proportion of output produced in relation to

input used for this purpose ex post (cf. figure 3.10).

The use of weights will briefly be commented on next.

Use of weights
It has been shown in figure 3.10 that efficiency analysis is independent of any decision regard¬

ing production levels or of the underlying production technique. A clear distinction needs to be

made between the production decision and ex post efficiency analysis. The production decision

independently taken by each DMU therefore already reflects institutional specifics. A number of

questions remain, such as e.g.:

- whether are there reasons for weighting output when aggregates are computed (question

regarding the sensibility of the use of weights),

- how weights should be chosen appropriately (question regarding the appropriateness of the

use of weights), and

- whether weights should be uniform or institution specific (question regarding uniformity
vs. individuality of weights).

It is therefore pointed out that reasons for weighting output in an aggregation process are only

given exogenously and ex post. The appropriate determination ofweights and their use crucially

depend on the purpose of the analysis.

Should weights be used, then this is done ex post in order to probably acknowledge specifics of
the underlying production process. A number of reasons can certainly be thought of why such a

procedure would theoretically be appropriate. Examples are as follows:
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- some outputs are more resource-intense in terms of their production (in terms of resource

utilisation and the underlying production process),

- some outputs is more desirable, higher valued (e.g. by outsiders or third parties), more

important than others etc.

In theses cases, weights on output could be used to acknowledge these facts. However, the ques¬

tion remains how externals, such as the Government, university administrators, or academics

evaluate output production and how weights should be chosen.

Appropriate choice of output weights
Even if there is a consensus that weights should be used if an aggregation is carried out, an

imminent problem arises insofar as it is difficult to determine how appropriate weights should be
determined. In theory, weights can be determined e.g.

- on the basis of outside information, i.e. weights are chosen by the Government, funding
bodies or any other benevolent dictator, or

- on the basis of empirical analysis, i.e. weights can be used that were obtained from other

estimation procedures, such as a production possibility curve (PPC) or from a utility max¬

imisation approach.

A further question regarding the use of weight is whether weights should be uniform, i.e. binding

for all institutions, or whether weights should be institution specific. In the latter case, further

questions arise such as how e.g. institution specific weights should be chosen. Following these

considerations, it is suggested that the question of weights, institutional objectives, and utility
should not be mixed with the real output levels that universities produce. The discussion

regarding the use of weights therefore leaves a number of questions unanswered which could be
looked at in future work.

A crucial assumption of the application of the Euclidean norm is that all universities are

homogeneous in output production, i.e. uniform weights are placed on each output. Therefore,

the only assumption is that universities do all engage in the production of R and T. The

following counter argument seems therefore valid, too: In terms of application of efficiency

analysis techniques, only the length of the output vector is of interest. It should be possible
for institutions in higher education to allocate their resources efficiency and still be on the

frontier, even if their direction of output production is different. This case is similar to Olympic

pentathlon or decathlon where maybe only the overall result is of relevance. For the spectator, the
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overall result—per se—is maybe interesting than the question whether individual athletes exhibit

particular strength in certain disciplines. Only under exceptional circumstances, spectators

might be interested to know which athletes are particularly good in which disciplines. A further

justification is that in the context of IHE, second stage analysis could be used to examine to what

extend certain universities are particularly good at producing certain outputs. This, in turn, allows

application of a more sophisticated aggregation technique with fewer implicit assumptions. The

use of the Euclidean norm also allows scalars to have the same (numerical) value in absolute

terms although the underlying composition of the vector is different. Theoretically speaking, the

absolute value (i.e. scalar) of the aggregate output vector can be the same for two institutions in

higher education that exhibit completely different output combinations in terms of both R and T.

Acknowledging the fact that implicit assumptions are made if the Euclidean norm is used

as an aggregation technique on the output side and having outlined advantages and disadvantages
associated with this procedure, it is suggested that the issue of output aggregation should be

addressed in greater detail. In addition, efficiency results obtained from the output perspective
will be compared with the ones from the input perspective.

These two aspects will be examined in the following section.

3.10 Assessing the consistency of results
Purpose of this section

This section pursues two purposes.

— The first aim is to critically review the issue of aggregation of output. This issue will be

addressed by reviewing the nature of the Euclidean norm and by carrying out a sensitivity

analysis. The theoretical underpinnings of the sensitivity analysis will be briefly outlined

in the following.

- The second aim is to compare results from cost efficiency coefficients with the ones from

productive efficiency coefficients. This will be done by computing rank correlation coeffi¬

cients between all models (i.e. models 1 to 10) by combining results from chapters 2 and

3.

Both topics that will be addressed in the following—the sensitivity analysis and the combination

of rank correlation coefficients—are hence part of the critical evaluation of results (and do not

form an independent research result).
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A sensitivity analysis will be carried out next, before the issue of comparability of results
is looked at in the remainder of this section.

Sensitivity analysis

The sensitivity analysis will be carried out by using varying weights on each output. These

weights will be assigned to each output before the aggregation mechanism is applied. Results
from model 6 (where implicit weights of one were assigned to each output) will be used as a

reference case. In order to determine the sensitivity of results, rank correlations will be computed

on the basis of each model representation. To limit the amount of computational work, the

efficiency analysis technique used is SFA only. The reason is that it is believed that it might be

interesting from an academic viewpoint to examine how changes in the composition of the output

measure affect efficiency results and hence the composition of league tables. Whereas DEA uses

arbitrary weights automatically (although it follows an implicit optimisation assumption when

'choosing' the weights), this is not the case in the SFA context. The exercise carried out in the

following is hence meant to shed light on this issue.

In order to allow for different weights to be attached to each output, the definition of

LNY, the transformation of yT, is redefined as follows.

yT = LNY

LNRAE \2 ( LNPGFTE \2 ( LNUGFTE \2
: ) ~f" OL2 ' I 7 J "I" OL3 • I 7 JMiriLNRAE/ \MiTlLNPGFTEj \MiriLNUGFTEJ

This equation shows how the aggregate output vector is derived by using individual weights on

each output, a.i, i = 1, 2, 3. Re-scaling is carried out in the same way this has been done

previously. Each output will be weighted after square values have been computed and after it has

been re-scaled. The restriction is imposed that

3

= 1, i = 1,2,3. (3.26)
i

The underlying justification for this assumption is that the transformation function can be bound

to an extent where the sum of weights equals one.11

Definition of cases

In order to take a representative number of cases into account, it has been decided to assume that

values for iterate in steps of 0.1. This idea translates as follows is different weight combinations
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between olug-, aPG-> &rae are looked at, where

OiRAE = 1 — (otUG + ctpa) (3.27)

Sensitivity analysis: Choice of weights
1.00 0.00

0.90 0.10 0.00 Research
0.80 0.20 0.10 0.00 output
0.70 0.30 0.20 0.10 0.00 (weights)

Output: 0.60 0.40 0.30 0.20 0.10 0.00

Postgraduate 0.50 0.50 0.40 0.30 0.20 0.10 0.00
students 0.40 0.60 0.50 0.40 0.30 0.20 0.10 0.00

(weights) 0.30 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.00
0.20 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.00
0.10 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.00
0.00 1.00 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Output: Undergraduate students
(weights)

Table 3.18: Sensitivity analysis: Choice of weights

For reasons of clarification, the models will be labelled in the following way (as outlined in table

3.19).
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Sensitivityanalysis:Definitionofmodels
1.00

Model66
0.90

Model64

Model65

0.80

Model61

Model62

Model63

0.70

Model57

Model58

Model59

Model60

Output:

0.60

Model52

Model53

Model54

Model55

Model56

Postgraduate
0.50

Model46

Model47

Model48

Model49

Model50

Model51

students

0.40

Model39

Model40

Model41

Model42

Model43

Model44

Model45

(weights)

0.30

Model31

Model32

Model33

Model34

Model35

Model36

Model37

Model38

0.20

Model22

Model23

Model24

Model25

Model26

Model27

Model28

Model29

Model30

0.10

Model12

Model13

Model14

Model15

Model16

Model17

Model18

Model19

Model20

Model21

0.00

Model1

Model2

Model3

Model4

Model5

Model6

Model7

Model8

Model9

Model10

Model11

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Output:Undergraduatestudents (weights)

Table3.19:Sensitivityanalysis:Definitionofmodels



The estimation of all 66 models has been carried out by using LIMDEP. Results (i.e. in terms

of rankings) were then compared to the case of uniform weights on outputs that what used in the

previous part of the thesis. This case served as a comparison or reference case. It is assumed that a

choice of 66 model furthermore provides enough ground to derive a sensible statement regarding
the sensitivity of results. Clearly, research on this matter could well be extended in future work.
The aim of this exercise can therefore only be to highlight an interesting and fruitful thought
that might be worse pursuing in future work. The material in the following will be organised as

follows.

• A reference case will be chosen: This is the case where equal weights are attached to each

output.

• Given that the cases of interest have been defined for the purpose of the sensitivity analysis,

estimation will be carried out. A reference case (labelled "0") will be added for comparison

purposes. Results of the estimation process are included in the appendix:

- Table B.10 contains the OLS estimation results for models 0 to 20.

- Table B.l 1 contains the OLS estimation results for models 21 to 40.

- Table B.l2 contains the OLS estimation results for models 41 to 60.

- Table B.l3 contains the OLS estimation results for models 61 to 66.

- Table B.14 contains the MLE estimation results for models 0 to 20.

- Table B.l5 contains the MLE estimation results for models 21 to 40 (including values

for both A and a).

- Table B.l6 contains the MLE estimation results for models 41 to 60 (including values

for both A and er).

- Table B.l7 contains the MLE estimation results for models 61 to 66 (including values

for both A and cr).

• The error decomposition procedure outlined in JONDROW ET AL. [1982] has been applied.

Results, i.e. institution specific efficiency coefficients are presented in the appendix:

- Table B.l8 contains efficiency coefficients for models 0 to 9.

- Table B.19 contains efficiency coefficients for models 10 to 19.

- Table B.20 contains efficiency coefficients for models 20 to 29.

- Table B.21 contains efficiency coefficients for models 30 to 39.
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- Table B.22 contains efficiency coefficients for models 40 to 49.

- Table B.23 contains efficiency coefficients for models 50 to 59.

- Table B.24 contains efficiency coefficients for models 60 to 66.

• Institutions in higher education have been ranked on this occasion, too, based on their rela¬

tive efficiency coefficients. These results are included in the appendix:

- Table B.25 contains ranking coefficients for models 0 to 9.

- Table B.26 contains ranking coefficients for models 10 to 19.

- Table B.27 contains ranking coefficients for models 20 to 29.

- Table B.28 contains ranking coefficients for models 30 to 39.

- Table B.29 contains ranking coefficients for models 40 to 49.

- Table B.30 contains ranking coefficients for models 50 to 59.

- Table B.31 contains ranking coefficients for models 60 to 66.

Following the estimation of all 66 models, rank correlation coefficients have been computed be¬

tween the models of interest. Key results from this computation are presented in table 3.20.
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Sensitivity
analysis:

Results

1.00

0.5762
0.90

0.7145
0.5417

0.80

0.8248
0.7125
0.5101

0.70

0.8722
0.8544
0.7014
0.4373

Output:
0.60

0.8531
0.9111
0.8761
0.6654
0.3324

Postgraduate
0.50

0.8176
0.8902
0.9576
0.8813
0.5675
0.2262

students
0.40

0.7778
0.8448
0.9391
0.9904
0.8350
0.4306
0.1507

(weights)
0.30

0.7367
0.7974
0.8864
0.9754
0.9815
0.7296
0.2918
0.0781

0.20

0.6964
0.7541
0.8279
0.9157
0.9787
0.9267
0.5796
0.1994
0.0246

0.10

0.6776
0.7212
0.7746
0.7506
0.9186
0.9555
0.8149
0.4152
0.1147

-0.0239

0.00

0.6593
0.6933
0.7368
0.7846
0.8352
0.9046
0.8846
0.6554
0.2640
0.0352

-0.0644

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Output:

Undergraduate
students

(weights)

Table
3.20:

Sensitivity
analysis:

Results



A discussion of the results presented in table 3.20 follows next.

Examination of results from the sensitivity analysis: Interpretation of rank correlation coef¬
ficients

The distribution of rank correlation coefficients is looked at next.

• The minimum value for the rank correlation coefficient is -0.06438.

• The maximum value for the rank correlation coefficient is 0.99044.

• The mean is 0.66029.

• The median is 0.74366.

The distribution of the rank correlation coefficients is displayed diagrammatically in figure 3.11.

The graph in figure 3.11 shows that the rank correlation coefficients are generally high, with

-0.1 0.1 0.3 0.5 0.7 0.9 1.1

Figure 3.11: Histogram: Distribution of results (Sensitivity analysis)

exceptions at the lower end where a negative value was obtained when all weight (or relative

high weight) was assigned to undergraduate teaching. The highest rank correlation coefficient

corresponds to the value where equal shares of weights are allocated to each output. In this case,

the case under consideration the ranking obtained is similar (ifnot identical) to the reference case.

The combination of weights was (0.3,0.4,0.3) in this case. This finding as such is not surprising.

An alternative way of graphic visualisation, namely a contour graph, has been chosen in

figure 3.12 in order to visualise the results from table 3.20 (where ug \pg, respectively]
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stands for the weights that have been assigned to the production of undergraduate students

[postgraduates, respectively], rae for research weight and err for rank correlation coefficient).
Results from this sensitivity analysis can be summarised as follows.

• This sensitivity analysis has clearly shown that in case of an arbitrary or random choice of

weights attached to each output to compute a composite output measure, results can change

significantly. The best example is the case where all weights are attached to the production

of undergraduate students: In this case, the rank correlation coefficient with the reference

case is even negative.

• Finally, the question remains how SFA and DEA results compare when different weights

under the SFA procedure are used to derive a measure of composite output. This issue could
be addressed in future research.

Explorative data analysis: Further use of information obtained from sensitivity analysis
The information that was obtained above from the sensitivity analysis can be used for second

stage analysis. If it is assumed that institutions aim at maximising their own (internal) efficiency,

5

Figure 3.12: Visualisation of results from sensitivity analysis
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then it is possible to examine under which set of weights institution efficiency is highest.

Depending on their set of weights, institutions can then be clustered in different groups.

The following definition will be introduced to 'cluster' IHE in the following:

OLUG

If CtpG >

otrae

then the IHE

will be labelled

(olpg V ocrae)

(olug V olrae)

{olug v ocpg)

"undergraduate-teaching oriented"

"postgraduate-teaching oriented"

"research oriented "

Results from this explorative data analysis will be presented in the following tables, groups by

weights on each output (i.e. UG, PG, or RAE). Efficiency coefficients will be rounded to the
fourth digit after the comma; separate tables will be produced for those institutions that exhibit
their strength in two of the three disciplines.

— Table 3.21 presents those IHE that are particularly 'strong' in undergraduate teaching.

- Table 3.22 presents those IHE that are particularly 'strong' in postgraduate teaching.

- Table 3.23 presents those IHE that are particularly 'strong' in research.

— Table 3.24 presents those IHE that are 'strong' in undergraduate teaching and postgraduate

teaching.

— Table 3.25 presents those IHE that are 'strong' in undergraduate teaching and research.

- Table 3.26 presents those IHE that are 'strong' in postgraduate teaching and research.

Institutions with a focus on undergraduate teaching (i.e. "undergraduate-teaching oriented") are

presented in the following table.

No IHE Weights Eff.Coeff. Name of the Institution
1 79 0. 3, 0.0 , 0.2 1.0000 (0027) University College Northampton
2 59 0. 3, 0.2 , 0.0 1.0000 (0062) The University of Lincolnsh. & Humbers.
3 125 0. 3, 0.2 , 0.0 1.0000 (0081) University of the West of England, Bristol
4 85 0. 3, 0.0 , 0.2 1.0000 (0001) The Open University
5 73 0. 3, 0.2 , 0.0 0.9984 (0066) The Manchester Metropolitan University
6 143 1.0,0.0,0.0 0.9931 (0091) Swansea Institute of Higher Education
7 109 0. 3,0.2,0.0 0.9930 (0075) Sheffield Hallam University

To be continued.
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Continued.
8 52 <N©o©oo© 0.9904 (0021) King Alfred's College, Winchester
9 138 0.9,0.0,0.1 0.9898 (0090) University of Glamorgan
10 12 0.8,0.0,0.2 0.9893 (0051) The University of Brighton
11 17 0.6 , 0.4 , 0.0 0.9888 (0012) Canterbury Christ Church University College
12 18 0.8 , 0.2 , 0.0 0.9859 (0052) The University of Central England
13 114 0.9,0.0,0.1 0.9857 (0077) Staffordshire University
14 141 0.6 , 0.4 , 0.0 0.9796 (0086) University of Wales College, Newport
15 39 0.4 , 0.3 , 0.3 0.9793 (0131) Goldsmiths College
16 19 1.0,0.0,0.0 0.9791 (0053) The University of Central Lancashire
17 152 0.8,0.2,0.0 0.9766 (0106) Glasgow Caledonian University
18 23 0.6,0.3,0.1 0.9758 (0082) University College Chichester
19 164 0.6,0.0,0.4 0.9735 (0174) The University of Stirling
20 35 0.7 , 0.3 , 0.0 0.9729 (0016) Edge Hill College of Higher Education
21 70 1.0,0.0,0.0 0.9705 (0026) University of Luton
22 30 0.7,0.1 ,0.2 0.9694 (0068) De Montfort University
23 9 0.9,0.1 ,0.0 0.9694 (0050) Bournemouth University
24 94 0.7 , 0.0 , 0.3 0.9688 (0031) University of Surrey, Roehampton
25 112 1.0,0.0,0.0 0.9682 (0037) Southampton Institute
26 83 0.8,0.2,0.0 0.9680 (0071) The Nottingham Trent University
27 37 0.6 , 0.0 , 0.4 0.9676 (0119) The University of Exeter
28 50 0.6 , 0.0 , 0.4 0.9662 (0122) The University of Kent at Canterbury
29 1 0.9,0.1 ,0.0 0.9661 (0047) Anglia Polytechnic University
30 33 0.6,0.0,0.4 0.9654 (0117) The University of East Anglia
31 136 0.6,0.0,0.4 0.9652 (0179) Cardiff University
32 153 0.6,0.0,0.4 0.9650 (0097) Glasgow School of Art
33 32 0.6 , 0.0 , 0.4 0.9649 (0116) University of Durham
34 34 0.5,0.4,0.1 0.9647 (0058) The University of East London
35 169 0.5 , 0.3 , 0.2 0.9638 (0185) University of Ulster
36 130 0.7,0.2,0.1 0.9630 (0046) University College Worcester
37 166 xt;OO©vqo 0.9614 (0184) The Queen's University of Belfast
38 77 0.6,0.3,0.1 0.9606 (0070) The University of North London
39 89 © O © pu> 0.9589 (0074) The University of Portsmouth
40 134 0.6 , 0.0 , 0.4 0.9586 (0177) University of Wales, Aberystwyth
41 88 1.0,0.0,0.0 0.9550 (0073) The University of Plymouth
42 10 0.6 , 0.0 , 0.4 0.9547 (0111) The University of Bradford
43 142 0.9,0.0,0.1 0.9544 (0087) The North-East Wales Institute of HE
44 74 0.6 , 0.2 , 0.2 0.9544 (0067) Middlesex University
45 81 0.8,0.2,0.0 0.9541 (0069) The University ofNorthumbria
46 129 1.0,0.0,0.0 0.9526 (0085) The University of Wolverhampton
47 45 0.6,0.0,0.4 0.9526 (0120) The University of Hull
48 31 1.0,0.0,0.0 0.9499 (0057) University of Derby
49 144 0.6,0.0,0.4 0.9497 (0180) University of Wales, Swansea
50 121 0.6,0.4,0.0 0.9497 (0040) Trinity and All Saints College
51 2 0.5,0.1 ,0.4 0.9493 (0108) Aston University
52 65 0.6 , 0.4 , 0.0 0.9473 (0055) London Guildhall University
53 159 0.7,0.0,0.3 0.9445 (0100) Queen Margaret Univ. College Edinb.
54 110 oo©\D© 0.9422 (0159) The University of Sheffield
55 56 0.9,0.1 ,0.0 0.9421 (0064) Leeds Metropolitan University
56 120 1.0,0.0,0.0 0.9399 (0080) Thames Valley University
57 44 0.9,0.1 ,0.0 0.9393 (0061) The University of Huddersfield
58 61 p O © pLo 0.9384 (0065) Liverpool John Moores University
59 115 0.7,0.0,0.3 0.9320 (0078) The University of Sunderland
60 54 0.6 , 0.2 , 0.2 0.9315 (0063) Kingston University
61 42 0.7,0.0,0.3 0.9308 (0060) University of Hertfordshire
62 69 0.6,0.0,0.4 0.9289 (0152) Loughborough University

To be continued.
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Continued.

63 106 0.6,0.1 ,0.3 0.9281 (0158) The University of Salford
64 119 1.0,0.0,0.0 0.9279 (0079) The University of Teesside
65 11 0.5 , 0.3 , 0.2 0.9278 (0008) Bretton Hall College of HE
66 15 0.9,0.0,0.1 0.9268 (0009) Buckinghamshire Chilterns Univ. College
67 22 0.9,0.0,0.1 0.9265 (0011) Chester College of HE
68 26 0.7,0.1 ,0.2 0.9160 (0056) Coventry University
69 105 0.6 , 0.2 , 0.2 0.9125 (0039) St Mary's College
70 38 0.6,0.1 ,0.3 0.9099 (0017) Falmouth College of Arts
71 149 0.6 , 0.0 , 0.4 0.8985 (0172) The University of Dundee
72 137 0.6 , 0.2 , 0.2 0.8909 (0089) University of Wales Institute, Cardiff
73 66 0.5 , 0.2 , 0.3 0.8809 (0024) The London Institute
74 76 0.9,0.0,0.1 0.8801 (0028) Newman College
75 148 0.7,0.1 ,0.2 0.8661 (0095) University of Abertay Dundee
76 51 0.7 , 0.0 , 0.3 0.8472 (0020) Kent Institute of Art & Design
77 41 0.9,0.0,0.1 0.7901 (0018) Harper Adams University College
78 131 0.9,0.0,0.1 0.7180 (0189) Writtle College
79 163 0.6,0.1 ,0.3 0.4543 (0175) Scottish Agricultural College

Table 3.21: Institutional 'strength': Undergraduate teaching orientation

Institution with a focus on postgraduate teaching (i.e. "postgraduate-teaching oriented") are pre¬

sented in the following table.

No IHE Weights Eff.CoefF. Name of the Institution
1 3 0.3 ,0.6,0.1 0.9752 (0048) Bath Spa University College
2 49 0.3 , 0.5 , 0.2 0.9737 (0121) The University of Keele
3 48 0.0,0.9,0.1 0.9724 (0133) Institute of Education
4 104 0.3 , 0.7 , 0.0 0.9640 (0038) St Martin's College
5 127 0.4 , 0.6 , 0.0 0.9632 (0083) The University of Westminster
6 67 0.2,0.6,0.2 0.9630 (0137) London School of Economics & Pol. Science
7 43 0.3 , 0.5 , 0.2 0.9614 (0019) Homerton College
8 103 0.3 , 0.7 , 0.0 0.9575 (0014) College of St Mark and St John
9 58 0.2 , 0.6 , 0.2 0.9572 (0125) The University of Leicester
10 92 0.3 , 0.4 , 0.3 0.9519 (0157) The University of Reading
11 24 0.2,0.7,0.1 0.9499 (0115) City University
12 135 0.3 , 0.5 , 0.2 0.9499 (0178) University of Wales, Bangor
13 165 0.3 , 0.5 , 0.2 0.9492 (0169) The University of Strathclyde
14 62 0.2,0.6,0.2 0.9401 (0126) The University of Liverpool
15 60 0.3 ,0.7,0.0 0.9391 (0023) Liverpool Hope
16 108 0.0 , 0.6 , 0.4 0.9249 (0147) The School of Pharmacy
17 8 0.4 , 0.6 , 0.0 0.9110 (0049) Bolton Institute of Higher Education
18 40 0.3 , 0.7 , 0.0 0.9110 (0059) The University of Greenwich
19 156 0.3 , 0.7 , 0.0 0.9017 (0107) Napier University
20 98 0.0,0.8,0.2 0.8691 (0034) Royal College of Music
21 160 0.3 ,0.7,0.0 0.8656 (0104) The Robert Gordon University

Table 3.22: Institutional 'strength': Postgraduate teaching orientation

Institution with a focus on research (i.e. "research oriented") are presented in the following table.

No

1

IHE

5
Weights

0.3 ,0.1 ,0.6
Eff.Coeff.

1.0000
Name of the Institution

(0127) Birkbeck College
To be continued.
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2 29 0.4 , 0.0 , 0.6 0.9989 (0015) Dartington College of Arts
3 128 0.4 , 0.0 , 0.6 0.9961 (0084) Wimbledon School of Art
4 139 0.4 , 0.0 , 0.6 0.9958 (0176) The University of Wales, Lampeter
5 107 0.0,0.0 , 1.0 0.9782 (0146) The School of Oriental & African Studies
6 99 0.3 , 0.0 , 0.7 0.9751 (0141) Royal Holloway & Bedford New College
7 118 0.3 , 0.0 , 0.7 0.9738 (0162) The University of Sussex
8 87 0.0,0.0, 1.0 0.9730 (0156) The University of Oxford
9 36 0.3 , 0.0 , 0.7 0.9691 (0118) The University of Essex
10 133 0.2 , 0.0 , 0.8 0.9660 (0164) The University of York
11 16 0.0,0.0, 1.0 0.9567 (0114) The University of Cambridge
12 13 0.0,0.0, 1.0 0.9548 (0112) The University of Bristol
13 151 0.3 ,0.1 ,0.6 0.9477 (0167) The University of Edinburgh
14 4 0.3 ,0.1 ,0.6 0.9472 (0109) The University of Bath
15 124 0.3 ,0.1 ,0.6 0.9459 (0163) The University of Warwick
16 84 0.3,0.1 ,0.6 0.9340 (0155) The University ofNottingham
17 71 0.3,0.1 ,0.6 0.9261 (0153) University of Manchester
18 72 0.3,0.2,0.5 0.9112 (0165) The Univ. of Manchester Inst, of Sc. & Techn.
19 90 0.3 , 0.0 , 0.7 0.9045 (0139) Queen Mary and Westfield College
20 155 0.3 , 0.3 , 0.4 0.8957 (0171) Heriot-Watt University
21 123 0.0,0.0, 1.0 0.8946 (0149) University College London
22 53 0.3,0.1 ,0.6 0.8611 (0134) King's College London
23 46 0.3,0.1 ,0.6 0.8516 (0132) Imperial College of Sc., Techn. & Medicine

Table 3.23: Institutional 'strength': Research orientation

Institution with a equal focus on undergraduate teaching and postgraduate teaching are presented

in the following table.

No IHE Weights Eff.Coeff. Name of the Institution
1 14 0.4 , 0.4 , 0.2 0.9755 (0113) Brunei University
2 111 0.5 , 0.5 , 0.0 0.9608 (0076) South Bank University
3 86 0.4 , 0.4 , 0.2 0.9407 (0072) Oxford Brookes University
4 158 0.5 , 0.5 , 0.0 0.9180 (0105) The University of Paisley

Table 3.24: Institutional 'strength': Undergraduate and postgraduate
teaching orientation

Institution with a equal focus on undergraduate teaching and research are presented in the follow¬

ing table.

No IHE Weights Eff.Coeff. Name of the Institution
1 162 0.5,0.0,0.5 0.9498 (0173) The University of St Andrews
2 113 0.5,0.0,0.5 0.9447 (0160) The University of Southampton
3 57 0.5,0.0,0.5 0.9312 (0124) The University of Leeds
4 154 0.5,0.0,0.5 0.9173 (0168) The University of Glasgow
5 147 0.5,0.0,0.5 0.9120 (0170) The University of Aberdeen
6 6 0.4,0.2,0.4 0.9102 (0110) The University of Birmingham
7 75 0.5,0.0,0.5 0.9093 (0154) The University of Newcastle-upon-Tyne

Table 3.25: Institutional 'strength': Undergraduate teaching and research
orientation
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Institution with a equal focus on postgraduate teaching and research are presented in the following

table.

No IHE Weights Eff.Coeff. Name of the Institution
1 117 0.2 , 0.4 , 0.4 0.8909 (0161) The University of Surrey
2 101 0.0,0.5,0.5 0.8348 (0143) The Royal Veterinary College
3 140 0.0,0.5 ,0.5 0.8165 (0181) University of Wales College of Medicine
4 102 0.0,0.5 ,0.5 0.7719 (0145) St George's Hospital Medical School

Table 3.26: Institutional 'strength': Postgraduate teaching and research
orientation

It remains up to the reader to draw his or her own conclusions from these tables. Some results
seem striking, though.

• Many IHE maximise their institution specific efficiency when one of the three outputs is

equal to zero.

• These weights of "zero" have been included intentionally into the sensitivity analysis al¬

though only those IHE were represented in the sample that produce all three units of out¬

put. Therefore, IHE can still maximise their institutional efficiency even if one output is

excluded, i.e. if they stopped producing that particular output.

• It can be concluded from this explorative data analysis that there is scopefor specialisation.

However, this finding only holds if it is assumed that the institutional aim is to maximise

efficiency.

It is suggested that these results could be used for further research. This work, however, is

postponed for the moment being.

Further possibilities for extensions of sensitivity analysis are outlined in the following sec¬

tion.

Sensitivity analysis: Suggestions for further extensions

Despite the results obtained from this sensitivity analysis, a number of further questions remains

unanswered.

- The question remains why the transformation function should be bound given that the cru¬

cial assumptions of the model are that all IHE engage in production of both R and T.

— Alternatively, in order to avoid problems at this point, different model specifications need

to be chosen as a starting point for efficiency analysis. A potential example is the model

specification chosen in chapter 2.
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- So far, it remains unclear whether it is possible to find an 'optimal' or 'correct' model

specification that best fits the specifics of the HEPP. All results produced by both SFA and
DEA depend on the underlying assumptions of the model used for empirical analysis.

- The assumption of uniform weights is certainly a simplifying and relatively strong assump¬

tion. However, the question is whether these assumptions limit the sensibility of the analysis

or whether they circumvent further complications resulting from problems associated with

the choice of appropriate weights (at an institutional vs. sectoral level).

In the following section, suggestions are made how this sensitivity analysis could be extended in
future research.

Conclusions from this sensitivity analysis will be drawn in detail later on. In the follow¬

ing section, the combination of rank correlation coefficients from chapters 2 and 3 will be

examined in order to assess the validity of results that were produced on the basis of different

model specifications.

Combination of rank correlation coefficients

Presentation of results

Results from the computation of rank correlation coefficients between all model specifications
from chapters 2 and 3 are presented in table 3.27 on page 257. Individual results will be com¬

mented upon in the following.
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Costefficiency:Outputperspective
Productiveefficiency:Inputperspective

Chapter2

Chapter3

SFA

DEA

SFA

DEA

Model1

Model2

Model3

Model4

Model5

Model6

Model7

Model8

Model9

Model10

Model1

1.000

0.016

0.016

0.443

0.411

0.796

0.456

0.456

0.528

0.414

Model2

0.016

1.000

1.000

0.323

0.448

0.429

0.736

0.736

0.618

0.731

Model3

0.016

1.000

1.000

0.323

0.448

0.429

0.736

0.735

0.618

0.731

Model4

0.443

0.323

0.323

1.000

0.973

0.445

0.443

0.443

0.577

0.457

Model5

0.411

0.448

0.448

0.973

1.000

0.469

0.513

0.513

0.618

0.527

Model6

0.796

0.429

0.429

0.445

0.469

1.000

0.837

0.837

0.841

0.800

Model7

0.456

0.736

0.736

0.443

0.513

0.837

1.000

1.000

0.941

0.989

Model8

0.456

0.736

0.735

0.443

0.513

0.837

1.000

1.000

0.941

0.989

Model9

0.528

0.618

0.618

0.577

0.618

0.841

0.941

0.941

1.000

0.951

Model10

0.414

0.731

0.731

0.457

0.527

0.800

0.989

0.989

0.951

1.000

Table3.27:Rankcorrelationcoefficients:Combinationofinputandoutputperspectives



Assessment of results from the computation of rank correlation coefficients
The information presented in table 3.27 is not entirely new. The northwestern and southeastern

part of the table have already been examined in detail in chapters 2 and 3: The northwestern

part of the table presents rank correlation coefficients between models 1 to 5 (i.e. the output

perspective; see table 2.11), whereas in the southeastern part of the table, rank correlation
coefficients from models 6 to 10 (i.e. the input perspective; see table 3.16) are presented.

The northeastern and southwestern part of the table are new, however. For reasons of

symmetry, values in these two parts of the table are the same. Therefore, only the rank correlation
coefficients in the northeastern part of the table will be commented upon. This will be of

particular interest since it allows comparison of how the ranks produced by models 1 to 5

(i.e. output perspective) are correlated with the ones from models 6 to 10 (i.e. output perspective).
In general, special focus will be on those models that use the same underlying efficiency analysis

technique when these results are commented upon (i.e. SFA with SFA models, CRS with CRS,
and VRS with VRS models). In addition, further cases that seem worth highlighting will be

reflected upon.

- SFA case:

Results from both SFA models are almost 80% correlated.

- DEA CRS case:

CRSI models are correlated at the degree of approximately 74% between the input and

output perspective. Results from the input vs. output orientation, however, do not differ
from each other.

- DEA VRS case:

In the VRS case, results from the input and output perspective are correlated with 58% in
the VRSI case and 53% in the VRSO model. In this case, there are differences between

results from the input- vs. the output-orientated model specification due to reasons that have

been outlined above.

Comments on results and preliminary conclusions
The lowest rank correlation exists between VRS and CRS models (both DEA). The highest rank

correlation coefficient is the one between the two models that both used SFA (models 1 and 6).

Summing the main findings from table 3.27 up, it is pointed out that the general level of rank

correlation is always positive and in general quite high although models are based on different

methodological foundations. The key question is therefore if it possible to derive qualitative
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statements from the table that allow conclusions to be drawn regarding a potential linkage

between productive efficiency and cost efficiency. The results presented in table 3.27 show that

although different perspectives have been chosen to examine the HEPP, results from different
model specifications seem to point into the same direction.

Without making too strong implicit assumptions, it seems to be sensible to conclude from
the results presented in table 3.27 that there is a positive and quite strong correlation between

efficiency of those institutions that are ranked as being highly efficient when the output

perspective is adopted (i.e. in the case of cost efficiency) and between those that are ranked as be¬

ing highly efficient when the input perspective is adopted (i.e. in the case ofproductive efficiency).

Formally speaking, this qualitative result can be presented as follows.

Ci(/(C,Y)) t Ci(<7(Y,X)), (3.28)
v

V ' V V '

Efficiency analysis Efficiency analysis

based on the based on the

output perspective input perspective

where /(•) and g(-) are two functions, and C, Y, X are vectors of cost, output, and input, and
is an institution specific efficiency coefficient. It is pointed out that both /(•) and g(-) are

set up in a very general way, i.e. no statements are made at this point regarding the functional

form as such and its arguments. A plausible and intuitive explanation for the relationship derived

in equation 3.28 is that those institutions in higher education in the UK are highly cost efficient

that exhibit a high degree of productive efficiency. Based on the results derived from the model

specifications chosen in chapters 2 and 3, it can be concluded that there is possibly a positive

relationship between cost efficiency and productive efficiency. Unfortunately, analysis carried out

in this chapter does not allow conclusions to be drawn as to what efficiency analysis technique is

to be preferred. This is primarily due to

- a lack of ex post test diagnostics (in the DEA case),

- the methodological foundations of each efficiency analysis technique.

In the following section, results obtained so far in this chapter will critically be assessed and

further procedures for the remainder of the thesis will be defined.
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Assessment of overall results and derivation of a procedure for the remainder of the
thesis

The purpose of this section is to reflect on the results that were obtained from both sensitivity

analysis and from the computation of rank correlation coefficients. Furthermore, a procedure how
to deal with complex issues such as the weighting of output will be derived for the remainder of
the thesis ('coping strategy').

Both the mathematical validity and economic sensibility of the Euclidean norm as an ag¬

gregation technique have been reflected upon in the previous part of this section. The question

remains whether or not weights should be used in the following analysis. An answer to this

question seems to be rather normative (having more or less the characteristics of a general

recommendation). The following is therefore pointed out. During the time period under

consideration, all universities incorporated in the sample did produce each of the three outputs.

This seems to be important for two reasons.

1. Firstly, output was re-scaled (i.e. made unit free) and then aggregated using the Euclidean
norm as an aggregation technique in order to make standard efficiency analysis techniques
that were developed for a single output case applicable to the special case of higher educa¬

tion production. Despite potential criticism with this procedure, universities can theoreti¬

cally specialise on production of a specific output and still be fully efficient, provided that
their data-points are on different points of the production frontier.

2. Secondly, it has been shown that there is a positive relationship between cost efficiency and

productive efficiency, i.e. it is likely that those IHE are ranked as highly efficient that are

both efficient in terms of cost and production. This hypothesised relationship is depicted in

figure 3.13.

Figure 3.13: Hypothesised relationship between cost efficiency and productive efficiency

The question which approach is superior remains unanswered since it is impossible to determine

(e.g. on the basis of ex post test diagnostics) which model specification is the correct or even

best one. As in the case of the choice between SFA and DEA, it is assumed that the choice of
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the appropriate perspective (input vs. output in this case) depends on the purpose of analysis.
It therefore seems highly recommendable to examine both perspectives simultaneously—if

possible—in order to appropriately acknowledge and address the complexity of the research topic.

In the following, implications from the core findings of this chapter for both policy design
and economic modelling are presented.

3.11 Implications of core findings from this chapter for further re¬
search

Implications for empirical analysis
The results derived in this chapter show that it is possible to apply efficiency analysis to IHE

when the input perspective is the centre of interest. The results obtained in this section allow

important implications for empirical analysis to be derived.

Firstly, the HEPP can be modelled as a case of a neo-classical production process where
both capital and labour are transformed into a vector of outputs. This is certainly a simplification
of a far more complex production process. However, empirical analysis only allows a focus on

main specifics of this production process. Further analysis should focus on how to incorporate
further specifics of IHE (at their institutional level) into the analysis.

Secondly, IHE in the UK are not a homogeneous group. As hypothesised earlier on, het¬

erogeneity in UK IHE has been examined by carrying out hypothesis tests. Further empirical

analysis should focus on particular subsets of the entire set of IHE. For this purpose, techniques
for filtering groups and subdividing the whole set in different sets can be used either based on ex

ante or ex post information. Subsets of universities can be defined ex ante e.g. by self-selection
or ex post e.g. by use of appropriate clustering techniques. Cluster analysis is therefore suggested
as a tool for subdividing the whole set of IHE in different subsets. The focus of analysis carried
out in this chapter was on the use of ex ante defined clusters of IHE in the UK.

Thirdly, a further aim of empirical analysis should be to focus on the micro-structures of
IHE. So far, the focus was on the analysis of technical efficiency at an institutional level. The

purpose of more in-depth empirical analysis could either be to examine reasons for differences
in efficiency levels or to compare departments of the same disciplines across universities.

Comparing departments would allow research to focus on homogeneous groups of objects. In
this case, there would not be great difficulties with underlying heterogeneity of research objects.
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Following these recommendations for empirical analysis, implications of these findings for

policy design will be outlined next.

Implications for policy design

As far as policy design is concerned, a number of important conclusions can be drawn from the

findings of this chapter.

Firstly, there are differences in efficiency levels amongst IFIE. Policy design should aim at

making sure that production in these institutions is efficient. If there are inefficiencies in these

institutions in higher education, then policy design needs to ensure the appropriate use of financial

means and other resources.

Secondly, despite their different efficiency levels, it is doubted that there can be a uniform
treatment of IHE. There might be reasons for inefficiencies that have not been considered here

in this analysis. A major research initiative is therefore needed in order to fully understand

reasons for inefficiencies. Only if reasons for institutional inefficiency can be fully understood,

can optimal policy measures be designed that help institutions to achieve full efficiency. The re¬

search procedures developed in this chapter are an important tool that can be used for this purpose.

Thirdly, the design of appropriate policy measures need to make sure that IHE are given

opportunity enough to diversify and to cultivate institution specific characteristics, such as e.g. a

research vs. teaching orientation. IHE can be highly diverse and still be fully efficient. In this

case, different kinds of institutions are located on different parts of the frontier.

Despite the advances made in the research area of IHE, a number of research questions

remain unanswered. Topics for further research will be presented in the next section together

with an overall conclusion from the findings of this chapter of the thesis.

3.12 Conclusions and outlook for further research

The aim of this section is to draw conclusions from the findings derived in this chapter and to give
an outlook for further research.
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Conclusions

The main conclusion from the findings of this chapter is that the single scalar representation of

output allows the modelling of the HEPP in terms of standard neo-classical production theory.

Despite potential criticism, an application of parametric efficiency estimation techniques is

therefore possible even in cases where duality theory is inapplicable and where no information on

input and output prices is available. Different efficiency measurement and estimation techniques
have been used in this chapter (SFA and DEA). Given the assumptions made about the underlying

production process, both SFA and DEA produce consistent league tables. The correlation

coefficient between a SFA model and a variable returns to scale input oriented DEA model is

84%. A number of interesting research questions immediately emerge from these findings.

Firstly, the issue of output aggregation via use of the Euclidean norm has been contro¬

versially reflected upon in order to comment on the issue of implicit weights and bound

transformationfunctions. A sensitivity analysis has been carried out and results from this chapter

have been compared with the ones obtained in the previous chapter. Three key findings from this

research seem to be worth highlighting.

1. The use of the Euclidean norm as an aggregation technique certainly remains a simplifica¬
tion.

2. Should no aggregation technique be used, the central question remains how standard effi¬

ciency analysis techniques that were developed for a single output case fit to the particular
case of higher education

3. Should the decision be to use weights when output is aggregated, the question immediately
arises how weights should be determined and whether weights should be institution specific
case or uniform (i.e. at the sectoral level for all IHE in the UK).

Secondly, by computing rank correlation coefficients between all models used to determine

efficiency (i.e. both cost and productive efficiency; input and output perspective), it has been
shown that there is a positive correlation between those institutions that are ranked highly cost

efficient and highly productive efficient. It remains unclear whether this result implies that a

functional relationship can be established saying that only those institutions are highly cost

efficiency that are also efficient in production (or vice versa).

Thirdly, and finally, it needs to be pointed out that the use of the Euclidean Norm is only
one of several options. Alternatives have been proposed e.g. by lovell et al. [1994] and by

263



Fare et al. [1994], The idea is to use non-parametric calculation of distance functions. It

might be interesting to extend the work carried out in this chapter by comparing it to the results
obtained from this other method. It also needs to be pointed out that work in this chapter has
not put a final solution to the question of how to tackle the issue of the inapplicability of duality

theory. These issues remain for further research.

An outlook for further research is provided in the following section.

Outlook for further research

Following the research results derived in this chapter, further research in the area of institutions in

higher education should focus on two levels, namely

- a theoretical level and

- an empirical level.

At the theoretical level, research should be undertaken to examine in greater detail the nature

of the HEPP. Although findings from this chapter help to understand this production process,

an even more detailed understanding of how this production process can be modelled would be

highly desirable from an academic viewpoint. A better understanding of the higher education

production process is also related to a better understanding of both qualitative and quantitative

measures of input and output that remained unconsidered in analysis so far. Examples are e.g. the

quality of teaching and more sophisticated measures of teaching or supervision.

At the empirical level, research needs to focus on examining the reasons for differences in

efficiency levels. Heterogeneity in IHE is a possible explanation at this point that should be
looked at in greater detail. Furthermore, changes in efficiency, both in terms of institutional

efficiency and in terms of changes of the production frontier should be looked at. This topic could

be looked at by pursuing a panel approach.12

In addition to these two research areas, a number of individual research topics can be

thought of which results indirectly from the research issues addressed in this chapter. A brief
selection of questions will be provided in the following.

- Performance indicators and the higher education production process

The purpose of research in this area could be to assess how useful performance indica¬
tors are in terms of explaining the HEPP where quality control is of increasing concern.
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The question is therefore how quality in higher education can appropriately be assessed

(i.e. quantified).

- Value added in institutions in higher education

Educational achievements of different kinds of institutions depend to a degree on the quality

of one of their main input, such as e.g. students (cf. 'customer input technology'). It is

therefore of interest to examine differences in value added between institutions in terms of

the educational service rendered (depending on the quality of input).

- Nature of institutions in higher education

Higher education can be regarded as one of the last nationalised industries [Hare and

Wyatt, 1992]. It is therefore of interest to examine how institutions in higher education

react to changes in their institutional environment w.r.t effects of changes on the foundations

and the nature of these institutions. In particular, topics of interest are how IHE react to

changes in their institutional environment w.r.t.

- increasing student consumerism,

- increasing managerialism inside IHE and its impact on academic work,

- the development of these institutions away from a community to a professionally man¬

aged body where no difference is made between the HEPP and e.g. the production of

a car.

- Competition, privatisation, and globalisation

A further issue of interest is how IHE react to changes in their economic environment.

Research in this area should focus on

- international comparisons of HE systems and of universities,

- the issue of private vs. public provision,

- higher education as a a world-wide business, e-learning, commercial partnerships and

franchising, and

- finally the optimal size of the higher education sector and the number of institutions
needed.

The latter question is related to the issue of the optimal size of the public sector, the degree

of Government control and regulation in the 'higher education business'.

Research in the area of IHE is a promising and fruitful research area. Some of the questions

brought up will be looked at in the following chapter. Others will be left for future research.
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Endnotes
1 Critics might argue that the use of the deterministic frontier model does not account for a

possible influence of measurement errors and other noisy elements. Therefore, this efficiency
estimation procedure is not used in the following. Nonetheless, the theoretical underpinnings of
DFA have been outlined in the previous chapter when the concept of efficiency in production was
introduced in order to fully reflect on this concept, too. At the same time, the choice of SFA as an

efficiency analysis technique has thereby been fully justified.

2Although results from OLS are consistent, they are not efficient.

3In an interesting study, Murillo-Zamorano and Vega-Cervera [2000] examine pro¬
ductive efficiency in the industrial sector using both DEA and a number of SFA model speci¬
fications. Amongst their findings is that the results from COLS and SFA models with a half-
normal, a truncated normal and an exponential error distribution were almost identical [Murillo-
Zamorano and Vega-Cervera, 2000, p. 13].

4Variations of these procedures can be though of, such as e.g. the estimation of efficiency with
a given utility function. These procedures are not reproduced at this point, however.

5The rationale for this is that the student/staff ratio is often considered as a quality indicator
(e.g. when league tables are set up).

6 It might be of interest to examine to what degree there are institutions in higher education that
specialise either on undergraduate education or postgraduate education (mass vs. elitist education).
This topic is left for further research.

7The clustering procedures are described in detail in Handl [2002] and will not be outlined
in this chapter.

8The latter could then be combined with an examination of institution specific reasons for
inefficiency (i.e. examination of cost structures).

9In the case under consideration here (cf. table 3.16), the correlation between model VRSI and
model VRSO is not perfect since there were differences in the number of peers assigned to fully
efficient DMUs. This led, as a result, to slightly different league tables. As a consequence, the
correlation coefficient is not equal to one in this case. The latter finding has been double checked
so that computational errors can be excluded as a possible explanation at this point.

10I am indebted to Prof. John Beath for his comments on this part of the thesis and for suggesting
this research topic.

1:tAn alternative formulation of this assumption would be that

However, this specification remains unconsidered in this case here.

12In two recent papers, Lehmann and Warning [2002, 2003] examine potential reasons for
inefficiency in IHE in the UK. Among their findings is that (i) IHE in the UK are more efficient

3

(3.29)
2
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in providing teaching (rather than carrying out research) and that TE of IHE in the UK is affected
by characteristics of students, staff, and regional provenance [Lehmann and Warning, 2002]
and that (ii) the variation of efficiency is larger in research than in teaching and that the degree of
(in)efiiciency is affected by students characteristics such as gender, age, regional provenance, and
background [Lehmann and Warning, 2003]. The latter findings seem to consistent with the
ones derived by johnes [2003].
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Chapter 4

Heterogeneity and productivity changes
in the UK higher education sector from
1994/1995 to 1999/2000:
The intertemporal perspective

4.1 Purpose of this chapter
Research carried out in previous parts of this thesis, such as chapter 2, was primarily motivated

by the question of how standard efficiency analysis techniques can be applied to institutions in

higher education (output perspective). Chapter 3 extended this approach by defining a higher

education production process and by categorising inputs and outputs of this process (input

perspective). Furthermore, by means of aggregating output vectorially, a measure was developed

that allows application of standard parametric efficiency estimation techniques to the multiple

input, multiple output production process in situations where duality theory is inapplicable.1

Despite the advances made so far, a number of research questions remain unanswered.

Since research in the previous two chapters was based on a single time period only, it seems

sensible to extend the data basis and to adopt an intertemporal perspective. It is suggested that

an extension of the data basis allows application of more sophisticated econometric techniques.

These techniques can then be used in order to find answers to the following questions:

— Firstly, a potential research question is whether technical efficiency in institutions in higher
education has changed over time—in relation to overall changes in productivity at a sectoral

level.

- Secondly, given that institutions in higher education are not as homogeneous as they might
seem at first glance, it might be interesting to examine whether there are time-related or

institution specific characteristics in these institutions (e.g. regarding production and cost).
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These two research areas will be looked at in this chapter. For this purpose, research findings
from the previous two chapters serve as a valuable basis. In contrast to previous analysis, the
focus of analysis in this chapter is on the UK higher education sector as a whole.2

The remainder of the chapter is structured as follows. Motivation, aim, and contribution
of this chapter are outlined in section 4.2. Research questions are defined in section 4.3. An

overview of neighbouring research is given in section 4.4. Theoretical underpinnings of fixed
and random effects measurement techniques are highlighted when prior research and latest

developments in this area are outlined. The nature of the higher education production process is

revisited in section 4.5 together with a description of data, definitions, and transformations used
in this chapter. Changes in the UK higher education production process are examined in section
4.6. Productivity changes as such are examined in section 4.7. Fixed effects models are estimated

in the section 4.8. A summary of findings from research carried out in this chapter is presented
in section 4.9. Implications of the research findings derived in this chapter for both empirical

analysis and policy design are outlined in section 4.10. The chapter finally concludes in section
4.11. Topics for further research are outlined at the end of this chapter.

4.2 Motivation, aim, and contribution

Research carried out in previous chapters of this thesis has helped to understand the curious, but

relatively unexplored economics of IHE. In particular, approaches have been undertaken to find a

single scalar representation of the output vector. Although the procedure used in this context is an

achievement, its application remains controversial. However, a preliminary result from previous

analysis is that there are indeed significant differences in efficiency levels in institutions in higher
education in the UK for 1999/2000.

Main points of criticism from the previous chapters will be taken up in the following and

answers to questions so far unanswered will be provided. One aspect is heterogeneity. So

far, heterogeneity in IHE—that can result from a number of sources—has only been indirectly

accounted for. Each institution in higher education has been treated as an independent decision

making unit and as part of a set of homogeneous units. Hence, indirectly, but implicitly
the assumption was made that these institutions are autonomous e.g. as far as the choice of
the organisational structure or the number of degrees and courses offered is concerned. The

hypothesis tests that have been carried out in the previous chapter have been a first attempt

to shed light on the issue of heterogeneity in IHE in the UK.3 However, since only one time
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period has been looked at so far, stochastic elements, such as random shocks or measurement

errors in the data might have influenced the results heavily. Furthermore, by looking only at

a single academic year as the data basis, productivity changes over time were not taken into

account. It seems evident that more theoretical and empirical work needs to be carried out in

this area. For this purpose, the data basis needs extension so that so far unconsidered aspects

can be examined in greater detail. The aim of this chapter is therefore to continue examining in¬

stitutions in higher education in the UK, based on the results obtained in the previous two chapters.

Further analysis in the areas mentioned above is motivated by the following research questions:

- Further examination should focus on the question to what degree cost structures in public
institutions in higher education in the UK are influenced by a time-effect (i.e. these effects

are time dependent due to social, political, or other economic reasons).

- Another research question is if there are institution specific reasons that affect productive

efficiency.

- Furthermore, the question arises whether productive and/or cost efficiency both have

changed from one RAE period to another.

The aim of this chapter is therefore to present an extension to the area of efficiency analysis

in public IHE in the UK. Knowledge derived in previous chapters will be used as the basis for

the research carried out in this part of the thesis. A central question will be how institutional
characteristics can be incorporated into this analysis.

It is suggested that a possible solution towards examination of the heterogeneity problem

is to test for fixed effects in pooled time series and cross-sectional data. For the purpose of

estimating fixed effects models, the extension of the data basis to a multiple time periods

framework is a necessary prerequisite. Only by extending the data basis can heterogeneity in

institutions in higher education be examined in terms offixed effects models. In continuation of

the approach derived in chapters 2 and 3, both the input and output perspective will be adopted

for research purposes depending on the purpose of the analysis.

Detailed research questions will be defined in the following section.
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4.3 Definition of research questions
The main aim of research carried out in the following is to examine both efficiency changes and

heterogeneity in IHE. The economic analysis in this chapter therefore serves three main purposes:

- Firstly, a characterisation of the HEPP and its changes over time is sought both in the input

and output perspective from an intertemporalpoint ofview.

- Secondly, changes in productive and cost efficiency in UK IHE will be examined by making
use of both parametric and non-parametric efficiency analysis techniques.

- Thirdly, empirical evidence for the heterogeneity of IHE in the UK will be sought in the

data. The question is if there are time specific and/or observation specific characteristics
that can only be explained by means ofpooling cross-sectional and time series data.

In continuation of the methodological approach undertaken in the previous two chapters, it

seems highly sensible to undertake a general and comprehensive approach when looking at these

issues. Therefore, a methodological cross-check, as carried out previously, seems appropriate.

The justification for this procedure is that the application of a number of techniques and the

adaptation of different approaches allows more sophisticated results to be obtained from the
econometric analysis. Whenever possible, different econometric specifications will be used to

find answers to the research questions that have been identified above. Therefore, as in the case

of the previous two chapters, both parametric and non-parametric estimation techniques will be
used in a complementary way.

For the purpose of econometric analysis, this chapter will be divided in two main subsec¬
tions.

1. In the first part of the analysis, the issue of efficiency changes will be looked at.

2. The main research topic in the second subsection is the question whether there are

institution-specific or time-related effects (i.e. fixed effects) in IHE.

Before any empirical work is carried out, a brief summary of recent findings in these two research

areas is provided in the following when theory and prior research are presented.

4.4 Theoretical underpinnings of this chapter and prior research in
this area

In the following, both the theory and prior research in this area and parts of the methodology
used in the remainder of the chapter will be outlined. The aim is to present recent studies of
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productivity change. Since most of the research carried out in the area of productivity changes

originates from the banking literature, the majority of prior research presented in the following
relates to a banking background. To the knowledge of the author, there are only few studies in the

literature that examines the role of productivity changes in higher education. An example is the

paper presented by johnes and McNabb [2002] at the annual conference of the RES. Still, as

far as both IHE and the HE sector as a whole in the UK are concerned, research carried out in this

area seems to be a fruitful research area.

4.4.1 Examination of changes in productive efficiency in an intertemporal setting
Non-parametric approaches
The key concepts of non-parametric productivity change measurement have mainly been devel¬

oped by Malmquist [1953]. His concepts were developed further by caves et al. [1982],

who provide a framework for what is known today as the Malmquist total factor productivity

index number approach. Further examples for theoretical work in this area can be found in

Grosskopf [1993], fare et al. [1994, 1997a], and Coelli et al. [1998],

The idea behind the Malmquist total factor productivity index number approach is to mea¬

sure the total factor productivity change between two data points by calculating the ratio of the

distances of each point relative to a common technology. The index itself is hence a geometric

mean of two total factor productivity indices. Following fare et al. [1994], a Malmquist

(output oriented) total factor productivity changer index between two periods t, the base period,
and period t + k (a future time period) is given as follows:

Values for mo greater than 1 indicate positive total factor productivity growth from period t to

period t + k, whereas values for mo smaller than one indicate a total factor productivity decline.
The subscript '0' indicates the output orientation. Equation 4.1 follows the standard idea of an

output distance function.

Equation 4.1 presents a way that allows computation of efficiency changes relative to changes
in the production frontier. However, a decomposition of the measure derived by this formula

(yt+fc» ®t+fc) w d0 (vt+k, xt+k)
zr~, ; X .ii. :

d^yuxt) do+fe(?/t> xt)
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would certainly be desirable in a sense that more information could be extracted. Following the
theoretical derivations provided by FARE ET AL. [1994], equation 4.1 can be rewritten by means

of a simple extension in the following way in order to incorporate measurements for both pure

efficiency change and for changes in technical efficiency:

T'O (yt+fc) ■t't+fc? yti xf) —
d$(l/t+fe? ®t+fe) d0 (i/t-ffc) Xtyk)

X

do(yt,xt) do+k(yt,xt)

d(j(jjt-ykt xt+k) d0 {yt-\-ki xtyk)
dl(yt,xt) do+fc(»t,«t)

(yt+fc) ®t+fc) ^o(s/t»®t)
4+fe(yt+fc,a:t+fc) dS(lft»*t)

d0+ (yt+fc, ^t+fc) do(yt-\-ki ®t+fe) <^o(yt'*Et;)
d0+ (yt+fe, -Et+fc) d0+ (yti *Et)do(yt,xt)

where—following the original idea presented by Farrell [1957]—the ratio outside the brackets

measures the change in the output oriented measures of technical efficiency between period t and
t + fc. Technical efficiency changes from one period to another are hence given by the ratio of
technical efficiency in period £ + fc over technical efficiency in period t. The term in brackets
measures pure technical change (i.e. not changes in efficiency). The latter is the geometric mean

of a shift in technology between the two time periods t and £ + fc, evaluated at xt and xtyk,

respectively. The difference between the two measurements is that technical changes can be
determined exogenously, whereas efficiency changes are mostly determined endogenously. The
differentiation between changes in technical efficiency and technical change allows examination

to what degree institutions respond to exogenously given changes in their environment. The

coefficient for technical efficiency examines to what extent institutions change in terms of their

internal procedures and processes in order to make production more efficient.

The equation provided above represents a suitable extension to the original concept of

productivity changes derived by Farrell [1957] and allows decomposition of overall (i.e. total)

changes in productive efficiency. Changes in efficiency and technical change are therefore given
as follows:

cm • u do (yt+fc, xt+k)Efficiency change = (4.2)
do(yt,xt)

and

(4.3)Technical change dg(yt-\-ki Xtyk) d0(yt, xf)
(yt+k,xt+k) d0+ {yti xt)

x
it+fc /
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Following fare et al. [1994], the coefficient for both efficiency change (equation 4.2) and

technical change (equation 4.3) can both most easily be analysed by making use of DEA-like

efficiency analysis techniques. The underlying theory of DEA has been outlined above in chapter
2 and is not being repeated at this point. As in previous chapters, DEAP will be used for compu¬

tational purposes [coelli, 1996a; coelli et al., 1998]. DEAP explicitly allows this kind of

analysis and is widely used for this purpose and accepted in the scientific community. Areas of

application of these techniques are presented next.

Analysis of changes in efficiency: Areas of application
There is a quite an extensive amount of literature on productivity growth which use Malmquist

productivity indices in order to measure both changes in overall efficiency and technical changes.
Out of many, the most predominant example is probably the banking sector. Examples from
recent research findings from the current literature will be briefly presented in the following in
order to provide an overview of findings from prior research in this area.

Berger and Humphrey [1992] use a Malmquist productivity index in order to exam¬

ine productivity changes in the Norwegian banking sector from 1980 to 1989. Grifell-Tatje
and Lovell [1997] use the same approach in order to assess sources of productivity change in
the Spanish banking system from 1986 to 1993. Wheelock and Wilson [1999] make use

of a Malmquist productivity index when looking at the American banking sector between 1984
and 1993. Herein, the key question is whether productivity in banks changes due to individual

improvements or due to sectoral changes. In his study, Worthington [1999] focuses on

the issue of post-deregulation productivity changes when applying Malmquist techniques to

Australian credit unions. alam [2001] follows the approach undertaken by wheelock and

Wilson [1999] when examining productivity changes in the American commercial banking
sector. One of his findings is that change in productive efficiency were mainly due to a shift of
the frontier rather than from a change in efficiency. Chaffai et al. [2001] also make use of
an index based on the Malmquist one in order to examine differences in productive efficiency
between countries. Their aim is to examine whether changes in productivity can be related to

either pure technological changes or to changes in the business environment of banks in different
countries. For this purpose, Chaffai et al. [2001] estimate indices for productivity gaps across

four main European Union countries. Another application of Malmquist productivity indices
can be found in Devaney and Weber [2000], examine whether market structures of banks

in rural areas were affected by productivity growth. The time period under consideration in this

study are the years from 1990 to 1993. The authors find positive productivity growth and con-
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elude that shifts in the production frontier were the main reason for growth in overall productivity.

In can be concluded from this brief literature review that Malmquist productivity indices
have recently been applied to a number of research issues. It needs to be stressed that there
seems to be no study that examines efficiency changes in IHE. This chapter hopes to fill this

gap in the literature. However, especially given the specific context of HE (see chapter 1 for

details), it seems to be interesting to examine whether there are changes in productive and
technical efficiency in higher education in the UK. At the same time, following the general and

comprehensive approach already undertaken in previous chapters of this thesis, results from

non-parametric measurement techniques will be cross-checked with the ones from parametric

estimation techniques.

Apart from the literature that uses non-parametric efficiency analysis techniques to assess

efficiency changes, there is another important branch in the literature. In this case, parametric

approaches are followed in order to assess changes in productive efficiency. A brief overview of

parametric approaches towards estimation of efficiency changes is given in the following.

Parametric approaches
The most frequent and most established procedure to capture productivity and efficiency growth
in parametric model specification is to include simple time trends when cost or profit functions
are estimated. Usually, estimates of the rate of technical change are calculated in terms of

percentage changes in cost or production over time. Examples for this procedure (i.e. a simple

inclusion of a time trend in order to explain productivity changes) again from the banking sector

can e.g. be found in Bauer et al. [1993]. Bauer et al. [1993] use a panel data set in their

paper in order to examine total factor cost productivity growth for banks. The authors use a

number of different estimation techniques and find that results differ according to the estimation

technique used. Humphrey [1993] uses the same data set, but in contrast to Bauer et al.

[1993], he examines the effect on cost caused by shifts in the cost function. Again, different
measures are used in this case. Results prove to be consistent. A major finding of the paper is that
a decline of cost productivity has been observed. This decline is mainly due to a deregulation of

deposit rates. This has an offsetting benefit to depositors. Humphrey and Pulley [1997] use

the same dataset that was initially used by Bauer et al. [1993]. This time the authors estimate

changes in predicted profits using a profit function specification for the time period from 1977 to

1988. Overall changes that occurred in this time period have been decomposed since there was

a structural break in the data. This way, it is possible to examine changes that took place after
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deregulation (1984 to 1988) and external changes in the business conditions of banks. An overall

result is that there is little increase in profits over the total time period despite the structural

changes that have taken place.

Apart from the cost function approach, the profit function approach is also used in the lit¬

erature, following duality theory. An example for the application of the profit function approach
can be found in Kumbhakar et al. [2001], Kumbhakar et al. examine the savings
bank sector using a profit function approach. The authors show that there is declining technical

efficiency, although there is empirical evidence for overall technical progress and productivity

growth. Technical change is also looked at in a paper by Altunbas et al. [1999]. In their

paper, Altunbas et al. examine technical change in the banking sector by including a time
trend when using a parametric approach. One of their estimation findings is that technical change

has systematically reduced total cost for European banks during the 1990s. This finding is in

opposition to the ones by Battese et al. [2000], who find that technical changes are not bank

specific but an overall industry phenomenon. A similar finding is provided by Stiroh [2000],

who examines total factor productivity progress in U.S.. American banking sector. However,

there is little empirical evidence of productivity growth although technical progress is present

in the data. Finally, findings by Wiliams [2001] show that financial deregulation has led to

increases in the rate of frontier progress. This is a result of his analysis of the rate of productivity

growth of European savings banks from 1990 to 1998.

Summary of main findings from prior research
Results from the literature show that techniques to examine productivity changes are well devel¬

oped and established in the literature. As far as the efficiency analysis techniques are concerned,
there are, however advantages and disadvantages associated with these approaches. The inclusion
of a simple time trend into the estimation does neither allow further decomposition of the time
trend nor does it allow further explanations of changes. Therefore, it is impossible to explain

e.g. total cost changes in terms of changes in business conditions (i.e. technical change) and/or

productivity (i.e. efficiency) change. The underlying assumption is that efficiency changes have

multiple reasons. Reasons for efficiency changes can be

- internal changes in institutions e.g. due to changes of the

- production technology,

- scale economies, and

- resource utilisation, and/or
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- external changes, i.e. changes in the business environment, the economic and other sur¬

rounding conditions that influence institutions with their production process.

Another important methodological aspect in the literature seems to be that that first-stage anal¬

ysis is supposedly preferred to second-stage analysis. Whereas critics argue that results from
time-trend estimation can be used for further regression analysis, others argue that it is not recom¬

mended to do so due to a potential loss of efficiency in the analysis. COELLI [1996b, p. 5] points
out that two-stage estimation procedure is unlikely to provide estimates that are as efficient as the
ones obtained by a single-estimation technique.

4.4.2 Examination of cost efficiency
Decomposition of efficiency changes in parametric analysis
To overcome the problems associated with the use of simple time trends, Berger and Mester

[1999, 2002] suggest a procedure which explicitly allows decomposition of the overall total cost

changes in technical efficiency and productive efficiency. This procedure will briefly be outlined
in the following since it represents the state-of-the-art technique in this context. It needs exam¬

ination to what degree this procedure is applicable in the higher education context. Again, the

paper by Berger and Mester [2002] originates from the banking literature and presents the
frontend of research in this area.

Analysis of efficiency changes based on a cost minimisation approach:
Presentation of the research frontier

Under the cost minimisation approach, firms are assumed to minimise their cost subject to given

input prices, output quantities, environmental factors, managerial inefficiency and random shocks.
In extension to the theory outlined in section 2.6 and following the approach undertaken by

Berger and Mester [2002], a standard representation of a cost function (the 'logged' ver¬

sion of a Cobb-Douglas cost function) is given as follows

In C = fc(Xc) + In uc + In ec, (4.4)

where both the inefficiency measure and the error term are multiplicatively separable from the
rest of the cost function. All other variables (other than dummy variables) are measured in natural

logs. In C stands for the log of cost, fc(-) is the best-practice (log) cost function, Xq is a

vector of logged exogenously given business conditions, such as e.g. Xc = (In w, In y, In v),
where w denotes input prices, y stands for output quantities, v for environmental variables. As
outlined in section 2.6, the error term In uc denotes firm-specific inefficiencies, In ec stands for
random errors. Use of the subscript C makes it clear that this model is a cost minimisation model
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(in contrast to e.g. profit maximisation models). The usual assumptions regarding the error terms

apply (see section 2.6 for further details at this point).

Berger and Mester [2002] point out that an average firm's cost can be repre¬

sented by average conditions, average inefficiency, and a zero random error, which gives

exp[/ct(-fCt)] X exp [In uct], where Xct gives the average value of business condition

regressors at time t and In uct stands for the average inefficiency value. Berger and Mester

[2002] derive the following measurement of total gross change in cost between time period t and

time period t + k, measured by the ratio of the predicted cost in the two periods:

AT , , _ {exp[fct+k(XCt+k)] X exp[lnuct+fc]} .. „ATotalct,t+k = ( r ,—..— r _—rs , (4.5){exp [fct{Xct)] X exp [In uct])
where values lower than one indicate falling cost, values bigger than one indicate rising costs.

The authors continue their analysis by further decomposing this measure of total gross change in

cost. This procedure yields the following results for measurement of

- change in best practice,

- change in inefficiency, and

- change in business conditions.

This decomposition can formally be represented as follows:

fexP[fct+k(XCt)]} /u . u tATotalct,t+fc = S T7—7TT—rr~ > (change m best practice)
[ exp[/ct(Xct)] J

exp [In uct+k\ )
———— > (change in inefficiency)

exp [In uct] J

f exp[/ct+fe(XCt+fe)]) , u . L . JV. ,X < = > (change in business conditions)
[ exp[/ct+fc(XCt)] J

= ABestprct t+fc x AIneffct,i+fe X ABuscondct,t+k (4.6)

The total change in cost can be mathematically decomposed in three multiplicative terms.

ABestprc indicates the change in cost due to changes in the best practice cost function fc(')
(holding other things constant), AIneffc measures changes in efficiency (ceteris paribus), and

ABuscondct,t+fc measures changes in business conditions only (ceteris paribus).

In a second step, Berger and Mester [2002] define cost productivity change as the
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product of the change in best practice and the change in inefficiency. The formula for cost

productivity change is therefore given as follows:

AProdCt,t+fc = ABestprct t+fc x AIneffCt,t+fc

_ f Gxp[/ct+fc(Xct)] ) f exp[ln ugt+k] \
\ exp[fct(Xct)] J I exp[Inuct] J

The authors point out, however, that the concepts of change in best practice and the change in

inefficiency are different. It is nonetheless informative to combine them into a single measure of

productive efficiency. In order to test for productivity changes in the banking sector, Berger

and Mester [2002] use a standard multiple output, translog cost functions for their empirical

analysis and for decomposition purposes.

Applicability of the Berger and Mester [2002] procedure to the case of institutions in
higher education in the UK
The procedure derived by berger and mester [2002] is interesting and important insofar

as it allows further decomposition of efficiency coefficients derived by parametric efficiency
estimation techniques. Neither parametric nor non-parametric efficiency analysis techniques
have been used in the literature in order to assess productivity changes in institutions in higher
education. The application of the procedure derived by berger and Mester [2002] to IHE
would therefore be a natural thing to do. For the moment being, its applicability to the higher
education case needs further examination in future research. This seems to be beyond the scope

of this thesis.4

In the following, econometric procedures that allow examination of fixed effects are briefly
outlined. These procedures will be of relevance in the second part of this chapter.

4.4.3 Examining heterogeneity in institutions in higher education in the UK

The examination offixed effects is a standard procedure in panel data analysis. The foundations
will be briefly outlined next following the work done by Greene [2003a], LIMDEP version 8.0

is used for estimation purposes. Therefore, a brief reproduction of this estimation procedure is

provided in the following [Greene, 2003b]. The procedures regarding the treatment of panel
data are outlined in greater detail in Greene [2003a, ch. 13, pp. 283-338].

The idea for the procedure in the following is to pool data from cross-sections and time-
series observations in order to combine the strength that the empirical analysis of both types of
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data sets provides. Due to limited availability of data, the use of the term 'panel data set' does

not seem appropriate at this point. The motivation is to examine to what degree cost structures

in institutions in higher education are pre-determined. This will be done by testing for fixed

effects in the data. It is therefore believed that by extending the data basis and by using two

time periods, important insights into institutional specifics of IHE can be obtained. Following

Baltagi [1999, p. 307], additional data with more information allow application of more

sophisticated econometric techniques and examination procedures. The pooling procedure used
in this case here is called error components procedure, following the econometric theory outlined

by Kmenta [1986], and Baltagi [1999, 2001],

In general, panel data analysis is based on the techniques and procedures that have been

derived for longitudinal data sets. In typical panel data applications, there are, however, only

few time periods and a large number of cross-sectional data available. Applying time series
econometric techniques only can be problematic in this context here, since those techniques focus

on cross-sectional variation. Therefore, extensions to conventional cross-sectional techniques are

necessary. There are, however, advantages associated with the use ofpanel data, too. Advantages
arise since panel data allow researchers to examine heterogeneity or individual effects across

units of assessment.

Given that heterogeneity in the data is allowed for, a basic representation of a regression

model takes the following form:

Vit = x'it(3 + z\ol + eit, (4.8)

where the total number of regressors in xu is K, heterogeneity is captured by z[a (where z[ in¬
cludes a constant term and a set of observed or unobserved individual variables). All observations

are taken over t time periods. A constant term is not included due to the assumption of underly¬

ing heterogeneity. Should Zi be observed for all individuals, then equation 4.8 can be fitted by
standard OLS estimation. Greene [2003a] then considers five different cases, namely

1. Pooled regression,

2. Fixed effects,

3. Random effects,

4. Random parameters, and

5. Covariance structures.
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Pooled effects are given if Zi contains only a constant term. In this case, OLS provides consistent
and efficient estimates of both a (which is then common for all individuals) and /3 (the slope

term). Fixed effects are present in the data if terms for are unobserved, but correlated with xa-

Greene [2003a, p. 285] points out that in this case, the least squares estimator of /3 is biased and
inconsistent as a consequence of omitted variables. A different model specification is suggested
for this case. This new model is given by:

Vit — x'it(3 + a.i + €», (4.9)

where ai = z[oc incorporates both the observable effects and further specifics, such as an es¬

timated conditional mean. In the fixed effects approach, terms for on are assumed to be group

specific, i.e. oci is a group specific constant term in the regression model. Greene [2003a,

p. 285] stresses that 'fixed' in this context means time-invariant (not non-stochastic). Further¬

more, random effects models can be examined if there is unobserved individual heterogeneity

that is uncorrelated with the included variables. Greene [2003a, p. 285] suggests the following

model specification in this case:

Vit = x'it + Elzla] + {z^a - Elzla]} + eit (4.10)
= x'it + aui + 6i- (4.11)

The model in equation 4.11 can be estimated consistently, albeit inefficiently due to the compound

disturbance. The random effects approach defines Ui as a group specific random element, similar

to eu. The difference is that ux is time invariant, i.e. it is identical for each time period. The
difference between the last two models under consideration is whether the unobserved individual

effect is somehow correlated with regressors in the model. It is irrelevant, however, as Greene

[2003a, p. 285] points out, whether these effects are stochastic or not. greene therefore con¬

siders parameters to be random if the random effects model can be represented as a regression
model with a random constant term. An appropriate model specification for random effects is an

extension of the model considered above and is given by:

Vit = x'uiP + hi) + (a + Ui) + eit, (4.12)

where hi is a random vector. The inclusion of this random vector into the model allows incorpo¬

ration of variation across parameters across individuals. greene [2003a] then proposes further
extensions that are not considered here. Finally, Greene [2003a, p. 286] considers another source

of heterogeneity, namely covariance structures. This approach follows recent findings from the

empirical literature. There is, however, only partial empirical evidence in support of it. It is left
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to further research to examine whether the covariance structures approach is useful in examining

heterogeneity across individuals. This approach is not followed in this chapter. Instead, fixed

effects models will be looked at in greater detail in the following. The underlying theory of these

models represents a valuable basis for future work in this chapter.

Fixed effects models and heterogeneity across individuals

Heterogeneity in the data can be captured if it is assumed that differences across observations

can be represented in differences in the constant term. In this case, each oti is assumed to be

unknown and hence needs estimation. Following Greene [2003a, p. 287], yi and Xi are used to

denote T observations for the ith unit, where i is a T x 1 column of ones; ei is a T x 1 vector

of disturbances. Fixed effects in cross-sectional data will be looked at first, the time dimension

will be added later on. Therefore, following the theoretical considerations outlined above, an

appropriate model specification for this case is given as follows:

yi = Xi(3 + ion + ei.

Written in full, the model in equation 4.13 can be represented as follows:

(4.13)

yi

'

Xi ' i 0 • • 0 ax ei

1/2
=

X2
p +

0 i ■ • 0 a2
+

c2

Un .x". 0 0 •• i qjv ejv

(4.14)

Equation 4.14 can be re-arranged in terms of matrix algebra to yield the following equation:

y = [X d\ d2
P

a

+ (4.15)

where di is a dummy variable for the ith unit. The matrix D can be defined with D =

[di d-2 ... dn], where D is a nT x n matrix. Re-arranging equation 4.14 yields the fol¬

lowing result:

y - X/3 + Da + e. (4.16)

greene [2003a, p. 287] points out that 4.16 is referred to as a least squares dummy variable

(LSDV) model. It is a classical regression model. Given that n is small, it can be estimated with

OLS using K regressors in X and n columns in D (i.e. with K + n parameters as a multiple

regression). greene [2003a, p. 287] presents procedures for partitioning the sample for cases

where n is so large that it cannot be estimated due to computational (i.e. hardware) limitations.

Furthennore, the author also derives a formula for the appropriate estimators of the asymptotic
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variance, the disturbance variance estimator, the ith residual, and an estimator for the asymptotic

variance based on the disturbance variance estimator.

In a next step, greene [2003a, p. 289] provides a test statistic that allows statistical sig¬
nificance of the group effects to be tested. He suggests using a t-test with the appropriate f-ratio

for the sample coefficients ai in order to test the hypothesis that oti equals zero. However, this

procedure only allows testing of significance for a single particular group effect. The significance

of the parameter as such is not tested. Therefore, if differences across groups are to be examined,
the appropriate test procedure is to use an F test in order to test the null hypothesis that the

constant terms are all equal. As Greene [2003a] points out, under the null hypothesis, the

efficient estimator is pooled least squares. The appropriate F-ratio used for this test is given by:

^ _ (R-lsdv - Spooled)/(n — !) ,A in\

v ~ (i - a»SDv)/(nr - „ - jo' <4'7)
where LSDV indicates the dummy variable model and pooled indicates the pooled or restricted

model with only a single constant term. The term 'least squares' in LSDV refers to the technique

used to estimate the model, not to the model itself. As outlined in Greene [2003a, p. 289],

alternative testing procedures can be thought of. The test procedure outlined above is basically a

Chow test for a restricted and unrestricted model that tests for the significance of the fixed effects

parameter.

greene [2003a, p. 289] provides different formulations of a pooled regression model. A

specification of a pooled regression model can be given in three different ways. Firstly, the

original formulation of a pooled model is given as follows:

Vit = x'it(3 + a + eit. (4.18)

In terms of deviation from the group means, a 'within' estimation is given by:

Vit ~ Vit = (xit - xityp + eit - eit. (4.19)

In terms of group means, another formulation of a pooled model is given as follows.

y = x'itP + a + ii- (4.20)

This model is sometimes also referred to as a 'between' estimator. A similar classification is

provided by [Kmenta, 1986, ch. 12] and Baltagi [1999, eh. 3], greene [2003a, p. 289]

points out that all three models can be estimated at least consistently, if not efficiently by making
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use of OLS. Equation 4.20 only requires N observations for estimation purposes. The author

then derives further specifications of the moment matrices and sum of squares and cross-products.

These procedures are not reproduced at this point.

The least squares dummy variable (LSDV) approach can be extended by including a time-

specific effect as well [Greene, 2003a], A time effect can easily be added to the extended model

of equation 4.16 by means of inclusion of an additional T — 1 dummy variables. One time effect

needs to be dropped to avoid problems with perfect collinearity. Group and time effects must not

both sum to one, because if they did there would be problems with perfect collinearity. Again,
if the number of observations is too large, the model can be estimated by using the partitioned

regression that has been mentioned earlier on. Greene [2003a, ch. 13] continues by examining

the case of unbalanced panels and fixed effects. Unbalanced panels are all those panels that differ

in group sizes across groups or observations. Panel data sets become unbalanced if pieces of data

are missing. Missing data problems are not uncommon in panel data analysis. Another important

part of the chapter by Greene [2003a] is devoted to random effects models. The underlying

theory of random effects models is not outlined here since the focus is on fixed effects models.

The aim in the following will be to test forfixed effects models only.

Before any estimations are carried out, data and definitions used in this chapter are out¬

lined in the following.

4.5 Revisiting the nature of the higher education production process

As in the case of the previous two chapters, all data used for empirical analysis were provided by

HESA. The novelty in this chapter is that two different time periods have been taken into account,

namely

- the academic year 1994/1995, and

- the academic year 1999/2000.

All data and definitions used in this chapter, as well as institution specific assumptions regarding
the higher education production process will be outlined briefly in the following.

4.5.1 Objectives of institutions in higher education and their intertemporal pro¬
duction process

Following the theory outlined in section 1, it is assumed that institutions in higher education

engage in an 'academic' (or higher education) production process and derive utility from
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the activities they engage in. Speaking in the most general terms of economic theory, their
overall institutional aim is utility maximisation subject to a (number of) constraint(s), such

as e.g. constraints given by financial reasons and human capital. For this purpose, inputs are

transformed into outputs in an HEPP. Although there is a multiplicity of objectives and although
the quality of input determines the quality of output (see section 1 for details), this simplification
of this production process needs implementation. The underlying assumptions regarding the

higher education production process follow exactly the results from chapter 3. In addition, since
two time periods are now looked at, a time subscript t is introduced. The term 'intertemporal

higher education production process' (ITHEPP) will be used in the following to describe this

process.5

In general, institutions in higher education are supposed to maximise their utility Ut in

each time period according to the following specifications:

maxUt(ft(yt,xt;uti)), (4.21)

independently for each t = 1,2, subject to a constraint that needs further definition (such as

e.g. the budget constraint), where y is a vector of outputs, x a vector of inputs, and z an in¬

efficiency coefficient. The constraint remains unspecified at this point. The notation chosen is

consistent with the one used in chapter 3. The productive kernel of the utility function is repre¬

sented in the following way (given that time separability is assumed):

9t(yt) = t — 1,2. (4.22)

Depending on the purpose of analysis, the left hand side of equation 4.22 can technically be

expressed as a single scalar by making use of the concept of the Euclidean norm (where the

superscript T denotes transformation):

9t(yt) = y? = ||yt||, t = l, 2. (4.23)

Both inputs and outputs as they are used in this chapter will be defined in the following. This is

necessary since the definitions (especially the ones of output) differ slightly from the ones in the

previous chapter. The reasons for that are basically

- data availability, and

- consistency (i.e. disappearance, creation or mergers of IHE).

Given that assumptions made in this section slightly differ from the ones made in previous chap¬

ters, the input side of the academic production process will be looked at next.
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4.5.2 Input and output side of the higher education production process

Input perspective
In consistency with the work done in the previous chapter, input is defined in terras of capital and

labour as follows:

- ASFTEp. the full time equivalent of academics employed, and

- EXPt: total expenditure,

where t, t = 1,2 indicates the time period under consideration, i.e. either the academic year

1994/1995 or 1999/2000. All data were supplied by HESA. An overview of all variables used in

this chapter and their origin is provided in table 4.1. A descriptive analysis can be found in table

4.2. Details how inflation was taken into account are provided in section 4.5.3. Next, the output

side of the academic production process will be looked at.

Output perspective
As outlined above, IHE do not produce a single output. Following the theoretical considerations

undergone in the previous two chapters, the production of knowledge in embodied and disem¬

bodied form will be regarded as the primary objective of institutions in higher education. This

is consistent with findings in the literature e.g. by Hare and Wyatt [1992]. To make these

two areas of output more tangible, teaching undergraduate and postgraduate students and carry¬

ing out research will be regarded as a university's main aims. In terms of variables, UGFTEt,

PGFTEt, and RAEt will be used, where

- UGFTEt denotes the full time equivalent of undergraduate students enrolled during the

academic year under consideration,

- PGFTEt denotes the full time equivalent of postgraduate students enrolled during the

academic year under consideration, both in taught programmes and in 'degree by research'

programmes, and

- RAEt is a proxy for research that incorporates both qualitative and quantitative elements

(measured in points). It is based on results of the Research Assessment Exercise in the UK,

an assessment of all institutions in higher education in the UK that is carried out every four

to five years,

for all t, t = 1,2. Output—in terms of the definition provided previously-did not require defla¬

tion since it was not affected by inflation. The reason is that student figures and research output

are not measured in monetary terms. However, in order to achieve consistency and comparability,
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data used for RAEt in this chapter differ from those used in the previous two chapters. This

has to do with the fact that not all Research Assessment Exercise results were available for all

institutions for both time periods. Therefore, the definition of RAEt is slightly different from
the proxy used in the previous chapter. In order to account better for heterogeneity in IHE, the
idea this time is to use research proxies

- that weight research quality and quantity by taking the number of members of staff into

account, and

- that account for the total number of units of assessment.

The table derived by Cullen [2002] was slightly modified for this purpose. IHE with less

than ten units of assessment were excluded from the analysis. Results from both the 1996

and the 2001 RAE are weighted according to the number of staff in each department. Results

were displayed on a seven point scale similar to the one published by e.g. 'The Times Higher
Education Supplement' (THES). These measures are multiplied with the number of units

of assessments. This way, the proxy derived to capture research output accounts both for

qualitative and quantitative aspects of research.6 The RAE measures used in this part of
the thesis are hence based on the work done by Cullen [2002]; it is believed that the slight

modification is sensible in this case here to account better for institution specifics, such as e.g. size.

Table 4.1 graphically shows the linkage between the two time periods. Hence, it becomes

quite clear that it is sensible to examine changes in productivity in terms of shifts from
one RAE time period (i.e. academic year 1994/1995) to another one (i.e. academic year

1999/2000). These modified RAE results are assumed to be a suitable proxy to measure research

activity, both in a qualitative and quantitative way. One research question is therefore how tech¬
nical efficiency in institutions in higher education changed from one RAE time period to another.7

In order to assess changes in productive efficiency, the three-dimensional output vector

will be transformed into a single scalar value of output. This is important in order to make

conventional parametric efficiency estimation techniques applicable to the case of multiple input,

multiple output production processes. The definition of this single scalar representation of output

in terms of logs is given as follows for two time periods.

T LNYt

MiriLNnAEt

LNRAEt
MITlLNPGFTEt

LNPGFTEt
M iriLNUGFTEt
LNUGFTEt \2
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Figure 4.1: Time bar: RAE time periods and periods under consideration in this study

for each t = 1,2. An overview of all variables used in this part of the thesis and their origin is

provided in table 4.1 and 4.2.

An overview of data, definitions and transformations is presented next.

4.5.3 Data, definitions, and transformations

Data sources and descriptive statistics

The variables that will be used for empirical analysis in this section have already been introduced.

However, it still remains difficult to distinguish input and output in the higher education

production process. Obviously, the definition depends on the perspective (i.e. the methodological

approach) chosen. The advantage of the approach undertaken in this case is that output can be

input at the same time [cf. Beasley, 1990, 1995; Hare and Wyatt, 1992],

It is assumed that using HESA data, uniformity of the data is given as far as definitions,

rounding procedures are concerned. All definitions for the variables were predefined by HESA.
A detailed list of all variables used in this chapter and their source is provided in table 4.1. All
variables will be briefly commented upon in the following. In the case under consideration
here the total number of observation in the sample is N — 82. This is due to the fact that no

information for all variables was available for all institutions in higher education in the UK. A

good example is RAEt. In order to ensure consistency and comparability, only those institutions
in higher education were taken into account
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Name Description Data source

Institutions in higher education
ihe\
ihe2

Institutions in higher education in the UK Resources of HEI 1994/1995, table 1
Planning Plus 1999/2000, table 1

Input
expi
exp2
asftea
asfte2

Total expenditure

Full time equivalent for academic staff

Resources of HEI 1994/1995, table 6
Planning Plus 1999/2000, table 1
HESA Staff Record July 1995
Planning Plus, table 15

Output
ugftei
ugfte2
pgftex
pgfte2
raex
rae2

Full time equivalent for undergraduate students

Full time equivalent for postgraduate students

Proxy for research activity (see section 2.5)

HESA Student Record July 1995
Planning Plus 1999/2000, table 1
HESA Student Record July 1995
Planning Plus 1999/2000, table 1
cullen [2002] for 1994/1995
cullen [2002] for 1999/2000

Table 4.1: Data sources and definitions

— that were in existence in both time periods ('consistency'), and

— that produced all three outputs ('comparability').

Table 4.2 provides descriptive statistics of all input and output variables in absolute terms.

EXPt is measured in thousands of £s.

Variable Year Minimum Maximum Mean Std. Dev. Cases

expx 1994/1995 22530 248605 91031 51829 82

exp2 1999/2000 30945 340687 110205 71654 82

asftei 1994/1995 272.00 3197.48 936.94 565.53 82

asfte2 1999/2000 200.47 3613.53 1086.43 713.74 82

ugftex 1994/1995 1605.74 48933.03 9644.65 5884.39 82
ugfteo 1999/2000 1830.52 55338.35 11189.88 6510.42 82

PGFTEx 1994/1995 529.43 9025.75 2085.82 1289.09 82

pgfte2 1999/2000 913.43 8210.72 2453.70 1310.82 82

RAEx 1994/1995 23.61 331.08 119.00 74.83 82

rae2 1999/2000 35.43 341.39 134.00 77.18 82

Table 4.2: Descriptive statistics

A more in depth analysis of each variable is postponed to section 4.5.4, since this analysis
is already part of the empirical work that will be carried out later on.

Accounting for inflation
Another imminent problem is the fact that from 1994/1995 to 1999/2000, prices in the UK have

changed due to inflation. All cost and expenditure data were provided in terms of their annual
values by HESA. Hence, they needed to be deflated in order to measure real changes. To do so,
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inflation figures published by UK National Statistics Online [2002] have been used. The

economic inflation indicator used in this context is the corporate service price index, CSPI.

Although being an experimental price index (i.e. subject to changes in its composition), CSPI

has the advantage that it measures price changes for corporate services. Institutions in higher
education are explicitly taken into account in this index and the nature of higher education best
fits into this category. Therefore, the use of CSPI seems to be most appropriate, especially
in comparison to other price indices, such as the retail price index, RPI, the retail price index
minus mortgage information, RPIX, the producer price index, PPI, or the harmonised index
of consumer prices, HICP.S The relevant data which were used for deflation of the 1999/2000
cost and expenditure figures

Accounting for the case of mergers in higher education in the UK

During the time period under consideration, a number of inter-university mergers have taken place

(see chapter 1 for details). These mergers have not been taken into account in a sense that they
were anticipated or incorporated into the analysis. Only those institutions in higher education
that existed both in the academic year 1994/1995 and in 1999/2000 have been incorporated into
the analysis. In addition to data availability problems, this is part of the reason why the total

number of observations is lower than in the case of the previous chapter.

In the following section, the empirical analysis is carried out and estimation results are

presented.

4.5.4 Examination of input and output

The empirical analysis in this chapter starts with an in depth analysis of the data material that
was used for estimation purposes. A general interpretation of the data is given first since the
data set is different from the one used in the previous two chapters. Expenditure for 1999/2000
has been deflated so that all cost data are in terms of the 1994/1995 price level. Expenditure
increased on average by 21%. Both full time equivalents of staff and postgraduate student figures
increased on average by 16%. Undergraduate student figures increased by 18% in terms of their
full time equivalents. The proxy for research output increased by 13%. There seems to be partial
evidence for the hypothesis that the UK higher education sector can be characterised by an overall

expansion during the time period under consideration.

The distribution of both input and output will be examined in detail next. Furthermore,
the question is whether these changes were significant or not. In order to test the significance
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of the changes, a t-test will be carried out that has already been used in the previous chapter.

Therefore, the underlying foundations of this test are not outlined again. Results from these

hypothesis tests will be commented on in the following.

Examination of input
The two inputs used are EXPt and ASFTEt■ Histograms in figure 4.2 show the distribution of
these variables. The histogram of EXPt in real terms shows clearly that overall expenditure in

O 50000 100000 150000 200000 250000

EXPi . 1994/1995

3000 4000

ASFTEl. 1994/1995

0 100000 200000 300000

EXP2: 1999/2000

ASFTE2: 1999/2000

Figure 4.2: Histograms of input for 1994/1995 and 1999/2000

the UK higher education sector has increased from 1994/1995 to 1999/2000. There is a number of

outliers at the top of the distribution. As far as ASFTE is concerned, the number of academic

labour used has increased from time period 1 to time period 2. The distribution of output is

examined next.

Examination of output

Output used are the variables UGFTEt, PGFTEt, and RAEt. The histograms in figure 4.3
show the distribution of these variables diagrammatically.
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Figure 4.3: Histograms of output for 1994/1995 and 1999/2000
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As far as the distribution of full time equivalents of undergraduate students is concerned, an

increase has taken place. The number of full time equivalents of postgraduate students has

increased, whereas the distribution has changed. There has also been an increase in terms of the

proxy used to quantify research output.

In the following, the single scalar representation of output is computed and briefly exam¬

ined.

Scalar representation of output
A single scalar output representation has been computed, following the theory of the Euclidean
norm outlined above. A descriptive statistic for both time periods in terms of logged output is

provided in table 4.3. This change in LNYt is illustrated in figure 4.4.

Variable Year Minimum Mean Maximum Std. Dev. Cases

lnyt 1994/1995 1.8947 2.2475 2.5986 0.1726 82

lny2 1999/2000 1.8419 2.1337 2.4079 0.1370 82

Table 4.3: Descriptive statistics of LNYt

Figure 4.4: Histogram of aggregate output (in Togs', rescaled): Academic years 1994/1995 and
1999/2000
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Conclusions from the analysis of input and output data are outlined in the following, before the

empirical estimations are carried out.

Conclusion from analysis of input and output data

The examination of input and output data for a total of 82 universities for the academic years

1994/1995 and 1999/2000 shows that the UK higher education sector can be characterised by

an expansion, both on the input and output side. In all cases, changes have been significant

according to the t-test statistics. The Ho hypothesis that there are no significant differences has
been rejected in all cases. In some cases, there is a substantial number of outliers at the top end

of the distribution. This is interpreted in terms of a large degree of heterogeneity in IHE in the
UK. This hypothesis will be examined in detail later on.

Critics might argue that the time span could be insufficient to produce significant differ¬
ences or changes. However, bearing this critique in mind, the question whether the HEPP has

been affected by these changes becomes even more important. It is suggested that efficiency

analysis, and herein especially the examination of changes in efficiency levels, can help to better

understand these changes that have affected the UK higher education sector.

In the following section, the HEPP and potential productivity changes in the UK HE sec¬

tor from 1994/1995 to 1999/2000 will be looked at.

4.6 Analysing changes in the higher education production process
for institutions in higher education in the UK

The aim of this section is to examine changes in the HEPP. For this purpose, production functions

are firstly estimated for each year. This allows statements about changes in labour and capital

utilisation to be derived in comparison to results from previous analysis. A re-estimation for
the first time period is necessary since the sample size differs from the one used in the previous

chapter. In a second step, growth rates for both capital and labour input will be examined in
relation to changes in output. For the purpose of econometric analysis, both the input and output

perspective will be adopted.

4.6.1 The input side of the higher education production process

The nature of the HE production process will be revisited from the input perspective given that
two time periods will be looked at. Analysis focuses on establishing a clear picture regarding
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changes in productive efficiency first. For this purpose, the following model is set up.

In ^it = Pot + Pit In ASFTEn + P2t In EXPn + en, (4.24)

where t = 1,2, and i — 1,..., N. Estimation results from the model specification in equation

4.29 are presented in table 4.4. The results will be briefly commented upon in the following.

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant -0.9429 0.3180 -2.9650 0.0040

LNASFTE1 0.0303 0.0542 0.5590 0.5777

LNEXP1 0.2648 0.0564 4.6930 0.0000

Test statistics

R2
adjusted R2
F — test[2, 79]
Prob value
Akaike Info. Crt.
Durbin-Watson Statistic

0.758071
0.75195
123.77
0.0000
-2.034

1.96321

Table 4.4: Academic production process: 1994/1995 (input perspective)

Higher education production process: Academic year 1994/1995 (input perspective)
Table 4.4 shows a negative and significant value for the constant. Surprisingly, the estimated

coefficient for LNASFTEi is very small, has a positive sign and is statistically not significant.
In contrast, the coefficient for LNEXPi is positive and statistically significant. The R2
(adjusted R2, respectively) is 0.758 (0.752).

In the following section, the same production function will be estimated for the academic

year 1999/2000. This allows statements regarding changes in the use of input factors to be made.

Higher education production process: Academic year 1999/2000 (input perspective)
Estimation results are presented in table 4.5. The results will be briefly commented upon in the

following. Table 4.5 shows that a negative, but statistically almost insignificant coefficient for

the constant (5% significance level). The coefficient for LNASFTE2 is positive, however, it
is not statistically significant (5% significance level). According to the findings of this estima¬

tion, LNEXP-2 has a positive coefficient and is statistically significant. The R2 (adjusted R2,
respectively) is 0.775 (0.769).

Comparison of results and hypothesis regarding changes in input utilisation
The results from time period 2 differ from the ones obtained for time period 1. Leaving
the £-ratios aside for a moment, the idea is to comment briefly on the absolute values of the
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Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant -0.1949 0.2675 -0.7290 0.4683
LNASFTE2 0.0423 0.0482 0.8770 0.3829

LNEXP2 0.1782 0.0497 3.5860 0.0006

Test statistics

R2
adjusted R2
F - test[2,79]
Prob value
Akaike Info. Crt.
Durbin-Watson Statistic

0.774989
0.76929

136.05
0.0000

-2.568
1.92271

Table 4.5: Academic production process: 1999/2000 (input perspective)

coefficients for the constant, LNASFTEt, and LNEXPt. The value for the constant has

changed from -0.94 to -0.19. The value of the coefficient for LNASFTEt has changed from

0.03 in period 1 to 0.04 in period 2 (and is insignificant at the 5% significance level in both

cases). This might be an indicator that labour has become more important in terms of input to the

higher education production process. The coefficient for LNEXP2 has changed from 0.26 in
time period 1 to 0.17 in period 2. This can be interpreted in a way that capital has lost some of its
influential and maybe dominant role as input to the HEPP.

The following intermediate conclusion can be drawn from the comparison of the two pro¬

duction functions:

- On the input side, the HEPP has been subject to changes during the time period under
consideration.

- According to this model specification, the HEPP has become more labour intensive from

period 1 to period 2.

- According to the estimation results, capital as input has lost some of its relative importance

as input to the HEPP.

It remains to be seen whether empirical evidence can be found for these intermediate conclusion

in the following.

Growth rates of labour and capital utilisation
The aim of research in this section is to examine to what degree changes in output can be explained

in terms of changes in input, i.e. in terms of both labour or capital used. Shifts in the production
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function can be examined in this way. The idea is to estimate the following equation:

A In V = p0 + faAlnEXP + piAlnASFTE + e,

O (In Y2 - In Yi) = p0 + /3i(ln EXP2 - In EXPi) (4.25)

+P2(ln ASFTE2 - In ASFTEx) + e.

The underlying justification for this functional form is that the growth rate is given by

— = 1 +9Y, (4.26)
yt

for t, = 1,2, where gy denotes the growth rate of output. Values for gy denote positive growth

rates, ifgy = 0 there is no growth, and there is negative growth ifgy < 0. It follows that

In I/t+i — In yt = In (4.27)
Vt

= ln(l+ffy). (4.28)

Estimation results are presented in table 4.6. The results will be briefly commented upon in
the following. The following hypothesis made regarding changes in the UK higher education

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant -0.1154 0.0092 -12.5830 0.0000
DLNASFTE 0.1022 0.0430 2.3750 0.0200

DLNEXP -0.0699 0.0586 -1.1920 0.2367

Test statistics

R2
adjusted R2
F — test[2,79]
Prob value
Akaike Info. Crt.
Durbin-Watson Statistic

0.070746

0.04722
3.01
0.0551

-3.006
2.00840

Table 4.6: Higher education production process: Growth rates (input perspective)

production process can be confirmed by the findings in table 4.6.

— The HEPP has changed during the time period under consideration. There is evidence that

changes in the constant are statistically significant, so are changes in labour utilisation.

— However, there is no statistical evidence that the change in capital used is statistically sig¬
nificant (5% significance level).

— Academic labour has increased its relative importance as input to the HEPP.
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- The relative importance of capital as input has decreased. It needs to be pointed out that

these findings only allow statements to be derived on whether changes in output can be

explained by changes in the input combination used.

- From this analysis, it is not possible to draw any conclusion regarding changes in total factor

productivity (TFP).

- Finally, according to the R2 —value (adjusted R2), the overall fit of this particular model

presented in table 4.6 seems to be rather low. It is suggested that the model presented in

equation 4.25 only has limited explanatory value, but allows a better understanding of the

changes in the data to be gained.

In the following section, the output perspective is adopted when changes of output in relation to

production cost are examined.

4.6.2 The output side of the higher education production process

The output perspective will be adopted in this section. To assess overall changes in cost produc¬

tion, the following model is set up.

In EXPn — (3ot + Pit in RAEu + fat In PGFTEn + fizt In UGFTEn + en, (4.29)

where t — 1,2 and i = 1,... ,N. This model specification follows the one outlined in equation
2.17. In a first step, estimations will be carried out independently for each time period under

consideration. In a second step, statements regarding the statistical significance of the changes (if

any) are made. Thirdly, changes in growth rates will be assessed. All estimation results will be

briefly commented upon separately in the following.

Higher education production process: Academic year 1994/1995 (output perspective)
Results provided in table 4.7 show that for the academic year 1994/1995, the value for the
constant is positive and significant (5% significance level). All other variables, i.e. outputs of
the higher education process and inputs as far as cost production is concerned, coefficients for

LNRAEi, LNPGFTEi, and LNUGFTEi are all positive and statistically significant

(5% significance level). The R? (adjusted R2), is 0.843 (0.837).

In the following section, the output perspective of the higher education process will be
examined.
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Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant 3.4327 0.4320 7.9460 0.0000

LNRAE! 0.4388 0.0513 8.5560 0.0000

LNPGFTEi 0.2111 0.0646 3.2660 0.0016

LNUGFTEx 0.4712 0.0501 9.4090 0.0000

Test statistics

R2
adjusted R2
F - tesf[3, 78]
Prob value
Akaike Info. Crt.
Durbin-Watson Statistic

0.843052
0.83702
139.66

0.000
-0.275

2.03805

Table 4.7: Academic production process: 1994/1995 (output perspective)

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant 2.8541 0.5786 4.9330 0.0000

lnrae2 0.4819 0.0670 7.1950 0.0000

lnpgfte2 0.3703 0.0861 4.3030 0.0000

lnugfte2 0.3764 0.0658 5.7180 0.0000

Test statistics

r2
adjusted r2
f — test[3, 78]
Prob value
Akaike Info. Crt.
Durbin-Watson Statistic

0.792459
0.78448

99.28
0.0000

0.144
2.15663

Table 4.8: Academic production process: 1999/2000 (output perspective)

Higher education production process: Academic year 1999/2000 (output perspective)
Results provided in table 4.8 show that for the academic year 1999/2000, the value for the

constant is positive and significant (5% significance level). All other variables, i.e. outputs of
the higher education process and inputs as far as cost production is concerned, coefficients for

lnrae2, lnpgfte2, and lnugfte2 are all positive and statistically significant.
The r2 (adjusted r2, respectively) is 0.792 (0.784).

In the following section, results from both estimation periods will be compared in detail

and further hypotheses regarding changes of output in relation to cost will be tested.

Comparison of results and hypothesis regarding changes of output in relation to cost

Hypothesis tests have been carried out in order to assess the statistical significance of changes

for each variable in each time period. Results are included in table C.3 on page 425. From

this table, it can be concluded that changes from 1994/1995 to 1999/2000 in all variables under
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consideration were significant. Again, similar to the case of the input perspective, also in this
case the higher education sector in the UK can be characterised by an overall expansion.

The following intermediate conclusions can be drawn from the comparison of the two cost

functions.

- The relationship of output of the HEPP and cost has been subject to changes during the time

period under consideration.

- Research output and postgraduate education have become more influential in terms of rela¬
tive importance to cost production.

- Undergraduate education has become less important in terms of its relative weight in the

cost function.

- In both time periods under consideration, there are increasing economies of scale.

It remains to be seen whether further empirical evidence can be found for these intermediate

conclusion in the following.

Growth rates of cost production
The aim of research in this section is to examine to what degree changes in cost production can

be explained in terms of changes in output, i.e. in terms of research and teaching output (RAE,

PGFTE, UGFTE). The idea is to estimate the following function in order to assess shifts in

the cost function.

A In EXP = p0 + /3i A In RAE + p2A In PGFTE

+/33A In UGFTE + e,

^ (In EXP2-In EXPi) = A) + /3i(ln RAE2 — In RAE\)

+p2 (In PGFTE2 - In PGFTEP) (4.30)

+/33(ln UGFTE2 - In UGFTE2)

+€.

The underlying justification for this functional form is that the growth rate is given by

EXPt+1
~£xK = 1 + 9EXF' <43l)

for t, = 1,2, where gEXP denotes the growth rate of cost. Values for gc denote positive growth

rates, if gEXP = 0 there is no growth, and there is negative growth if gEXP < 0. It follows

301



that

EXP
In EXPt+1-In EXPt = In *+' (4.32)

EJi Pt
= ln(l +gEXp)- (4.33)

Estimation results are presented in table 4.9. The results will be briefly commented upon in the

following. The following hypothesis made regarding changes in the relationship between cost and

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant 0.1145 0.0273 4.1910 0.0001

DLNRAE 0.0037 0.0877 0.0420 0.9663

DLNPGFTE 0.0687 0.0612 1.1230 0.2649
DLNUGFTE 0.2191 0.0958 2.2870 0.0249

Test statistics

R2
adjusted R2
F — fesf[3,78]
Prob value

Akaike Info. Crt.
Durbin-Watson Statistic

0.089645
0.05463
2.56
0.06094

-1.128
2.32726

Table 4.9: Higher education production process: Growth rates (output perspective)

output production the UK higher education production process can be supported by the findings

in table 4.9.

- The examination of the output side of the HEPP reveals that it has indeed changed during
the time period under consideration.

- According to the results in table 4.9, changes in research are small, but not significant.

Changes in postgraduate education are also small and not significant.

- However, changes in undergraduate eduction (in terms of contribution to cost) are quite

large and significant. It can therefore be concluded that the role of undergraduate education
in terms of cost production has increased during the time period under consideration.

- From this analysis, it is not possible to draw any conclusion regarding changes in cost

efficiency. This issue will be examined later on.

- Finally, according to the AIC and the DW statistics, the overall fit of this particular model

presented in table 4.9 seems to be rather low. It is suggested that the model presented in

equation 4.30 maybe only has limited explanatory value.

The aim in the following is to examine productivity changes in the UK HE sector by using a wider

array of econometric techniques. Both, parametric and non-parametric estimation techniques will
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be used for this purpose when changes in productive efficiency and cost efficiency will be looked

at.

4.7 Productivity changes in institutions in higher education in the
UK

4.7.1 Assessing productivity changes by using non-parametric measurement tech¬
niques: Computation of Malmquist productivity indices

The input perspective
The first technique used to assess productivity changes in the UK HE sector from 1994/1995

to 1999/2000 is the computation of Malmquist productivity indices based on DEA-like linear

programs. DEAP [Coelli, 1996a] will be used for this purpose. DEAP allows computation of

Malmquist total factor productivity indices and their decomposition into productivity change due

to technical change and technical efficiency change. Both CRS and VRS will be considered as

production techniques. Assumptions regarding scale efficiencies of the underlying production
function can hence be incorporated into the analysis. The foundations of this procedure go back

to work carried out by FARE ET AL. [1994] and are outlined in great detail in Coelli ET AL.

[1998] and will not be reproduced at this point. Before the output perspective is examined,

econometric analysis focuses on the input side of the HEPP. The procedure used in this chapter

therefore relied on the theoretical foundations derived in chapter 3.

A total number of three outputs and two inputs are used for estimation purposes. This en¬

sures a sophisticated treatment of the output side of the HEPP. Outputs are full time equivalents
of postgraduate and undergraduate students, and the research proxy. In order to comply with the

approach undertaken in chapter 3, outputs are aggregated by means of the Euclidean norm. Inputs

are full time equivalents of academics and total expenditure. The procedure is as follows. Firstly,

four distances are computed for each DMU in each year, namely CRS and VRS frontiers for each
time period under consideration and in comparison to each precedent time period. Secondly,

based on these measures, Malmquist productivity indices are presented. Coelli [1996a, p. 42]

points out that all indices are relative to the production frontier of the previous time period. For

each DMU, a total number of five indices is presented:

1. Technical efficiency change relative to a CRS technology,

2. Technological change,

3. Pure technical efficiency change, relative to a VRS technology,

4. Scale efficiency change, and finally
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5. TFP change.

Thirdly, for estimation purposes, the sample of 82 observations are used for each time period. All

Malmquist index averages are geometric means. Results from the measurement procedure will be

presented next.

Presentation of results

In the following, results from computation and decomposition of the Malmquist productivity
indices will be reported (input perspective). Herein, the focus is on the sectoral development,
i.e. no results are reported for individual institutions in higher education. An overview of the
results is presented in table 4.10.

Year

Technical

efficiency
change

Technological
change

Pure
technical

efficiency
change

Scale

efficiency
change

Total factor

productivity
change

1994/1995
to 1.002 0.935 1.001 1.002 0.937

1999/2000

Table 4.10: Malmquist index summary (year 1994/1995 to 1999/2000): Input perspective

Table 4.10 shows the Malmquist index summary for changes in efficiency for the sample

of 82 universities under consideration form 1994/1995 to 1999/2000 (input perspective). Pure

technical efficiency change is computed as the product of technical efficiency change and

technological change. TFP is the product of pure technical efficiency change and scale efficiency

change. It can be concluded from the table that technical efficiency increased slightly in the time

period under consideration. Technological change decreased, whereas pure technical efficiency
remained almost constant. Scale efficiency change increased slightly. As a result of all these

changes, TFP decreased during the time period under consideration.

An economic interpretation of the measurement results from the computation of the Malmquist

productivity indices is attempted in the following. In the time period under consideration,

technical efficiency change increased by 0.2%. Technological change as such decreased by 6.5%.

This lead to a change of pure technical efficiency of 0.1%. According to this model specification,

scale efficiency change increased by 0.2%. All changes together lead to a decrease in total

factor productivity by 6.3%. The—perhaps astonishing—fact according to these results is that
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technological change has decreased. This results is surprising in a sense that one might expect

IHE to become more productive over time. Potential explanations for this results can therefore

only point in either of the following directions:

• The computational result is 'right' in a sense that technological change has decreased.

• The computational result is 'right', however, problems e.g. with measurement or data qual¬

ity have affected it.

This controversy related with this result shows that research into the nature of productivity

changes in IHE is a fruitful research area.9

Individual results for the sample of 82 universities under consideration are included in the

appendix in table C.4 on page 427. In the following section, productivity changes will be
examined based on the results derived from the application of parametric efficiency analysis

techniques.

4.7.2 Parametric estimation techniques: Input perspective
The input perspective
The purpose of this section is to estimate changes in productive efficiency by using parametric
estimation techniques. In a second step, the results obtained will be used for a methodological
cross-check with those obtained from the application of non-parametric measurement techniques
earlier on. The perspective under consideration first is the input one. The output perspective will
be examined in the following section.

On the input side, the model specification used for parametric efficiency analysis follows
the one outlined in equation 4.29.

1. SFA has been used for the purpose of computation of institutional specific efficiency coef¬
ficients.

2. In order to derive average efficiency coefficients for each time period, the standard arith¬

metic mean has been computed.10

3. To allow for intertemporal comparison, a geometric mean has been computed at the sectoral
level.11

4. Efficiency coefficients at an institutional level are reported in table C.8 on page 432 for the

intertemporal level.
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5. Coefficients in these two tables are reported at an institutional level.

6. In order to gain a better understanding of efficiency changes in the whole UK HE sector

during the time period under consideration, table 4.11 summarises the main findings from
this estimation procedure for the sectoral level.

Efficiency
coefficient
1994/1995

Efficiency
coefficient
1999/2000

Changes
in

efficiency
(in %, 1994/1995=100%)

Average
efficiency

0.999398 0.967573 -3.18%

Table 4.11: UK higher education sector: Intertemporal efficiency changes: Input perspective

Results from the estimation processes for both periods are reported in tables C.6 and C.7 in the ap¬

pendix. Complete league tables and institution specific efficiency coefficients are included in table
C.8. Table 4.11 shows clearly that average efficiency decreased from 1994/1995 to 1999/2000 in
the HE sector. The changes in efficiency coefficients reported in table 4.11 reflect changes that

took place in relation to changes in the production frontier of each time period.

Discussion of implications of research findings from intertemporal SFA analysis: Input per¬
spective
Individual estimation results from the SFA analysis (both OLS and MLE) are presented in tables

C.6 (OLS case) and C.7 (MLE case) in the appendix. These estimation results were used to

derive institutions specific efficiency coefficients that—in turn—were used to derive a statement

regarding intertemporal changes of efficiency. This computation was carried out by making use

of the software package Frontier 4.1.12

Given the estimation results, the following observations have been made:

• Institution specific efficiency coefficients are high (and they only differ after the third digit
after the decimal point).

• With such a high mean value of the efficiencies, it also becomes apparent that the values for
A (whereas the value for a in the first time period is). Values for both A and cr are relatively
small and their standard errors are relatively large (if actual values and standard errors are

compared).

• Bearing this in mind, it remains unclear as to whether it is possible—from an econometric

viewpoint—to assume that efficiency has actually changed over time.
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• It is, however, pointed out that these are the results obtained by the estimation. The only

doubt that might be raised should concern the data basis, not the estimation technique as

such.

• Results might also be subject to the weighting scheme chosen (geometric vs. arithmetic

mean). In addition to the comments made regarding the results obtained from the econo¬

metric technique used here, this might also affect the results.

Two further aspects need to be re-iterated.

- Firstly, average efficiency levels are very high in absolute numerical terms. Given the results
obtained in chapter 2 of this thesis, a wider distribution of efficiency coefficient might have

been expected. There can be two potential reasons for this being the case, namely

(i) either there are problems with the overall data quality,

(ii) or the sample selected for estimation purposes is maybe too homogeneous so that the

efficiency coefficients are very narrowly distributed. In general, results reported in

table 4.11 indicate a -3.18% change in overall productive efficiency (at the sectoral

level).

- Secondly, the estimations carried out in this section only allow assessment of institutional

efficiency changes. Unfortunately, it is not possible to decompose these estimates further
and to examine reasons for changes in efficiency. Therefore, neither conclusion regarding in

changes of institutional behaviour, nor changes e.g. in product mix can be examined based

on the techniques presented above. It is therefore not possible to determine what the reason

for the overall decline in efficiency in the sample of institutions and during the time period

under consideration is.13

Before conclusions from the assessment ofproductivity changes in the UK higher education sector

are drawn, the intertemporal higher education production process will be looked at from the output

perspective in the following section.

4.7.3 Assessing productivity changes by using non-parametric measurement tech¬
niques: Computation of Malmquist productivity indices

The output perspective
So far in this chapter, a general and comprehensive approach has been applied. Results from
both the input and output perspective (as it has been labelled previously) will be compared in the

following. The theoretical underpinnings of the Malmquist productivity index computation have

already been outlined.
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Presentation of results

In the following, results from computation and decomposition of the Malmquist productivity
indices will be reported (output perspective). Herein, the focus is on the sectoral development,
i.e. no results are reported for institutions in higher education at an institutional level. An

overview of the results is presented in table 4.12.

Year
Technical

efficiency
change

Technological
change

Pure

technical

efficiency
change

Scale

efficiency
change

Total factor

productivity
change

1994/1995
to 1.005 1.000 1.002 1.003 1.005

1999/2000

Table 4.12: Malmquist index summary (year 1994/1995 to 1999/2000): Output perspective

Table 4.12 shows the Malmquist index summary for changes in efficiency for the sample

of 82 universities under consideration form 1994/1995 to 1999/2000 (output perspective).
The results will be briefly commented upon in the following. As far as the output side of the

intertemporal higher education process is considered, technical efficiency changed by 0.5%.

Technological change remained constant in the time period under consideration. Pure technical

efficiency change increased by +0.2%. According to these findings, overall changes in total factor

productivity were +0.5%.14

Individual results for the sample of 82 universities under consideration are included in the

appendix in table C.5 on page 429. In the following section, productivity changes will be
examined based on the results derived from the application of parametric efficiency analysis

techniques.

4.7.4 Parametric estimation techniques: Output perspective
The output perspective
The purpose of this section is to estimate changes in productive efficiency by parametric

estimation techniques by looking at the output side of the HEPP.

On the output side, the model specification used for parametric efficiency analysis follows
the one outlined in equation 2.17. The line of analysis follows the one carried out when
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examining the inputperspective.

1. SFA has been used for the purpose of computation of institutional specific efficiency coef¬

ficients.

2. In order to derive average efficiency coefficients for each time period, the standard arith¬

metic mean has been computed.

3. To allow for intertemporal comparison, a geometric mean has been computed.

4. Efficiency coefficients at an institutional level are reported in table C.l 1 on page 435 at an

intertemporal level.

5. Coefficients in these two tables are reported at an institutional level.

Results from the estimation processes for both periods are reported in tables C.9 and C.10 in

the appendix. Complete league tables and institution specific efficiency coefficients are included
in table C. 11. In order to gain a better understanding of efficiency changes in the whole UK

higher education sector during the time period under consideration, table 4.13 summarises the

main findings from this estimation procedure for the sectoral level (output perspective). Table

Efficiency
coefficient
1994/1995

Efficiency
coefficient
1999/2000

Changes
in

efficiency
(in %, 1999/2000=100%)

Average
efficiency

0.883721 0.796711 -9.85%

Table 4.13: UK higher education sector: Intertemporal efficiency changes: Output perspective

4.13 shows clearly that average efficiency decreased from 1994/1995 to 1999/2000 in the HE

sector. The changes in efficiency coefficients reported in table 4.13 reflect changes that took place

in relation to changes in the cost production frontier of each time period.

Discussion of implications of research findings from intertemporal SFA analysis: Output
perspective
Individual estimation results from the SFA analysis (both OLS and MLE) are presented in tables

C.9 (OLS case) and C.10 (MLE case) in the appendix. These estimation results were used to

derive institutions specific efficiency coefficients that—in turn—were used to derive a statement

regarding intertemporal changes of efficiency. This computation was carried out by making use

of the software package Limdep.
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Given the estimation results, the following observations have been made:

• Institution specific efficiency are more dispersedly distributed than in the previous case

where the input perspective was considered.

• Estimation results, including values for A and <x seem to be more 'in line' with what would

be expected from previous analysis. In particular, values for both A and er are significant.

• It seems hence plausible to claim that efficiency coefficients have actually changed over

time.

• Results might also be subject to the weighting scheme chosen (geometric vs. arithmetic

mean). In addition to the comments made regarding the results obtained from the econo¬

metric technique used here, this might also affect the results.

The following results seem worth highlighting.

- Results presented in table 4.13 indicate an overall decline in cost efficiency for IHE in the

UK (at the sectoral level, from 1994/1995 to 1999/2000).

- It remains unclear, however, to what degree it is possible to interpret results in absolute

terms, since according to the underlying distributional assumptions, a relative interpretation

might be more appropriate. This issue is more of a fundamental and theoretical nature and
will not be examined in detail at this point.

These issues will be addressed in the following. Conclusions from the assessment of productivity

changes in the UK higher education sector are drawn in the following section.

4.7.5 Conclusion and summary of main findings:
Efficiency changes in the UK higher education sector from 1994/1995 to
1999/2000

A brief summary of the results from the application of non-parametric and parametric efficiency

analysis techniques will be given in this section. Results are commented upon in greater detail in
section 4.9.

'Divergence vs. convergence of results?' is the key question for analysis when results

from two different methodological approaches (non-parametric vs. parametric) and two different

perspectives (input vs. output perspective) will be compared in the following. It needs to be

pointed out, however, that no comparison of absolute values will be carried out due to different
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distributional assumptions accompanying the results of each technique. Results are summarised

as follows.

- Input perspective:

As far as the input side of the ITHEPP is concerned (productive efficiency), non-parametric

efficiency measurement techniques suggest that there has been a decrease of total factor

productivity during the time period under consideration. The application of parametric

efficiency estimation techniques reveals, too, that there has been a decrease in overall total

factor productivity from 1994/995 to 1999/2000.

— Output perspective:

As far as the output side of the ITHEPP is concerned (cost efficiency), non-parametric ef¬

ficiency measurement techniques suggested that there has been a (more or less) constant

development of cost productivity during the time period under consideration. The applica¬

tion of parametric efficiency estimation techniques, on the contrary, reveals that there has

been a decrease in overall cost efficiency from 1994/1995 to 1999/2000.

To answer the 'rhetoric' or 'motivational question' that was posed at the beginning of this section,

results from the same efficiency analysis are the same (regardless of the perspective adopted)

whereas results from different efficiency analysis techniques do point into opposite directions.
Table 4.14 summarises these findings.

Non-parametric
efficiency analysis

technique

Parametric

efficiency analysis
technique

Input
perspective
(Cost efficiency)

-6.3% -3.18%

Output
perspective
(Productive efficiency)

+0.5% -9.85%

Table 4.14: Productivity indices: Divergence vs. convergence: Comparison of results

It can be concluded from the overview of results in table 4.14 that a clear pricture as to

whether there is a 'divergence or convergence' of results cannot be easily established. Only that

the input side results from parametric and non-parametric efficiency analysis techniques seem to

point into the same direction. A further analysis of these results will be provided in section 4.9.
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In the following section, data from both time periods will be aggregated when an 'intertemporal'

higher education production process will be examined.

4.7.6 Examining the intertemporal higher education production process

To illustrate the nature of the HEPP for UK IHE, further analysis in this section focuses on exami¬

nation of this process for the whole time period under consideration, i.e. 1994/1995 to 1999/2000.

The aim is to examine an 'integral' HEPP that covers both time periods by pooling the data. Due

to data availability problems, no further data from 'in between time periods' were used for this

purpose. Estimations are carried out over alH, f observations. First, the input perspective will be

looked at.

Input perspective
The underlying model specification follows equation 3.19. Results from OLS are presented in

table 4.15. Table 4.15 shows that if both time periods are looked at the constant is negative and

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant -0.0909 0.2938 -0.3090 0.7575

LNASFTEi,t 0.0810 0.0521 1.5540 0.1220

LNEXP^t 0.1526 0.0537 2.8430 0.0051

Test statistics

R2
adjusted R2
F - test[2,161]
Prob value
Akaike Info. Crt.

0.566709
0.56133
105.29
0.0000
-1.565

Table 4.15: Intertemporal higher education production process: Input perspective

statistically significant. The coefficient for LNASFTEpt is positive, although very small and
according to the t-statistics statistically insignificant. LNEXP^t has a positive coefficient
and is highly significant as an input to the production process (in both cases: 5% significance

level). According to these findings, labour as input is almost insignificant, whereas capital is

highly significant as an input to the HEPR There is doubt that this empirical result supports the

underlying theory of the higher education production process developed earlier on in this thesis.
Earlier on, a key assumption was that both labour and capital are important as inputs to this

production process. Given the estimation results presented in table 4.15, it is hypothesised that
there are maybe problems with the overall data quality (especially regarding LNASFTE^t)-
The overall explanatory value of this model (measured in terms of the 722 and adjusted R2
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values) seems rather low.

The output perspective of this higher education production process will be examined next.

Output perspective
Based on the model specification defined in equation 2.17, an ITHEPP is estimated next using

OLS. Estimations are carried out over all i, t observations. Results from OLS are presented in

table 4.15. Table 4.16 shows that if both time periods are looked at all coefficients are positive

Variable Coefficient Standard Error t-ratio P[|T| > t]

Constant 3.2495 0.3535 9.1920 0.0000

LNRAEit 0.4535 0.0422 10.7350 0.0000

LNPGFTEit 0.2762 0.0537 5.1480 0.0000

LNUGFTEu 0.4284 0.0412 10.4030 0.0000

Test statistics

R2
adjusted R2
F — fest[3,160]
Prob value
Akaike Info. Crt.

0.811631
0.80810
229.80
0.0000

-0.045

Table 4.16: Intertemporal higher education production process: Output perspective

and statistically significant (again, at least at the 5% significance level). According to these

findings, postgraduate education is less important in terms of cost production than undergrad¬
uate education. A possible explanation might be differences in resources needed. Research

contributes to the overall cost level in a significant way, too. According to the R2 (adjusted R2
values), the model exhibits a good fit: Both values are relatively close to one. The AIC value,

however, is rather low and suggests potential problems with the overall fit of the regression model.

One question that has already been mentioned several times in the course of this thesis is

whether there are time-related or institution-specific effects in UK IHE. The use of two

subsequent time periods allows examination of this question. This issue is looked at next.

4.8 Examination of fixed effects in institutions in higher education in
the UK

The second halfof this chapter focuses on examining fixed effects in IHE in the UK. Its underlying

theory has already been outlined in the first part of this chapter. In general, testing for institution-

specific and time-related aspects of IHE in the UK seems sensible for the following reasons:

- Up and until now, all IHE were regarded as independent DMUs and part of a homogeneous
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subset of institutions. All institutions have in common that they educate (undergraduate and

postgraduate) students and carry out research. However, heterogeneity has not explicitly
been taken into account ex ante in the empirical analysis carried out in previous chapters.

— Ex post hypothesis tests were the first indicator that IHE are not as homogeneous as previ¬

ously assumed.

— Results of these hypothesis tests were revealing in a sense that they helped to better under¬
stand the nature of these institutions.

— Further research should promote a better understanding of the specific nature of institutions
in higher education in the UK.

The key question remaining is therefore if there is statistical evidence for heterogeneity in the
data. By testing forfixed effects, it is assumed that the issue of heterogeneity in research objects
can properly be addressed. Following the dual approach undergone in previous parts of this thesis,
both the input and the output perspective will be looked at in the following.

4.8.1 The input perspective

As far as the input side of the HEPP is concerned, the model specification outlined in equation
4.29 was used for the purpose of econometric analysis. The estimation in this part of the chapter
has been carried out by using LIMDEP version 8.0 [GREENE, 2003b]. The use of this software
allows a number of different model specifications to be tested in combination with hypothesis
tests. The models estimated are

1. a model with a constant term only,

2. a model with firm specific, but time invariant dummy variables (labelled 'group effects'),

3. a model with period effects only (labelled 'a>variables only'), and

4. a model with both firm and period effects (labelled 'x and group effects').

In order to carry these estimation procedures out, a new dataset was created that combined
observations from both time periods. A stratification variable was added to allow a distinction

between time periods. The total number of observations used was N = 82 x 2 = 164 (as

there are two time periods). Table 4.17 shows estimation results from OLS without group dummy

variables. Table 4.18 presents results from the least square dummy variables estimation with

group dummy variables. Test statistics are reported in both cases. These preliminary results from
the test for fixed effects have mainly been reported for the purpose of completion. Results from
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Variable Coefficient Standard Error t-ratio P[|T| > t]

LNASFTEt 0.0810 0.0521 1.5540 0.1220

LNEXPt 0.1526 0.0537 2.8430 0.0051

Constant -0.0909 0.2938 -0.3090 0.7575

Test statistics

R2
adjusted R2
F - test[2,\6\]
Prob value

Akaike Info. Crt.

0.566709

0.56133

105.29
0.000

-1.565

Table 4.17: Testing for fixed effects: OLS estimation without group dummy variables: Input
perspective

Variable Coefficient Standard Error t-ratio P[|T| > t]

LNASFTEt
LNEXPt

0.0331
0.2221

0.0376

0.0389

0.8810

5.7080

0.3797

0.0000

Test statistics

R2
adjusted R2
F — fesf[3,160]
Prob value
Akaike Info. Crt.

0.778477

0.77432

187.42
0.000

-2.224

Table 4.18: Testing for fixed effects: Least squares estimation with group dummy variables: Input
perspective

these estimation procedures are presented in tables 4.19 and 4.20. They will both be commented

upon in the following.

Table 4.19 shows the test statistics for all four model specifications described above. A

No. Model Log-Likelihood Sum of Squares R-squared
(1) Constant term only 62.7847 4.4652 0.0000

(2) Group effects only 73.1657 3.9343 0.1189

(3) X - variables only 131.3651 1.9347 0.5667

(4) X and group effects 186.3775 0.9892 0.7785

Table 4.19: Test statistics for the classical model: Input perspective

preliminary conclusion from table 4.19 is that if the R2-values are looked at, model 4 has the

value for R2 that is closest to one. R2 values are usually used to draw conclusion regarding the

best fit of different model specifications. It can be inferred that from all model specifications

tested above that the model specification suggested in model 4 fits best. It remains to be seen

315



whether this intermediate results holds in the following. Table 4.20 provides results of hypothesis

tests. All four model specifications are tested against each other. Both results from likelihood
ratio (LR) test and F-tests are provided. The main conclusion that can be drawn from the

Likelihood ratio test F-Test

Models
Degrees Prob¬ F- Nume Denume-

Prob¬

X2 of
freedom ability Statistics rator rator ability

value

(2) vs. (1) 20.7620 1 0.00001 21.8640 1 162 0.00001

(3) vs. (1) 137.1610 2 0.0000 105.2880 2 161 0.0000

(4) vs. (1) 247.1860 3 0.0000 187.4240 3 160 0.0000

(4) vs. (2) 226.4240 2 0.0000 238.1930 2 160 0.0000

(4) vs. (3) 110.0250 1 0.0000 152.9540 1 160 0.0000

Table 4.20: Hypothesis tests: Fixed effects models: Input perspective

estimation of fixed effects models is that there seems to be evidence in favour of bothfirm specific

and time related effects on the input side (cf. table 4.20). It can be concluded that overall output

level in university production in the UK is affected both by institution specific and time related

effects (judging from the input perspective). Reasons for this being the case remain unconsidered
here. It is suggested that further research should focus on determining reasons for differences in

efficiency levels.

In the following, the same line of examination is followed when fixed effects are examined

on the output side of the higher education production process.

4.8.2 The output perspective

Although the same techniques that were used in the previous section will be used in this section,

too, the focus of analysis is slightly different. Whereas in the previous section (whenfixed effects
on the input side were looked at), the research question was whether there are either institution or

time specific effects that explain specifics of the underlying production process, the focus here is

on cost in relation to output. Applying the fixed effects estimation techniques therefore allows

examination of the question whether output has had a fixed effect in terms of its contribution to

cost production. The econometric analysis carried out in the following is therefore based on the

definition of the functional form presented in equation 2.17.

Results from the estimation procedure will be presented in the following. Table 4.21 shows the

results from OLS estimation without group dummy variables. Results from OLS estimation
with group dummy variables are included in table 4.22. Table 4.23 shows the test statistics for

all four model specifications described above. Conclusions will be drawn in the following. A
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Variable Coefficient Standard Error t-ratio P[|T| > t]

LNRAEt 0.4535 0.0422 10.7350 0.0000

LNPGFTEt 0.2762 0.0537 5.1480 0.0000

LNUGFTEt 0.4284 0.0412 10.4030 0.0000
Constant 3.2495 0.3535 9.1920 0.0000

Test statistics

R2
adjusted R?
F — £esf[3,160]
Prob value

Akaike Info. Crt.

0.811631

0.80810
229.80

0.000

-0.045

Table 4.21: Testing for fixed effects: OLS estimation without group dummy variables: Output
perspective

Variable Coefficient Standard Error t-ratio P[|T| > t]

LNRAEt 0.4552 0.0423 10.7560 0.0000

LNPGFTEt 0.2791 0.0538 5.1880 0.0000

LNUGFTEt 0.4320 0.0414 10.4300 0.0000

Test statistics

R2
adjusted R2
F - test[4,159]
Prob value
Akaike Info. Crt.

0.812527
0.80781

172.28

0.000
-0.038

Table 4.22: Testing for fixed effects: Least squares estimation with group dummy variables: Out¬
put perspective

conclusion from table 4.23 is that if the R2-values are looked at, model 4 has the value for R2
that is closest to one. R2 values are usually used to draw conclusion regarding the best fit of
different model specifications. It can be inferred that from all model specifications tested above
that the model specification suggested in model 4 seems to fit best. It remains to be seen whether

this intermediate results holds in the following. Table 4.24 shows how each model specification

performed in comparison with each other. In contrast to the previous section (examination of
fixed effects on the input side), it seems to be more difficult to establish a coherent picture on the
basis of table 4.24. The main conclusion that can be drawn from the estimation of fixed effects

models is that there is-e.g. according to the AIC—no evidence in favour offirm specific and
time related effects on the output side (i.e. contribution of output to cost production). Table 4.24

suggests this although it is difficult to clearly distinguish whether model (4) is superiour to model

(3) or not. Should the latter be rejected, there would then only be weak support for institution
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No. Model Log-Likelihood Sum of Squares R-squared
(1) Constant term only -129.1917 46.4092 0.0000

(2) Group effects only -127.2114 45.3019 0.0239

(3) X - variables only 7.6951 8.7421 0.8116

(4) X and group effects 8.0861 8.7005 0.8125

Table 4.23: Test statistics for the classical model: Output perspective

Likelihood ratio test C-Test

Models 2 Degr;eS Prob-
*

. ° abilityfreedom

F- Nume- Denume-
„ . . ability
Statistics rator rator .

value

(2) vs. (1)
(3) vs. (1)
(4) vs. (1)
(4) vs. (2)
(4) vs. (3)

3.9600 1 0.0466
273.7730 3 0.0000
274.5550 4 0.0000
270.5950 3 0.0000

0.7820 1 0.3765

3.9600 1 162 0.0483
229.7980 3 160 0.0000
172.2800 4 159 0.0000
222.9620 3 159 0.0000

0.7600 1 159 0.3847

Table 4.24: Hypothesis tests: Fixed effects models: Output perspective

specific, but not necessarily time-related effects in the data. Cost structures in IHE in the UK
seem to be institution specific, but relatively invariant to time effects.

Results from this chapter carried out in this chapter are summarised in the following sec¬

tion.

4.9 Summary of main findings from this chapter
The aim of this chapter was to extend the empirical work from the previous two chapters even

further. This has been achieved by extending the empirical basis by adding another time period
and by applying a wide array of econometric techniques.

An overview with key results from the estimation of time specific and intertemporal higher

education production processes is provided in table 4.25 on page 319. Values in brackets denote
either f-values or probability values. Individual results will be commented on in the following.
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Inputperspective

Constant

LNASFTE

LNEXP

R2

adj.R2

F-test

AIC

DW

1994/ 1995

-0.9429 (-2.965)

0.0303 (-0.559)

0.2648 (-4.693)

0.7580

0.751

123.77 (0.000)

-2.034

1.9632

1999/ 2000

-0.1949 (-0.729)

0.0423 90.877

0.1782 (93.586)

0.7749

0.7692

136.05 (0.000)

-2.568

1.9227

ITHEPP

-0.0909 (-0.309)

0.081 (1.554)

0.1526 (2.843)

0.5667

0.5613

105.29 (0.000)

-1.565

1.0625

Constant

DLNASFTE

DLNEXP

R2

adj.R2

F-test

AIC

DW

Growthrates
-0.1154 (12.583)

0.1022 (2.375)

-0.0699 (-1.192)

0.0707

0.0472

3.01 (0.0551)

-3.006

2.0084

Outputperspective

Constant

LNRAE

LNPGFTE

LNUGFTE

R2

adj.R2

F-test

AIC

DW

1994/ 1995

3.4327 (7.946)

0.4388 (8.556)

0.2111 (3.266)

0.4712 (9.409)

0.8430

0.8370

139.66 (0.000)

-0.275

2.038

1999/ 2000

2.8541 (4.933)

0.4819 (7.195)

0.3703 (4.303)

0.3764 (5.718)

0.7924

0.7844

99.28 (0.000)

0.144

2.1566

ITHEPP

3.249 (9.192)

0.4535 (10.735)

0.2762 (5.148)

0.4284 (10.403)

0.8116

0.8081

229.80 (0.000)

-0.045

2.1486

Constant

DLNRAE

DLNPGFTE
DLNUGFTE

R2

adj.R2

F-test

AIC

DW

Growthrates
0.1145 (4.191)

0.0037 (0.042)

0.0687 (1.123)

0.2191 (2.287)

0.0896

0.0546

2.56 (0.060)

-1.128

2.327

Table4.25:Summaryofresults(chapter4)



Efficiency changes in the UK higher education sector from 1994/1995 to 1999/2000
Both parametric and non-parametric techniques have been used in this section in order to examine

efficiency changes in UK institutions in higher education.

- Examination of data

All data have been examined in detail for both time periods under consideration. It has been

concluded that changes from time period t to t + 1 are significant—both as far as the input

and the output perspective of the higher education production process is concerned. The
UK higher education sector has been subject to changes in terms of expansion during the
time period under consideration.

In the remainder of the section, the input and output side of the higher education production

process has been carried separately. Key results will be reported in the following.

- Examination of the higher education production process: Input perspective

Following the theoretical underpinnings derived in chapter 3, the HEPP has been examined
for each time period under consideration. Most surprisingly, the coefficients of some in¬

put factors were not significant or had a very low magnitude or were even negative (e.g.
academic labour in the first time period). In the second time period, the same variable had
a positive (albeit insignificant) coefficient. This finding has been interpreted in terms of
worries with the quality of the data used for examination purposes in this chapter. An ex¬

planation for changes in aggregate output has been sought. A key result is that only changes
in the use of academic labour as an input seem to be significant, whereas changes in capital
used are not significant (in terms of explaining changes in aggregate output).

- Examination of the higher education production process: Output perspective

As far as the output perspective of the HEPP is concerned, a HE cost function has been

estimated. All estimated coefficients were positive and significant in both time periods

under consideration. However, as far as the assessment of changes from t to t + 1 is

concerned, only changes in the undergraduate students were significant as an explanation
of changes in cost.

- Assessment of changes in productivity levels

As far as changes in productivity levels are concerned, analysis has focused both on the

input and output perspective. As far as the input perspective is concerned, the use of non-

parametric efficiency measurement techniques suggests that there has been an decrease by
6.3% at the overall sectoral level. However, the use of parametric efficiency measurement
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techniques only suggests that there has been a decrease by 3.18% at the overall sectoral

level in the UK. As far as the output perspective is concerned, the use of non-parametric

techniques suggests that there has been an increase by +0.5% at the sectoral level in the UK.

Parametric techniques suggest, however, that there has been an overall decrease by -9.85%

at the sectoral level. It remains difficult to establish to a clear picture of 'divergence' or

'convergence' of results from different efficiency analysis techniques.

- Estimation of an intertemporal higher education production process

An ITHEPP was estimated (using pooled data). Labour as an input proved still to be in¬

significant (input perspective), whereas capital was significant. As far as the output per¬

spective is concerned, all coefficients were positive and significant. Worries regarding the

quality of data need to be brought forward at this point.

Pooled data have been used in a second step to test for fixed effects in UK IHE in order to test for

potential institution specific and time related effects UK HE.

- Estimating fixed effects models for institutions in higher education in the UK

The estimation for potential institution specific and time related effects UK HE has been

carried out by looking at both the input and output perspective.

As far as the input side of the UK HEPP is concerned, has it been shown that there
is evidence for both institution specific and time related effects. This has been concluded
from using both results from the R2 and F statistics.

As far as the output perspective of the UK HEPP is concerned, it is more difficult

to establish a clear picture at this point.

Only by extending the data basis and by using sophisticated econometric techniques has it been

possible to deepen the understanding of the nature of institutions in higher education in the UK.

A number of valuable results with important implications have been derived. It is suggested that

research findings from this chapter can be used in multiple ways both for empirical analysis and

policy design.

Recommendations in these two directions will be presented in the following section.
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4.10 Implications of research findings from this chapter for further
research

Implications for empirical analysis

Implications from core research findings from this chapter both for empirical analysis and policy

design will be presented in the following. To start with, the relevance of the results for empirical

analysis will be highlighted.

- Firstly, the HEPP requires further examination of its specific characteristics in depth. It

needs to be determined e.g. why the estimated coefficient for academic labour is low and
almost insignificant (with a high variance). Furthermore, it might be of interest to examine

how robust the model specifications of the HEPP is w.r.t.

(i) changes in the functional specification considered here (potential model misspecifica-

tion) and/or

(ii) an inclusion or exclusion of other or further variables that are believed to be important

in the HEPP (potential left out variable bias).

- Secondly, the data basis needs extension and further time periods should ideally be included
into the analysis. It is assumed that this allowed estimation of structural breaks and changes

in the productivity and cost structure in IHE in the UK (both at the input and at the output

perspective).

- Thirdly, reasons for differences in efficiency levels need to be determined empirically. The

aim of research in this area should be an examination of reasons for inefficiency (at an

institutional level) and the link between institutional behaviour and 'surrounding' or 'envi¬

ronmental conditions', such as

- business conditions,

- changes in the economic environment, and

- other influences that affect institutions in higher education from the outside.

Following these recommendations for further empirical work, policy implications are derived
next.

Implications for policy design

Firstly, it has been shown that IHE are indeed quite a heterogenous group of institutions although

they are all part of a homogeneous set of institutions (namely: universities). Therefore, as far

as policy implications are concerned, it seems appropriate that a highly diversified treatment
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of these institutions is necessary in order to meet their special demands in terms of policy

design.15 Examples that can be thought of are e.g. allocation of research funding grants, support

via funding council grants, and other political decisions that have strategic dimensions such

as e.g. the 'strategic support' of universities which are in debt, the foundation of new research

centres or the case of mergers of IHE. The latter suggestions include a clear distinction between

decisions that are made on the basis of economic or political considerations. Whereas e.g. the

closure of university might be appropriate from an economic viewpoint, policy makers might

decide to support that particular institution for reasons other than pure economic ones. This

underlines the quasi-market environment that institutions in higher education are embedded in

and their soft budget constraint [cf. Kornai, 1980a,b,c],

Secondly, policy measures need to be undertaken to reduce inefficiencies where possible

in order to ensure an efficient and justifiable use of public resources. As outlined in the

previous section, this includes a bottom-down review of (administrative) processes, as well as

organisational aspects in UK IHE. A possible suggestion could be to structure universities in a

way that they benefit from synergy effects due to smaller administrative bodies. It is pointed

out that the cooperative idea of a university might put certain limits to the applicability of cost

reduction measures.

Thirdly, those institutions that are inefficient should be supported e.g. by a Governmental
initiative or external consultants in order to become fully efficient. It is strongly believed that

an 'external viewpoint' is sometimes necessary to determine areas of improvement. More

independency, both from a legal and political viewpoint (in terms of their own full institutional

responsibility), could help to ensure that universities develop an interest on their own to actively
create an environment that best suits them.

Conclusions from research carried out in this chapter will be drawn in the following sec¬

tion. An outlook for future research is provided in that section, too.

4.11 Conclusion and outlook for further research

Extending the data base by adding another time period to the data used previously in this thesis

has made it possible to apply a completely new range of techniques in order to assess productive

efficiency in IHE in the UK. Research carried out in this chapter represents an extension of the

work in previous chapters of this thesis. The aim of the research carried out in this chapter was
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clearly not to start a quest for the best fitting econometric model for the HEPP. Instead, the

knowledge derived in the previous three chapters has been used to test a number of hypotheses

regarding IHE in the UK—both on the input side and the output side of the HEPP.

In this respect, research carried out in the previous chapters and in this chapter has all laid
fundamental groundwork for valuable empirical analysis in IHE in the UK. Nonetheless, a

number of research questions remain unanswered. These questions might be worth examining in
future research. It is suggested that future work should focus on two main aspects, namely further

empirical and theoretical work. Examples from both research areas will be briefly outlined.

Implications of findings for further empirical work
At the empirical level, a suggestion is to extend the data basis even further. This allows

application of dynamic panel data techniques to the case of HE. Two time periods certainly do
not suffice in order to examine productivity changes in the UK HE sector in detail. By doing

so, important insights into the nature of an ITHEPP have been gained. Panel econometrics in

general, and especially its application to non-profit organisations in particular (e.g. the case of
institutions in higher education in the UK) seems to be a fruitful research area. Suggestions
include also to improve the data quality (since there has been concern from HESA regarding the

quality of the data they provided especially regarding the 'early years', such as 1994/1995). Once
this has been achieved, a derivation and application of more sophisticated parametric techniques
to test for efficiency changes should follow. A possible suggestion at this point is to adapt the

procedure derived by Berger and Mester [2002]. A further research aim would be to make

this procedure applicable to cases where duality theory is inapplicable.

Furthermore, reasons for inefficiency in IHE in the UK need to be determined. It is be¬

lieved that there are indeed multiple reasons for inefficiencies in these institutions. Examples
could e.g. be allocative inefficiency, organisational inefficiency, and technical inefficiency. A

fundamental question is whether these institutions should or can be efficient at all due to the

particular nature of their non-market environment. However, following the results derived in
this chapter, it is suggested that any kind of institution should aim at maximising efficiency

and thereby reducing operating costs (in order to avoid a potential waste of resources). The

justification at this point is that IHE should use 'public money' in the most 'efficient' way.

A better understanding of institutional features of IHE seems a necessary prerequisite for
further analysis in this area. This includes a more knowledge regarding cost structures, ranges of
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courses and degrees offered, and research areas covered in IHE in the UK. More empirical work

needs to be carried in order to foster the understanding of the nature of these institutions. Further

topics of research could e.g. be

- to determine the degree of cross-subsidisation in IHE,

- to examine resource allocation processes in IHE,

- to analyse resource utilisation of inputs, and

- to determine reasons for output choice both in terms of purely quantitative aspects and

qualitative aspects of goods and services provided.

Examples for quantitative aspects are e.g. the number of degrees awarded. Examples for

qualitative aspects of HE are e.g. international excellence in core research areas of IHE, quality

of publications, relevance of research results, degree of basic vs. applied research, degree of

reproduction vs. innovation and invention in scientific research, and the number of patents and

university-industry collaborations. Special attention in future work could be paid to homogeneous

subsets of IHE, since it is believed that it is difficult to derive uniform recommendations or policy

implications for all IHE in the UK (at the sectoral level).

In order to carry more empirical work out, a better theoretical understanding of institu¬
tions in higher education is needed. Therefore, research topics for theoretical work in this area

are outlined next.

Implications of findings for further theoretical work
The following topics are suggested for further theoretical work in the area of IHE.

- At the theoretical level, future work should focus on developing more sophisticated pro¬

cedures that allow decomposition of productivity changes in a dynamic setting. The aim

should be to decompose overall productivity changes in to three main components, namely

changes in best practice (i.e. production technology used by all DMUs), changes in in¬

efficiency (i.e. institutional level), and changes in business conditions (i.e. environmental

factors). The decomposition procedure derived by berger and mester [2002] has pro¬

vided fundamental basics in this area. Further research in this area remains to be carried

out, however. Advances in that direction could include an examination of the applicability

of the Berger and Mester [2002] procedure to the case of non-profit organisations.

- Secondly, as far as economic modelling is concerned, the following issues seem worth

examining:
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1. Provision of higher education (public vs. private provision),

2. Competition among institutions in higher education,

3. Resource allocation inside institutions in higher education,

4. Derivation of utility and objective functions for institutions in higher education.

It is concluded that research into the nature of institutions in higher education remains at the

top end of the research agenda. An immediate conclusion of the work done in this chapter is
that the extension of the data base provides an interesting feature for more in depth analysis of

productivity changes in the UK higher education sector. However, despite the advances made,
a number of research questions remain unsolved. These questions should be looked at in future
work.

The purpose of the following chapter is to conclude the thesis and to summarise its main

findings.
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Endnotes

1Both the applicability and appropriateness of this procedure have been examined in depth in
previous chapters.

2More detailed analysis at an institutional level of institutions in higher education is reserved
for future work.

3I would like to thank Antonio Alvarez for suggesting this line of research to me.

4It is suggested at this point that the derivation and application of such a procedure should not
be carried out at the same time (in order not to make two steps at a time). First, the procedure
should be developed for the cost setting. Its correctness can then be assessed using data that have
been derived e.g. by Monte Carlo techniques. Then, once this has been achieved, the technique
can be applied to the HE case. The advantage is that this procedure allows to check whether the
procedure has been adopted correctly for the cost setting, regardless of the quality of the data used.

5It is pointed out that intertemporal means that different time periods (i.e. academic years) will
be looked at in the following. Intertemporal does not mean that the utility maximisation problem
will be formulated as a typical OLG problem. The latter would certainly an interesting line of
analysis, too, but is postponed for the moment being. Instead, the assumption is that each academic
year is an (quasi-)independent period of analysis since it represents an independent account and
planning unit. This allows examination of changes from one time period to another (e.g. as far as

productive or cost efficiency are concerned).

6The scale has seven points because the RAE awards the following ranks: 1, 2, 3b, 3a, 4, 5, 5*
(i.e. 5 star). In addition, letters indicate the inclusiveness of staff. These letters go from 'A' ('A*'
even for those members of staff who transferred from one IHE to another recently) to 'E'. 'A'
indicates that all members of staff have been incorporated in the analysis ('research active staff'),
whereas other categories mean that only parts of the staff have been included. This certainly
allows IHE to 'gamble' (or interact strategically), i.e. to excluded research-inactive members of
staff in order to obtain a higher RAE result. This aggregation of results from the RAE is not
uncontroversial, as the two publications by Chaterji and Seaman [2002, 2003] show. It is
certainly debatable to what degree large, research oriented IHE are favoured by the use of this
proxy.

7However, the aim of the analysis is not to examine the potential effect that the RAE had on

efficiency. It needs further examination as to what degree there is a link between efficiency and
the results of the RAE. The use of the Euclidean norm has been reflected critically in chapter 3.

8The HICP is a measure of inflation that has been defined uniformly for all member states
of the European Union in order to monitor performance against the convergence criterion for price
stability in the Maastricht treaty.

9Due to the limitations with data availability, no further explanation is sought at this point.

10The arithmetic mean has been chosen since it is believed that it best represents averages across
institutions that are believed to be (relative) homogenous according to their 'nature'.

11A geometric mean has been chosen here since it is assumed that it is most suitable for the
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computation of changes over time.

12Frontier 4.1 reports values for a2 and not er; these tables therefore differ slightly from the
ones based on results derived by Limdep. However, it is believed that this is a minor detail and not
relevant for the result as such.

13It is suggested that an assessment of institutional efficiency changes could be carried out by
using a different estimation technique, e.g. a simultaneously estimated two equation model. This
idea is reserved for future work. The key idea at this point was to outline the potential that is
associated with research in this area.

14It might certainly be worthwhile to reflect in more detail what exactly TFP in IHE means and
what its causes and effects are.

15From the academic viewpoint, heterogeneity in IHE remains an interesting and promising
research area. Suggestion for further research include e.g. running regressions separately for pre-
1992, post-1992 universities and HE colleges.
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Part III

Conclusions and outlook for further

research
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Chapter 5

Efficiency analysis in non-profit
organisations:
Empirical evidence from institutions in
higher education in the UK
With implications for economic
modelling and policy design

5.1 Purpose of this chapter

The aim of this thesis was to examine the familiar, but still curious economics of institutions in

higher education. Research in this area has been carried out by looking at the UK case for the

academic years 1994/1995 and 1999/2000. Efficiency analysis has been used as a 'vehicle' for

this purpose. Research focused on the application of parametric and non-parametric efficiency

analysis techniques (SFA and DEA). In order to ensure applicability of these techniques from
an econometric viewpoint, the higher education production process has been examined in detail.

Special attention was devoted on how to make econometric efficiency analysis techniques

applicable to the particular nature of the multiple input, multiple output production process in
institutions in higher education. Difficulties arose due to the particular non-market nature of

institutions in higher education.

The model representation derived of the higher education production process has provided

a valuable framework for the efficiency analysis carried out in the main part of the thesis.
Within this model representation, different dimensions and perspectives of the higher education

production process have been identified. Production and cost have been identified as the main

dimensions, whereas input vs. output have been identified as different perspectives on the higher
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education production process. In terms of terminology used, a perspective is therefore a subset of
a dimension.

The purpose of this chapter is to summarise main research findings that result from these
different methodological approaches. A critical reflection of advantages and disadvantages
associated with the choice of the methodological approach undergone will be provided, too.

Overall results reflect the amount of work carried out over three years in this area. There is

therefore not a single result (e.g. in terms of a numerical value).1 It is stressed, however, that

despite the work carried out, further research needs to be carried out in this area in order to

refine the understanding of institutions in higher education that there is in the current literature.

Ideally, further research should be based on the advances made in this thesis, since research
into the nature of non-profit organisations in general and into institutions in higher education
in particular seems a promising research area. Due to the complexity of higher education per

se, it is believed that not a single methodological approach should be used. Instead, theoretical
and applied work should be combined. The methodological approach undergone should be as

comprehensive as possible in order to allow for methodological cross-checks to be carried out. In

this thesis, both SFA and DEA were therefore used in a complementary way in order to allow for

this methodological cross-check.

The remainder of this chapter is structured as follows. Section 5.2 reviews the familiar,
but curious nature of institutions in higher education by summarising main institutional and

organisational aspects that were incorporated into the research. Section 5.3 presents key results
from the thesis and highlights the contribution to knowledge made in this thesis. In section 5.4,

implications of main findings from research carried out in this thesis for policy design, economic

modelling, and future theoretical work in this area are derived. In section 5.5, the methodological

approach chosen is critically reviewed. Alternative suggestions are made in section 5.6. Section
5.7 concludes the thesis and provides an outlook for further research that can be carried out in
this area using these research findings as a valuable basis.

5.2 Economics of institutions in higher education

The focus of the research carried out in this thesis was to examine differences in institutional

efficiency in institutions in higher education in the UK. The aim was neither to examine

institutional foundations of individual institutions in higher education in the UK in detail,
nor to seek institution specific reasons for differences in efficiency. The approach chosen in
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this thesis is primarily based on the economic theory of cost and production in institutions

(from a microeconomic viewpoint) in combination with recent findings from New Institutional

Economics and other related approaches. This thesis is therefore an applied piece of work.

It is pointed out, however, that

(i) further research needs to be carried out in order to better understand the micro-foundations

of institutions in higher education starting from a business administration context (since this

is where reasons for inefficiency are believed to be determined), and

(ii) the determination of institution specific reasons for inefficiency should be based on a larger

research project, since this kind of work seems to be beyond the scope of this thesis.

A preliminary result from research carried out in this thesis is that institutions in higher education
are complex as far as both their economic environment and their institutional structures are

concerned. The by far most complex aspect of institutions in higher education—apart from their

organisational structures maybe—is the higher education production process. This process has

been analysed in detail in order to allow for econometric efficiency analysis techniques to be

applied. Examples for peculiar features of institutions in higher education in the UK are outlined

in the following.

It has been shown in this thesis that institutions in higher education are special for two

reasons, namely due to environmental aspects (e.g. at the macro level) and institutional aspects

(e.g. at the micro level).

- As far as the macro level of institutions in higher education is concerned, i.e. environmental

aspects of these institutions are unique due to

- the special nature of provision of higher education as a good,

- financial aspects of higher education (and of institutions in higher education),

- increasing competition and rising commercialisation among institutions in higher ed¬

ucation, and finally due to

- the particular nature of non-profit organisations in general.

- As far as the internal organisation (i.e. the micro or institutional level) of institutions in

higher education is concerned, particular aspects are their decentralised organisation and

decision making procedures (since the faculty is the core organisational unit), informal

333



agency relationships caused by high degrees of self-governance, academic labour market
institutions such as tenure, vagueness regarding core activities, and divergences in objec¬

tives between administrators and academics. The latter seems to make the derivation of a

'proper' objective function in terms of standard microeconomic theory next to impossible.

A number of UK specific aspects have been incorporated into the analysis both at the institutional
and sectoral level. The situation of institutions in higher education in the UK from 1994/1995 to

1999/2000 can be characterised by

- increasing student figures (and decreasing financial support, in absolute terms),

- increased awareness regarding both the overall quantity, and the quality of both research
and teaching,

- a multiplicity of both vertical and horizontal agency relationships (where the Government
and its funding bodies, universities, schools, faculties, departments, administrators, and
academics have been identified as key players), and

- a multiplicity of objectives, outputs, funding sources in IHE in the UK,

- a large number of challenges that the UK higher education sector is currently facing.

The market for higher education in the UK is a virtually closed one (with virtually no entry and
no exit), although a number of mergers have recently taken place and although there might be new

market entrants with tuition fees in the UK set to increase. Higher education in the UK is also

facing a number of challenges to ensure its own competitiveness and survivability. Challenges for
the positioning of the UK higher education sector include both enabling institutions to face and
meet future demand, both in terms of dealing with its qualitative and quantitative dimensions.

Examples for quantitative requirements are the capability to cope with increasing student figures.
The qualitative dimension includes requirements necessary to maintain and ensure the leading
role of UK research in the world. It is pointed out here that in the UK, education, and herein
in particular postgraduate education, is an export good. Whereas maybe one hundred years

ago, the main aim of UK institutions in higher education was to educate future members of the

Clergy (since many of them were church colleges) or to educate future administrators of the

Empire, higher education in the UK has become a diversified place in terms of internationality.

Higher education in the UK today (especially the one of postgraduate students with overseas

status) has become quite a lucrative business for institutions in higher education—especially for
financial reasons, too, since most master's programs only last a year (whereas in the U.S.A.,
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postgraduate programs often last two years). The latter fact is certainly putting UK institutions in

higher education in a competitively advantageous position in comparison to their U.S. American

counterparts.

As far as institutions in higher education in the UK are concerned, there is a significant

degree of heterogeneity in UK institutions in higher education although these institutions are

already part of a homogeneous subset of institutions. The latter finding supports the hypothesis
that specialisation of institutions in higher education in the UK is required to ensure both

competitiveness and survivability since there is only limited scope for extension of academic
services provided (in terms of both student figures and disciplines and research areas covered)

due to the limited availability of financial means (cf. chapter 1 for details).

Key results from the research carried out in the thesis and the contribution to knowledge
made are outlined in the following.

5.3 Summary of main findings and contribution to knowledge
5.3.1 Efficiency analysis for institutions in higher education in the UK

The examination of efficiency analysis and the estimation of cost functions in the higher education
context are not unexplored research areas in the literature. However, despite the work carried out

previously in this area, a number of research questions remained unanswered. Findings from the

current literature have been used to develop the topic further. In a first step, a model specification
of a benchmark function has been chosen for the purpose of econometric analysis that links cost

with output. This approach has been labelled output perspective since it examines how output is
related to cost production. Following the idea of a comprehensive and general methodological

approach, both SFA and DEA have been applied to analyse efficiency ('dual approach'). A pre¬

liminary result from the initial application of efficiency estimation and measurement techniques
to the case of institutions in higher education is that in absence of a profit motive, the road of

duality theory should not been followed via the estimation of 'conventional' cost functions. It

has therefore been suggested that alternative approaches (e.g. via the estimation of cost or pro¬

ductive efficiency) should be followed. As far as SFA and DEA are concerned, both techniques

rely on different assumptions. In order to make DEA applicable in this case, left and right hand

side variables had to be inverted (invertedfunctional relationship). The latter was due to the spe¬

cific assumptions that DEA as an efficiency measurement technique makes. The overall result is
that the rank correlation coefficient between those models derived on the basis of SFA and those
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derived by DEA is low (i.e. less than 50%). It remains unclear whether this is due to computa¬

tional reasons or for reasons other than the ones related to SFA and DEA (cf. chapter 2 for further

details).

5.3.2 The nature of the higher education production process

A model representation of the higher education production process has been achieved by

classifying and grouping the number of inputs and outputs used in this process. This has

been labelled the input perspective since it allows examination of how input contributes output

production. Estimations of a much more stringently defined higher education production process

have been carried out by applying both SFA and DEA, again in order to determine differences

in efficiency levels. The focus this time was on productive efficiency. A key finding from this

part of the thesis is that results from both Stochastic Frontier Analysis and Data Envelopment

Analysis are almost 80% correlated if the assumption is that the underlying production process

is a variable returns to scale, input oriented one. The presentation of results in the form of

league tables and the computation of rank correlation coefficients seems to be an appropriate

tool to visualise and compare efficiency analysis results from techniques that rely on different
econometric assumptions. However, a computation of intermediate ranks in necessary in order to

'break the ties' and rank fully efficient DMUs.

In a second step, results derived by the application of both SFA and DEA have been used
to carry out hypothesis tests regarding institutions in higher education. Among these findings are

that neither are traditional research based universities from the Russell group more efficient than
non-members of the group, nor are 'new' universities of the Coalition of Modern Universities

group more efficient than their 'older' brethren. Results from the cluster analysis reveal that

heterogeneity in institutions in higher education should indeed not be underestimated. This topic
has been looked at next, together with an examination of changes in productivity levels in UK

institutions in higher education from 1994/1995 to 1999/2000.

The methodological approach used in this chapter has brought back the issue of multi¬

dimensional output vectors and objectives. In order to make standard efficiency analysis

applicable in this case (especially SFA), the Euclidean norm has been used as a mathematical

tool to find a single scalar representation of a multi-dimensional output vector. This approach has
been discussed controversially in this chapter, both in terms of its mathematical validity vs. its

sensibility from an economic viewpoint. A sensitivity analysis has been carried out to address
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the issue of (uniform) weights on output. It has been concluded that the choice of appropriate

weights on output remains a difficult issue in itself. It is believed that the choice of weights is
an ex post measure that influences the potential results of efficiency analysis. The use of weights
remains a controversial and not yet fully satisfactorily answered issue, both as far as the use of ex

post weights is concerned and as far as the use of implicit weights is concerned. The sensitivity

analysis carried out at this point has helped to gain a better understanding of this issue and to

reflect upon its potential controversy.

As part of the discussion regarding the overall consistency and comparability of results,

league tables have been set up to compare results from the output and input perspective. An

interesting result is that league tables based on the examination of the input perspective are highly
correlated with the ones based on the output perspective, regardless of the efficiency analysis

technique chosen. A key finding is that those institutions are highly cost efficient that are also

highly efficient in terms of output production (cf. chapter 3 for details).

5.3.3 Heterogeneity and productivity changes

In a further step, the data basis was extended in a further step in order to extend the research
focus. A second set of data was acquired for this purpose in order to allow for a wider array

of econometric techniques to be applied. In particular, heterogeneity and changes in productive

efficiency have been analysed for a subset of all institutions in higher education in the UK from
1994/1995 to 1999/2000. A key finding is that there is partial empirical evidence in the data that

there are time-related and institution-specific effects in UK institutions in higher education—both
at the input and output side of the higher education production process (cf. chapter 4 for details).

A summary of contributions made in this thesis is provided in the following section.

5.3.4 Summary: Contribution to knowledge

The contributions to knowledge made in this thesis are summarised in the following.

- The applicability ofefficiency analysis to institutions in higher education has been critically
assessed by examining IHE in the UK for 1994/95 and 1999/2000.

- Parametric and non-parametric efficiency analysis techniques have been applied empiri¬

cally to institutions in higher education in the UK case.

- Results have been cross-checked via the computation of rank correlation coefficients.
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- The higher education production process has be defined in a comprehensive way.

- Controversial issues related to efficiency analysis in the HE context, such as the use of

implicit weights have been addressed by means of sensitivity analysis.

- Methodological cross-checks have been carried out. This has not been done in the literature
where in most cases, only a single estimation technique is used for the purpose of analysis.

- The higher education production process has been examined in detail. By doing so, a better

understanding of institutions in higher education has been achieved.

The work carried out in this thesis has promoted a better understanding of the economics of insti¬

tutions in higher education. Implications of research findings from this thesis for policy design,

economic modelling, and future theoretical work will be examined in the following.

5.4 Implications of findings for policy design, empirical analysis, and
theoretical work

The aim of this section is to use research findings from this thesis in order to derive implications

for

- policy design,

- empirical analysis, and

- further theoretical work, such as e.g. economic modelling.

Implications for policy design and economics modelling have already been derived individually
and independently in chapters 3 and 4. Recommendations made in these chapters will be briefly

summarised in the following. In addition, implications of key research findings for further theo¬

retical work will be highlighted, since this aspect has not been considered so far.

5.4.1 Implications for policy design

Given that there are differences in inefficiency levels in institutions in higher education in the UK,

a main aim of policy actions should be to create incentives for these institutions to become fully

efficient both in terms of internal organisation and output production. There should certainly not

be a homogeneous treatment of institutions in higher education due to reasons of heterogeneity
and time specificity. Incentives should be provided for institutions to cultivate their institution

specific characteristics, such as a teaching vs. research orientation. Governmental support should
be provided, e.g. via funding bodies, to ensure that institutions are treated according to their own,
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special characteristics. At the same time that these suggestions for policy design are made, it

is also acknowledged that there are limits to promote efficiency in IHE. Reasons are long-term

commitments, policy regulations or other exogenously given rules that limit IHE in their ability
to exhibit a fully market oriented behaviour.

Implications of findings from this thesis for empirical analysis are presented next.

5.4.2 Implications for empirical analysis

Empirical analysis in future work could focus on further examination of the higher education

production process. This includes an examination of (reasons for) heterogeneity in institutions

in higher education in the UK and a re-examination of microstructures of institutions in higher
education in the UK. Based on findings in these areas, reasons for institutional inefficiency should
be examined. This includes a monetary quantification of inefficiency in combination with an

analysis of cost saving potentials. Therefore, analysing reasons for inefficiency in institutions in

higher education in the UK empirically is believed to be ofutmost importance. It is suggested that

reasons for inefficiency lie both in organisational aspects (e.g. internal organisation and structure

ofuniversities) and in process oriented aspects (e.g. the organisation ofwork in these institutions).

Further recommendations for empirical analysis also include an extension of the data basis

in order to allow application of more sophisticated econometric techniques (e.g. panel data

econometrics). The extension of the data basis is believed to be the key to more qualitative

results.2

Implications of findings from this thesis for theoretical work are presented next.

5.4.3 Implications for theoretical work

The findings derived in this thesis also have implications for theoretical work that can be carried

out in this area. Since these implications have not yet been looked at individually in any of the

chapters above, this will be done in the following.

Three implications of the research findings derived in this thesis for theoretical work emerge

almost automatically.

- Firstly, findings allow the higher education production process to be described formally for
the purpose of economic modelling and econometric work.
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- Secondly, utility maximisation can be examined in combination with, not necessarily sepa¬

ratelyfrom efficiency analysis in institutions in higher education. This has not been carried
out so far and remains a valuable research area for further work and represents an extension
of existing work.

- Thirdly, future theoretical work should focus on examining multiple agency situations in

both higher education institution and the higher education sector. This includes an in depth

analysis of both horizontal and vertical agency relationships. Due to its high explanatory

power, agency theory seems to be a good starting point for further work at a theoretical

level, especially in combination with issues such as delegation and bargaining.

It is pointed out that the author of this thesis is fully aware that both research findings and the

derivation of the implications for policy design, empirical analysis, and theoretical work depend

to a large degree on the methodological approach chosen and on the design of the analysis. In

terms of critical judgement of his own work, the methodological approach chosen in this thesis

will be critically assessed in the following section.

5.5 Critique of the methodological approach
The aim of this section is to briefly comment on the methodological approach followed in this

thesis. This will be done by highlighting potential points of criticism.

- Firstly, potential criticism could be that

— the higher education production process has been oversimplified since it neglects both

important outputs (e.g. public services) and that

- it does not account for qualitative dimensions of some of the goods and services pro¬

vided by institutions in higher education (such as e.g. supervision of students).

- Secondly, critics might argue that the use of Euclidean norm as an aggregation technique is
a bit 'shaky' in a sense that it is mathematically valid, but not necessarily sensiblefrom the

economic viewpoint.3 Major point of criticism in this context is the implicit assumptions

regarding objectives and relative weights that is made when the Euclidean norm is used as

an aggregation technique. An undeniable advantage of this procedure is that it provides a

single scalar representation of a multi-dimensional output vector. A potential disadvantage
of that procedure might be that it represents a simplification. Re-scaling techniques have

been used to make output unit-free and to allow for aggregation.
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- Thirdly, up and until now, no institutional analysis has been carried out that allows deter¬

mination of reasons for institution specific inefficiency. No second stage analysis has been

carried out so far where inefficiency coefficients have been regressed on a number of po¬

tential explanatory variables that might help to reveal reasons for inefficiency in institutions

in higher education. This is an open research topic that is believed to be a fruitful research

area for future work.

- Fourthly, quadratic terms have not been included into the estimation of the production func¬

tion in order to examine degree of economies of scale. Hence, no profound answer to the

question whether Targe is beautiful' (in terms of organisational structure) has been pro¬

vided.

- Fifthly, different techniques to cluster institutions in higher education could be used and

results could be compared. Criteria for clustering institutions in higher education could

e.g. be the factor proportions used to produce output.

These potential points of criticism will briefly be commented on in the following when sugges¬

tions for alternative approaches are made. The topics presented in the following are all left for
further research.

5.6 Evaluation of alternative methodological approaches
Suggestions for alternative methodological approaches are presented in the following. Their eco¬

nomic sensibility and their applicability to the general topic of the thesis will also be commented
on.

1. Firstly, in order to circumvent potential problems with the multiplicity of output (problems

that essentially result due to aggregation problems), a suggestion that has been made in
this thesis is the estimation of a function that links total cost on the left hand side to a

number of outputs produced on the right hand side. It is certainly debatable whether this

function is a costfunction in a traditional sense or a benchmarkfunction. The advantage of

this procedure is that it allows examination of the multiple output case. Relative weights

associated to each output in terms of their relative cost causation can be derived. However,

it needs to be examined to what degree this functional form can be used for productive

efficiency analysis, since it neither follows a conventional cost function, nor does it make

any statements about the underlying production process. More theoretical work is therefore

required at this point. In general, the purpose of the analysis chosen also seems to matter in

this context.
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2. Secondly, following the tradition of open sciences, a further suggestion for an alternative

methodological approach is to exclude research output completely from the empirical anal¬

ysis.4 By doing so, knowledge production in terms of student figures only is focused on. A

potential advantage of this procedure is that student figures per se can be added, although
it is debatable as to what degree resources needed to teach undergraduate students differ
from resources needed for teaching postgraduate students. The latter would be an argument

for weighting undergraduate and postgraduate students differently, according to the relative

weights assigned to each output by institutions in higher education. Also in this case, the

aggregation problem as such persists.

3. Thirdly, a further suggestion is to stick to the aggregation technique used before (i.e. use of
the Euclidean norm) and to weight output differently. In this case, efficiency analysis can

be carried out with different weights assigned to each output. This allows analysis of the

robustness and sensitivity of the efficiency coefficients derived by both parametric and non-

parametric efficiency analysis techniques. The analysis of weights associated to each output

can be linked to the questions whether there are scale economies or whether institution spe¬

cific choices of (input,output)-combinations can be explained in terms of scale economies.

Ultimately, this also leads to the question of increasing specialisation of whether the state¬

ment Targe is beautiful' holds for institutions in higher education in the UK. Should this

approach be chosen, a necessary prerequisite is to find an answer to the question whether

weighting is desired either from an econometric or economic viewpoint.

4. Fourthly, the issue of implicit weights has been examined in detail by means of a sensitivity

analysis. The use of weights has also been reflected upon together with an examination of
the problems related to the issue of how to determine weights in an appropriate manner.

These alternative methodological approaches will be briefly commented on in the following.

Comments on suggested alternative methodological approaches
A number of alternative methodological approaches have been outlined in the previous section.

These suggestions will briefly be commented on in the following.

- Analysis of scale economies has been carried out en passant although it was not at the

core of the work carried out in this thesis. Since the primary focus of this thesis was on

testing the applicability of efficiency analysis to institutions in higher education, the issue
of whether there are economies of scale in institutions in higher education in the UK was

not the main centre of interest.
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- As long as funding is linked to both qualitative and quantitative dimensions of research

outcome, research should certainly be incorporated into efficiency analysis as a major out¬

put. The alternative is not to consider research production at all and to use total cost minus

any expenditure that is devoted to research as an explanandum, i.e. left hand side variable.

However, in this case, if efficiency is looked at, only productive efficiency of undergraduate

and postgraduate students is considered. It is pointed out that given that research into insti¬
tutions in higher education should be comprehensive in a sense that it accounts for specifics

of both institutional aspects and of the underlying production process, ignoring research as

an important output does not seem to be an approach that immediately seems intuitively

sensible.

- Although the problem ofhow to quantify research and how to incorporate it into the analysis

still persists—and despite the idea of open sciences—efficiency analysis needs to acknowl¬

edge the increasing relevance of research as an output of the higher education production

process. Research as a key output of institutions in higher education is assumed to have

huge behavioural implications for these institutions (i.e. the way these institutions allocate

resources internally, or recruit new members of staff etc.). This cannot be accounted for by

simply excluding research output from efficiency analysis. A further question that needs to

be answered is the one whether the transformation function should be bound in any direc¬

tion. An answer to this question has important implications both for the design of efficiency

analysis measures and the interpretation of results.

It can be concluded from this evaluation of alternative methodological approaches above that

the problem of aggregation persists in situations where duality is inapplicable. It is doubted,

however, whether an optimal solution to the aggregation problem can be found. Obviously,
different methodological approaches can be thought of. It remains to be seen if any of the above

mentioned alternatives is more promising (in terms of mileage) than the approach chosen in this

thesis.5 Methodologically speaking, different approaches (i.e. starting points) lead to different
results. A partial solution to this problem has been sought by using both approaches and by

comparing results in terms of their relative performance. The aim should not be to choose the

methodological approach such that it produces desirable or predictable results or results that fit the
standard idea regarding the UK higher education sector (where certain institutions are expected to

be on top of any league table due to their accentuated position in the UK higher education system).

The topics suggested in this section are left for further research. Based on and in exten¬

sion to the research topics considered in this thesis, an outlook for further research is provided in
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the following together with final conclusions.

5.7 Outlook for further research and final conclusions

The aim of this thesis is to promote a better understanding of institutions in higher education.

Despite the advances made, a number of research questions still remain unanswered. Topics for
future work will be highlighted in the following. Final conclusions are drawn at the end of this
section.

Outlook for further research

It is suggested that further research into institutions in higher education should focus on two levels,

namely

- the institutional level and

— the sectoral level.

As far as the institutional level is concerned, the following topics are suggested for future research.

- Examination of the nature of institutions in higher education

This includes an analysis of objectives, the higher education production process, the use of

performance indicators, and the issue of 'value added' in institutions in higher education.
In particular, it could be interesting to examine relative weights that institutions put on each

output (in relation to resources required to produce each output). This allows examination

as to what degree there is consistency in institutional objectives, resources used (in terms of

output choice and resource utilisation).

— Examination of allocative efficiency in institutions in higher education

This includes price-setting, price-taking mechanisms, choice of (input,output-

combinations, of resources, and cross-subsidisation within institutions in higher education.

— Examination of productive and cost efficiency using a panel data econometric ap¬

proach

This requites a further extension of the data basis.

- Further examination of heterogeneity and reasons for institution specific inefficiency

in institutions in higher education

Analysis in this area could either be based on the whole set of institutions in higher educa¬
tion in the UK or on more homogenous subsets only.
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- Examination of efficiency analysis in combination with utility maximisation

This includes a derivation of relative weights that institutions in higher education assign to

each output given that their supposed aims are

(i) to maximise utility (from output production), and given that

(ii) they should at least aim at maximisation institutional efficiency.

Furthermore, it is suggested that further research into institutions in higher education at the sec¬

toral level should focus on the following three issues.

- Examination of agency relationships and their consequences for institutions in higher

education

This includes a special research focus on whether there are potential benefits, or negative

unintended consequences that, in turn, affect institutions in higher education.

- Examination of competition, privatisation, and globalisation in higher education
This includes an analysis of how these three aspects affect institutions in higher education.

- Examination of sectoral size, competitiveness, and international comparisons of higher

education systems

This requires an extension of the data bases (e.g. by making use of OECD data).

A final conclusion is provided in the following section.

Final conclusions

Referring to the initial starting point of the analysis, the sensitivity of league tables, it can be

concluded that benchmarks are highly relative and sensitive for a number of reasons. Research

findings from this thesis reveal that research into the nature of non-profit organisations in general

and into institutions in higher education in particular remains highly interesting, challenging and

of increasing relevance at the same time. In particular, reasons for growing interest in this area

are the promotion of the so far limited understanding of how these peculiar organisations function

and how their complex and so far poorly understood production process can be examined. The

contribution made in this thesis therefore consists of two components, namely

(i) a theoretical contribution based on the theoretical advances made due to the examination

of applicability of efficiency analysis to non-profit organisations, and

(ii) an applied contribution based on the research findings derived by examining specifics of

the UK higher education sector.
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Research findings from this thesis have been used to derive implications for empirical analysis,

policy design and economic modelling. Due to their high relevance of higher education as a

research topic, results from this thesis are of interest both for academics and practitioners (such
as e.g. politicians and/or university administrators). Results derived in this thesis can also be used
for further analysis at the micro-level of these institutions (e.g. examination of organisational and
structural aspects of institutions in higher education) and in order to carry out in depth second

stage analysis (e.g. to examine institution specific research for inefficiency). These issues remain
for further research.
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Endnotes

1This thesis aims at outlining key results from the entire research process. Individual results
from the findings presented in this thesis are worth publication in order to make them available to
a greater scientific community.

2This seems to be of extreme importance in the case under consideration here since data from
the first time period (i.e. the academic year 1994/1995) seem indeed to be somehow subject to
qualitative restrictions.

3I am grateful to Paul Hare for putting it this way.

4I am grateful to John Beath for drawing my attention to this point.

51 am grateful to Bob Hart for putting it this way. This comment taught me actually a lot
about economics as a science and about how researchers have to behave in order to survive in a

competitive research environment. This starts at the earliest levels and is hence also true for the
PhD thesis.
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Appendix A

Efficiency analysis for institutions in
higher education in the UK
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Institutions in higher education in the UK
All UK institutions in higher education are listed according to their alphabetical and regional
order. Official HESA keys are included in brackets.

1 (0047) Anglia Polytechnic University
2 (0108) Aston University
3 (0048) Bath Spa University College
4 (0109) The University of Bath
5 (0127) Birkbeck College

6 (0110) The University of Birmingham
7 (0007) Bishop Grosseteste College

8 (0049) Bolton Institute of Higher Education
9 (0050) Bournemouth University
10 (0111) The University of Bradford
11 (0008) Bretton Hall College of HE

12 (0051) The University of Brighton
13 (0112) The University of Bristol
14 (0113) Brunei University

15 (0009) Buckinghamshire Chilterns University College
16 (0114) The University of Cambridge
17 (0012) Canterbury Christ Church University College
18 (0052) The University of Central England
19 (0053) The University of Central Lancashire
20 (0010) Central School of Speech and Drama

21 (0054) Cheltenham and Gloucester College of HE
22 (0011) Chester College of HE
23 (0082) University College Chichester
24 (0115) City University
25 (0004) The College of Guidance Studies
26 (0056) Coventry University
27 (0002) Cranfield University

28 (0192) Cumbria College of Art and Design, Carlisle

29 (0015) Dartington College of Arts
30 (0068) De Montfort University
31 (0057) University of Derby
32 (0116) University of Durham
33 (0117) The University of East Anglia
34 (0058) The University of East London

35 (0016) Edge Hill College of Higher Education
36 (0118) The University of Essex

37 (0119) The University of Exeter

38 (0017) Falmouth College of Arts

39 (0131) Goldsmiths College
40 (0059) The University of Greenwich
41 (0018) Harper Adams University College
42 (0060) University of Hertfordshire
43 (0019) Homerton College
44 (0061) The University of Huddersfield
45 (0120) The University of Hull
46 (0132) Imperial Col. of Sc., Techn. & Med.
47 (0006) Institute of Advanced Nursing Education

48 (0133) Institute of Education
49 (0121) The University of Keele
50 (0122) The University of Kent at Canterbury
51 (0020) Kent Institute of Art & Design

52 (0021) King Alfred's College, Winchester
53 (0134) King's College London
54 (0063) Kingston University
55 (0123) The University of Lancaster
56 (0064) Leeds Metropolitan University
57 (0124) The University of Leeds
58 (0125) The University of Leicester
59 (0062) The University of Lincolnshire and Humberside
60 (0023) Liverpool Hope
61 (0065) Liverpool John Moores University
62 (0126) The University ofLiverpool
63 (0135) London Business School

64 (0151) University of London (Institutes and activities)
65 (0055) London Guildhall University
66 (0024) The London Institute

67 (0137) London School of Economics
68 (0138) London School ofHyg. & Trop. Med.
69 (0152) Loughborough University

70 (0026) University of Luton
71 (0153) University of Manchester
72 (0165) University of Manchester Inst, of Sc. & Techn.
73 (0066) The Manchester Metropolitan University
74 (0067) Middlesex University
75 (0154) The University of Newcastle-upon-Tyne
76 (0028) Newman College
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77 (0070) The University of North London

78 (0029) North Riding College HE Corp.

79 (0027) University College Northampton
80 (0191) Northern School of Contemporary Dance

81 (0069) The University of Northumbria at Newcastle

82 (0190) Norwich School of Art and Design
83 (0071) The Nottingham Trent University

84 (0155) The University of Nottingham
85 (0001) The Open University
86 (0072) Oxford Brookes University
87 (0156) The University of Oxford
88 (0073) The University of Plymouth
89 (0074) The University of Portsmouth
90 (0139) Queen Mary and Westfield College
91 (0030) Ravensbourne College of Des. & Comm.

92 (0157) The University of Reading
93 (0013) The College of Ripon and York St John
94 (0031) University of Surrey, Roehampton
95 (0032) Rose Bruford College
96 (0033) Royal Academy of Music
97 (0003) Royal College of Art
98 (0034) Royal College of Music
99 (0141) Royal Holloway and Bedford New College
100 (0035) Royal Northern College of Music

101 (0143) The Royal Veterinary College
102 (0145) St George's Hospital Medical School
103 (0014) College of St Mark and St John
104 (0038) St Martin's College
105 (0039) St Mary's College
106 (0158) The University of Salford
107 (0146) The School of Oriental and African Studies

108 (0147) The School of Pharmacy
109 (0075) Sheffield Hallam University
110 (0159) The University of Sheffield
111 (0076) South Bank University
112 (0037) Southampton Institute
113 (0160) The University of Southampton
114 (0077) Staffordshire University
115 (0078) The University of Sunderland
116 (0044) The Surrey Institute of Art and Design
117 (0161) The University of Surrey
118 (0162) The University of Sussex

119 (0079) The University ofTeesside
120 (0080) Thames Valley University
121 (0040) Trinity and All Saints College
122 (0041) Trinity College of Music
123 (0149) University College London
124 (0163) The University of Warwick
125 (0081) University of the West of England, Bristol
126 (0042) Westminster College
127 (0083) The University of Westminster
128 (0084) Wimbledon School of Art

129 (0085) The University of Wolverhampton
130 (0046) University College Worcester
131 (0189) Writtle College
132 (0150) Wye College
133 (0164) The University of York
134 (0177) University of Wales, Aberystwyth
135 (0178) University of Wales, Bangor

136 (0179) Cardiff University
137 (0089) University of Wales Institute, Cardiff
138 (0090) University of Glamorgan
139 (0176) The University of Wales, Lampeter

140 (0181) University of Wales College of Medicine
141 (0086) University of Wales College, Newport
142 (0087) The North-East Wales Institute of HE

143 (0091) Swansea Institute of Higher Education
144 (0180) University of Wales, Swansea

145 (0092) Trinity College, Carmarthen
146 (0182) Welsh College of Music and Drama

147 (0170) The University of Aberdeen
148 (0095) University of Abertay Dundee
149 (0172) The University of Dundee
150 (0096) Edinburgh College of Art

151 (0167) The University of Edinburgh
152 (0106) Glasgow Caledonian University
153 (0097) Glasgow School of Art

154 (0168) The University of Glasgow
155 (0171) Heriot-Watt University
156 (0107) Napier University
157 (0099) Northern College of Education
158 (0105) The University of Paisley
159 (0100) Queen Margaret University College
160 (0104) The Robert Gordon University
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161 (0101) The Royal Scottish Academy
162 (0173) The University of St Andrews

163 (0175) Scottish Agricultural College
164 (0174) The University of Stirling
165 (0169) The University of Strathclyde

166 (0184) The Queen's University of Belfast
167 (0194) St Mary's University College
168 (0193) Stranmillis University College
169 (0185) University of Ulster

Table A.l: Institutions in higher education
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Data transformations

Name Transformation

Inexp
Inug
Inpg
Inrae

= In(EXP)
= ln(UGFTE)
= In (PGFTE)
= ln(RAE)

Table A.2: Data transformations

Model selection and description

Number Model Description Technique
Model 1
Model 2

Model 3
Model 4
Model 5

CE
CRSI
CRSO
VRSJ
VRSO

Cost efficiency (according to model 1)
Const, ret. to scale; input orient.
Const, ret. to scale; output orient.
Variable ret. to scale; input orient.
Variable ret. to scale; output orient.

computed using SFA
computed using DEA
computed using DEA
computed using DEA
computed using DEA

Table A.3: Model selection and description
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Model 1: CE: Parameter estimates (OLS)

Variable Coefficient Standard Error b/St.Er. P[|Z| >z]

Constant 11.6749 0.2488 46.9220 0.0000

LNUGFTE 0.3032 0.0418 7.2570 0.0000

LNRAE 0.3057 0.0338 9.0470 0.0000

LNPGFTE 0.2215 0.0554 4.0010 0.0001

Table A.4: Model 1: CE: Parameter estimates (OLS)

Model 1: CE: Parameter estimates (MLE)

Variable Coefficient Standard Error b/St.Er. P[|Z| >z]

Constant 10.3570 0.2011 51.5140 0.0000
LNUGFTE 0.4265 0.0255 16.7110 0.0000

LNRAE 0.2809 0.0379 7.4080 0.0000

LNPGFTE 0.2291 0.0402 5.6940 0.0000

Variance parameters for compound error

X 3.3811 0.5594 6.0440 0.0000

cr 0.5005 0.0227 22.0020 0.0000

Table A.5: Model 1: CE: Parameter estimates (MLE)
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Model 1: CE: Efficiency ranking

Rank IHE CE Rank IHE CE Rank IHE CE Rank IHE CE

1 5 0.9558 36 135 0.8288 71 44 0.7494 106 156 0.6466
2 139 0.9482 37 114 0.8255 72 19 0.7478 107 84 0.6465

3 39 0.9285 38 136 0.8250 73 24 0.7474 108 148 0.6460

4 23 0.9249 39 11 0.8215 74 54 0.7424 109 70 0.6458
5 29 0.9181 40 77 0.8210 75 22 0.7410 110 75 0.6452
6 3 0.9138 41 50 0.8204 76 60 0.7404 111 6 0.6409
7 43 0.9095 42 89 0.8187 77 110 0.7379 112 147 0.6310
8 52 0.9060 43 134 0.8118 78 121 0.7327 113 155 0.6294
9 49 0.9024 44 38 0.8113 79 69 0.7243 114 72 0.6223
10 14 0.8989 45 83 0.8105 80 62 0.7223 115 71 0.6151

11 94 0.8921 46 2 0.8096 81 143 0.7205 116 66 0.6030
12 128 0.8872 47 45 0.8068 82 106 0.7187 117 160 0.6023

13 17 0.8748 48 86 0.8006 83 42 0.7125 118 151 0.5948
14 36 0.8684 49 105 0.7987 84 158 0.7125 119 90 0.5939
15 33 0.8672 50 10 0.7952 85 1 0.7087 120 117 0.5914

16 12 0.8671 51 159 0.7926 86 115 0.7086 121 76 0.5851
17 125 0.8671 52 35 0.7875 87 61 0.7061 122 154 0.5814
18 118 0.8625 53 111 0.7868 88 142 0.7025 123 112 0.5786

19 130 0.8620 54 74 0.7868 89 124 0.6970 124 51 0.5720
20 79 0.8611 55 92 0.7829 90 67 0.6911 125 87 0.5092

21 164 0.8607 56 127 0.7828 91 108 0.6905 126 16 0.5002
22 153 0.8597 57 18 0.7821 92 13 0.6878 127 53 0.4897

23 169 0.8595 58 141 0.7799 93 56 0.6853 128 98 0.4891
24 99 0.8594 59 144 0.7768 94 137 0.6812 129 120 0.4791
25 73 0.8567 60 81 0.7754 95 31 0.6771 130 140 0.4496
26 34 0.8566 61 4 0.7735 96 26 0.6770 131 123 0.4309

27 37 0.8524 62 166 0.7733 97 119 0.6736 132 41 0.4220
28 138 0.8508 63 65 0.7694 98 40 0.6736 133 101 0.4180

29 85 0.8479 64 58 0.7663 99 113 0.6710 134 46 0.3676
30 59 0.8448 65 133 0.7642 100 103 0.6701 135 102 0.3520
31 30 0.8426 66 165 0.7627 101 15 0.6676 136 131 0.2694

32 32 0.8381 67 9 0.7520 102 162 0.6671 137 48 0.1832
33 152 0.8352 68 8 0.7511 103 149 0.6641 138 163 0.0864

34 107 0.8351 69 104 0.7509 104 129 0.6539
35 109 0.8304 70 88 0.7505 105 57 0.6499

Table A.6: Model 1: CE: Efficiency ranking
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Model 2: CRSI: Efficiency ranking

Rank IHE CE Rank IHE CE Rank IHE CE Rank IHE CE

1 85 1.000 36.5 125 0.954 68.5 138 0.929 106 143 0.879
2 87 1.000 36.5 133 0.954 72 10 0.928 107 160 0.878
3 16 1.000 38 17 0.952 73 56 0.926 108 137 0.876

4.5 57 0.998 39 69 0.951 74 135 0.925 109 52 0.871

4.5 58 0.998 41 90 0.947 75.5 72 0.924 110.5 3 0.870
6.5 62 0.997 41 127 0.947 75.5 117 0.924 110.5 142 0.870
6.5 151 0.997 41 147 0.947 77 107 0.923 112.5 22 0.868
8.5 71 0.995 43 149 0.946 78.5 42 0.922 112.5 130 0.868
8.5 110 0.995 44 109 0.945 78.5 120 0.922 114 8 0.864
10 124 0.991 45.5 24 0.943 80.5 112 0.921 115 60 0.863
11 67 0.990 45.5 164 0.943 80.5 152 0.921 116 140 0.862

12.5 6 0.989 47.5 45 0.942 82 26 0.918 117 148 0.848
12.5 113 0.989 47.5 83 0.942 84 44 0.917 118 23 0.845

14 165 0.988 49.5 19 0.941 84 77 0.917 119 159 0.845

15.5 136 0.987 49.5 144 0.941 84 79 0.917 120 121 0.840

15.5 154 0.987 52.5 4 0.939 86 86 0.916 121 139 0.839
17 84 0.986 52.5 50 0.939 87 31 0.914 122.5 11 0.832
18 123 0.985 52.5 106 0.939 88 115 0.913 122.5 153 0.832

19 13 0.984 52.5 162 0.939 89.5 54 0.912 124 105 0.831
20 166 0.980 55 12 0.938 89.5 70 0.912 125 103 0.829
21 32 0.974 56.5 39 0.937 91 9 0.911 126 43 0.817
22 92 0.973 56.5 89 0.937 92 65 0.909 127 102 0.816
23 53 0.972 58.5 18 0.936 93 34 0.907 128 51 0.811
24 75 0.970 58.5 99 0.936 94 155 0.906 129 41 0.793
25 48 0.968 60 88 0.935 95 40 0.905 130 76 0.790
26 169 0.966 61 1 0.933 96.5 2 0.903 131 38 0.788
27 118 0.963 62.5 36 0.932 96.5 119 0.903 132 101 0.765

28 46 0.962 62.5 114 0.932 98 15 0.894 133 128 0.763
29.5 14 0.960 64 81 0.931 99 66 0.892 134 131 0.755
29.5 73 0.960 65 59 0.930 100 94 0.891 135 108 0.752
31 49 0.959 68.5 61 0.929 101.5 156 0.888 136 29 0.730

32.5 5 0.958 68.5 74 0.929 101.5 158 0.888 137 98 0.691
32.5 30 0.958 68.5 111 0.929 104 35 0.886 138 163 0.669
34 37 0.956 68.5 129 0.929 104 104 0.886
35 33 0.955 68.5 134 0.929 104 141 0.886

Table A.7: Model 2: CRSI: Efficiency ranking
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Model 3: CRSO: Efficiency ranking

Rank IHE CE Rank IHE CE Rank IHE CE Rank IHE CE
1 85 1.000 36.5 125 0.954 68.5 138 0.929 106 143 0.879
2 87 1.000 36.5 133 0.954 72 10 0.928 107 160 0.878
3 16 1.000 38 17 0.952 73 56 0.926 108 137 0.876

4.5 57 0.998 39 69 0.951 74 135 0.925 109 52 0.871
4.5 58 0.998 41 90 0.947 75.5 72 0.924 110.5 3 0.870
6.5 62 0.997 41 127 0.947 75.5 117 0.924 110.5 142 0.870

6.5 151 0.997 41 147 0.947 77 107 0.923 112.5 22 0.868
8.5 71 0.995 43 149 0.946 78.5 42 0.922 112.5 130 0.868

8.5 110 0.995 44 109 0.945 78.5 120 0.922 114 8 0.864
10 124 0.991 45.5 24 0.943 80.5 112 0.921 115 60 0.863
11 67 0.990 45.5 164 0.943 80.5 152 0.921 116 140 0.862

12.5 6 0.989 47.5 45 0.942 82 26 0.918 117 148 0.848

12.5 113 0.989 47.5 83 0.942 84 44 0.917 118.5 23 0.845
14 165 0.988 49.5 19 0.941 84 77 0.917 118.5 159 0.845

15.5 136 0.987 49.5 144 0.941 84 79 0.917 120 121 0.840
15.5 154 0.987 52.5 4 0.939 86 86 0.916 121 139 0.839
17 84 0.986 52.5 50 0.939 87 31 0.914 122.5 11 0.832
18 123 0.985 52.5 106 0.939 88 115 0.913 122.5 153 0.832
19 13 0.984 52.5 162 0.939 89.5 54 0.912 124 105 0.831
20 166 0.980 55 12 0.938 89.5 70 0.912 125 103 0.829
21 32 0.974 56.5 39 0.937 91 9 0.911 126 43 0.817
22 92 0.973 56.5 89 0.937 92 65 0.909 127 102 0.816
23 53 0.972 58.5 18 0.936 93 34 0.907 128 51 0.811
24 75 0.970 58.5 99 0.936 94 155 0.906 129 41 0.793
25 48 0.968 60 88 0.935 95 40 0.905 130 76 0.790
26 169 0.966 61 1 0.933 96.5 2 0.903 131 38 0.788
27 118 0.963 62.5 36 0.932 96.5 119 0.903 132 101 0.765
28 46 0.962 62.5 114 0.932 98 15 0.894 133 128 0.763

29.5 14 0.960 64 81 0.931 99 66 0.892 134 131 0.755
29.5 73 0.960 65 59 0.930 100 94 0.891 135 108 0.752
31 49 0.959 68.5 61 0.929 101.5 156 0.888 136 29 0.730

32.5 5 0.958 68.5 74 0.929 101.5 158 0.888 137 98 0.691
32.5 30 0.958 68.5 111 0.929 104 35 0.886 138 163 0.669
34 37 0.956 68.5 129 0.929 104 104 0.886
35 33 0.955 68.5 134 0.929 104 141 0.886

Table A.8: Model 3: CRSO: Efficiency ranking
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Model 4: VRSI: Efficiency ranking

Rank IHE CE Rank IHE CE Rank IHE CE Rank IHE CE

1 85 1.000 37 76 0.996 66 153 0.990 108 4 0.982

2 5 1.000 37 114 0.996 66 164 0.990 108 26 0.982

3 52 1.000 37 124 0.996 77.5 14 0.989 108 69 0.982

4 139 1.000 37 166 0.996 77.5 22 0.989 108 134 0.982

5 59 1.000 41.5 35 0.995 77.5 36 0.989 108 144 0.982

6 143 1.000 41.5 73 0.995 77.5 65 0.989 112 53 0.981

7 87 1.000 41.5 130 0.995 77.5 70 0.989 112 86 0.981

8 136 1.000 41.5 165 0.995 77.5 83 0.989 112 158 0.981

9 79 1.000 44.5 92 0.994 77.5 89 0.989 115.5 10 0.980

10 29 1.000 44.5 142 0.994 77.5 105 0.989 115.5 24 0.980

11 110 1.000 48 19 0.993 77.5 123 0.989 115.5 90 0.980

12 141 1.000 48 84 0.993 77.5 159 0.989 115.5 106 0.980

13.5 16 1.000 48 94 0.993 84 15 0.988 119.5 2 0.978

13.5 58 1.000 48 109 0.993 84 31 0.988 119.5 137 0.978

16 17 1.000 48 154 0.993 84 39 0.988 119.5 147 0.978

16 48 1.000 52.5 30 0.992 88 60 0.987 119.5 149 0.978

16 128 1.000 52.5 133 0.992 88 74 0.987 122.5 46 0.976

18 121 1.000 52.5 152 0.992 88 75 0.987 122.5 135 0.976

19 3 1.000 52.5 169 0.992 88 81 0.987 124 72 0.975

20 57 1.000 57 9 0.991 88 162 0.987 126 51 0.974

21.5 62 1.000 57 11 0.991 92.5 44 0.986 126 148 0.974

21.5 67 1.000 57 18 0.991 92.5 61 0.986 126 156 0.974

23.5 23 0.999 57 77 0.991 92.5 111 0.986 128 40 0.973

23.5 151 0.999 57 99 0.991 92.5 127 0.986 129 41 0.969

28 12 0.998 66 1 0.990 95.5 98 0.985 130 160 0.969

28 13 0.998 66 33 0.990 95.5 129 0.985 131 66 0.967

28 43 0.998 66 34 0.990 98.5 42 0.984 132 117 0.965

28 71 0.998 66 37 0.990 98.5 50 0.984 133 155 0.961

28 103 0.998 66 38 0.990 98.5 56 0.984 134 140 0.956
28 125 0.998 66 49 0.990 98.5 108 0.984 135.5 101 0.953

28 138 0.998 66 88 0.990 103 8 0.983 135.5 131 0.953

33 32 0.997 66 104 0.990 103 45 0.983 137 102 0.949

33 113 0.997 66 107 0.990 103 54 0.983 138 163 0.866
33 118 0.997 66 112 0.990 103 115 0.983

37 6 0.996 66 120 0.990 103 119 0.983

Table A.9: Model 4: VRSI: Efficiency ranking
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Model 5: VRSO: Efficiency ranking

Rank IHE CE Rank IHE CE Rank IHE CE Rank IHE CE
1 85 1.000 37 114 0.993 70.5 89 0.979 104 134 0.968
2 5 1.000 37 165 0.993 73.5 34 0.978 107 119 0.967
3 52 1.000 37 166 0.993 73.5 65 0.978 109 54 0.966
4 136 1.000 39 43 0.992 73.5 70 0.978 109 115 0.966
5 139 1.000 40 92 0.991 73.5 162 0.978 109 149 0.966

6 143 1.000 41.5 84 0.990 77.5 11 0.977 111.5 26 0.965
7 59 1.000 41.5 154 0.990 77.5 31 0.977 111.5 147 0.965
8 87 1.000 43 73 0.989 77.5 39 0.977 113 10 0.964
9 79 1.000 45.5 76 0.988 77.5 159 0.977 114 46 0.963
10 110 1.000 45.5 123 0.988 81 22 0.976 115 106 0.962
11 58 1.000 45.5 130 0.988 81 36 0.976 116.5 86 0.961

12.5 16 1.000 45.5 142 0.988 81 104 0.976 116.5 158 0.961
12.5 141 1.000 48.5 35 0.987 84 15 0.975 118 8 0.960
14 29 1.000 48.5 169 0.987 84 81 0.975 119 135 0.957

15.5 17 1.000 50.5 19 0.986 84 127 0.975 120.5 2 0.955
15.5 48 1.000 50.5 109 0.986 87.5 50 0.974 120.5 137 0.955
18 3 1.000 53 33 0.985 87.5 53 0.974 122 72 0.953
18 57 1.000 53 49 0.985 87.5 74 0.974 123 156 0.947
18 128 1.000 53 133 0.985 87.5 153 0.974 124.5 40 0.946
20 121 1.000 56.5 30 0.984 91.5 44 0.973 124.5 148 0.946

21.5 62 1.000 56.5 37 0.984 91.5 45 0.973 126 117 0.944
21.5 67 1.000 56.5 94 0.984 91.5 61 0.973 127 51 0.940
23.5 13 0.998 56.5 152 0.984 91.5 107 0.973 128 108 0.937
23.5 151 0.998 60 9 0.983 95.5 69 0.972 129 160 0.935
25.5 23 0.997 60 14 0.983 95.5 105 0.972 130.5 66 0.934
25.5 71 0.997 60 164 0.983 95.5 111 0.972 130.5 155 0.934
27 125 0.996 63 18 0.982 95.5 144 0.972 132 98 0.922

30.5 12 0.995 63 112 0.982 98.5 38 0.971 133 41 0.919
30.5 32 0.995 63 120 0.982 98.5 129 0.971 134 140 0.905
30.5 113 0.995 65.5 1 0.981 100 4 0.970 135 102 0.882
30.5 118 0.995 65.5 77 0.981 101 56 0.969 136 101 0.879
30.5 124 0.995 68 75 0.980 104 24 0.968 137 131 0.877
30.5 138 0.995 68 88 0.980 104 42 0.968 138 163 0.717
34.5 6 0.994 68 99 0.980 104 60 0.968
34.5 103 0.994 70.5 83 0.979 104 90 0.968

Table A. 10: Model 5: VRSO: Efficiency ranking
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Model 6: SFA: Productive efficiency ranking

Rank IHE PE Rank IHE PE Rank IHE PE Rank IHE CE

1 5 0.9738 36 134 0.8989 71 72 0.8349 106 9 0.7641

2 39 0.9604 37 12 0.8981 72 75 0.8349 107 22 0.7582

3 139 0.9581 38 125 0.8925 73 111 0.8348 108 158 0.7576
4 49 0.9499 39 73 0.8924 74 127 0.8322 109 26 0.7571

5 107 0.9495 40 34 0.8919 75 155 0.8198 110 137 0.7482
6 14 0.9453 41 62 0.8919 76 81 0.8196 111 56 0.7481
7 85 0.9445 42 45 0.8907 77 38 0.8196 112 53 0.7451
8 36 0.9399 43 30 0.8895 78 54 0.8188 113 121 0.7430
9 99 0.9387 44 153 0.8892 79 18 0.8164 114 15 0.7405
10 118 0.9379 45 110 0.8878 80 141 0.8155 115 103 0.7343

11 37 0.9356 46 17 0.8876 81 159 0.8109 116 156 0.7314
12 33 0.9338 47 144 0.8874 82 147 0.8106 117 31 0.7288
13 3 0.9309 48 24 0.8860 83 162 0.8102 118 123 0.7288

14 32 0.9305 49 13 0.8774 84 117 0.8093 119 129 0.7201
15 29 0.9274 50 89 0.8716 85 88 0.8091 120 119 0.7201

16 164 0.9271 51 86 0.8715 86 90 0.8075 121 142 0.7176
17 23 0.9260 52 59 0.8704 87 87 0.8051 122 143 0.7170

18 136 0.9229 53 138 0.8686 88 149 0.8049 123 160 0.7147
19 67 0.9228 54 113 0.8655 89 154 0.8026 124 148 0.7136
20 43 0.9220 55 74 0.8632 90 105 0.8024 125 46 0.6811

21 94 0.9201 56 109 0.8606 91 115 0.8022 126 70 0.6809
22 92 0.9186 57 69 0.8596 92 19 0.8001 127 51 0.6771

23 169 0.9167 58 84 0.8581 93 16 0.7997 128 98 0.6711

24 50 0.9162 59 57 0.8528 94 42 0.7996 129 48 0.6650
25 128 0.9154 60 79 0.8528 95 65 0.7993 130 140 0.6629

26 58 0.9137 61 77 0.8503 96 108 0.7985 131 112 0.6565
27 133 0.9103 62 83 0.8500 97 44 0.7958 132 101 0.6510

28 135 0.9090 63 6 0.8495 98 104 0.7881 133 76 0.6468
29 4 0.9087 64 114 0.8493 99 61 0.7861 134 120 0.6190

30 166 0.9046 65 71 0.8441 100 40 0.7824 135 102 0.5770

31 165 0.9032 66 152 0.8436 101 60 0.7823 136 41 0.5534
32 2 0.9032 67 130 0.8416 102 35 0.7807 137 131 0.4099
33 52 0.9025 68 151 0.8408 103 66 0.7795 138 163 0.2380

34 124 0,9008 69 11 0.8366 104 8 0.7753
35 10 0.9007 70 106 0.8356 105 1 0.7690

Table B.l: Model 6: SFA: Productive efficiency ranking
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Model 7: CRSI: Productive efficiency ranking

Rank IHE PE Rank IHE PE Rank IHE PE Rank IHE PE
1 5 1.000 36 75 0.962 71 147 0.939 106 60 0.895
2 29 1.000 37.5 67 0.961 72 152 0.937 107 9 0.894
3 107 0.998 37.5 99 0.961 73.5 72 0.935 108 156 0.893
4 85 0.993 39 154 0.960 73.5 88 0.935 109 31 0.890
5 139 0.988 41 3 0.958 75.5 52 0.934 110 159 0.890
6 136 0.987 41 4 0.958 75.5 138 0.934 111 104 0.889
7 110 0.985 41 164 0.958 77.5 46 0.933 112.5 119 0.888
8 32 0.983 43 123 0.957 77.5 117 0.933 112.5 158 0.888
10 14 0.978 44.5 83 0.955 79.5 18 0.931 114 108 0.886
10 62 0.978 44.5 109 0.955 79.5 59 0.931 115 98 0.885
10 169 0.978 48 12 0.952 81 114 0.930 116 160 0.884
14 49 0.977 48 45 0.952 82 77 0.929 117 15 0.883
14 57 0.977 48 50 0.952 83 61 0.928 118 103 0.882
14 58 0.977 48 53 0.952 85.5 11 0.927 119 137 0.881
14 71 0.977 48 69 0.952 85.5 17 0.927 120 22 0.880
14 118 0.977 51 135 0.951 85.5 42 0.927 121 8 0.879
18 13 0.976 52.5 128 0.949 85.5 153 0.927 122 35 0.878
18 87 0.976 52.5 144 0.949 88 19 0.925 123 70 0.876
18 92 0.976 54 89 0.948 89.5 40 0.924 124 121 0.874

21.5 39 0.975 55.5 2 0.946 89.5 162 0.924 125 51 0.871
21.5 151 0.975 55.5 74 0.946 91 155 0.923 126 140 0.870
21.5 165 0.975 57 94 0.945 92 54 0.922 127 148 0.868
21.5 166 0.975 59 34 0.943 93 141 0.921 128 48 0.863
24.5 6 0.974 59 43 0.943 94 38 0.920 129.5 101 0.860
24.5 33 0.974 59 134 0.943 95 66 0.918 129.5 142 0.860
27 16 0.973 62.5 10 0.942 96.5 79 0.917 131 112 0.859
27 37 0.973 62.5 86 0.942 96.5 115 0.917 132 120 0.854
27 124 0.973 62.5 127 0.942 98 44 0.916 133 143 0.851
29 113 0.972 62.5 149 0.942 99 56 0.914 134 76 0.829
30 73 0.971 66 24 0.941 100 26 0.911 135 102 0.824
31 84 0.970 66 90 0.941 101 1 0.908 136 41 0.804
32 30 0.967 66 106 0.941 102.5 65 0.905 137 131 0.690
33 125 0.965 69 23 0.940 102.5 129 0.905 138 163 0.624
34 133 0.964 69 81 0.940 104 105 0.898
35 36 0.963 69 111 0.940 105 130 0.896

Table B.2: Model 7: CRSI: Productive efficiency ranking
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Model 8: CRSO: Productive efficiency ranking

Rank IHE PE Rank IHE PE Rank IHE PE Rank IHE PE

1 5 1.000 36 75 0.962 71 147 0.939 106 60 0.895
2 29 1.000 37.5 67 0.961 72 152 0.937 107 9 0.894
3 107 0.998 37.5 99 0.961 73.5 72 0.935 108 156 0.893
4 85 0.993 39 154 0.960 73.5 88 0.935 109.5 31 0.890

5 139 0.988 41 3 0.958 75.5 52 0.934 109.5 159 0.890
6 136 0.987 41 4 0.958 75.5 138 0.934 111 104 0.889
7 110 0.985 41 164 0.958 77.5 46 0.933 112.5 119 0.888
8 32 0.983 43 123 0.957 77.5 117 0.933 112.5 158 0.888

9 14 0.978 44.5 83 0.955 79.5 18 0.931 114 108 0.886
10 62 0.978 44.5 109 0.955 79.5 59 0.931 115 98 0.885

11 169 0.978 48 12 0.952 81 114 0.930 116 160 0.884
14 49 0.977 48 45 0.952 82 77 0.929 117 15 0.883
14 57 0.977 48 50 0.952 83 61 0.928 118 103 0.882

14 58 0.977 48 53 0.952 84 11 0.927 119 137 0.881
14 71 0.977 48 69 0.952 86 17 0.927 120 22 0.880

14 118 0.977 51 135 0.951 86 42 0.927 121 8 0.879
18 13 0.976 52.5 128 0.949 86 153 0.927 122 35 0.878
18 87 0.976 52.5 144 0.949 88 19 0.925 123 70 0.876
18 92 0.976 54 89 0.948 89.5 40 0.924 124 121 0.874

21.5 39 0.975 55.5 2 0.946 89.5 162 0.924 125 51 0.871

21.5 151 0.975 55.5 74 0.946 91 155 0.923 126 140 0.870
21.5 165 0.975 57 94 0.945 92 54 0.922 127 148 0.868

21.5 166 0.975 59 34 0.943 93 141 0.921 128 48 0.863
24.5 6 0.974 59 43 0.943 94 38 0.920 129.5 101 0.860
24.5 33 0.974 59 134 0.943 95 66 0.918 129.5 142 0.860

27 16 0.973 62.5 10 0.942 96.5 79 0.917 131 112 0.859
27 37 0.973 62.5 86 0.942 96.5 115 0.917 132 120 0.854

27 124 0.973 62.5 127 0.942 98 44 0.916 133 143 0.851
29 113 0.972 62.5 149 0.942 99 56 0.914 134 76 0.829

30 73 0.971 66 24 0.941 100 26 0.911 135 102 0.824
31 84 0.970 66 90 0.941 101 1 0.908 136 41 0.804
32 30 0.967 66 106 0.941 102 65 0.905 137 131 0.690
33 125 0.965 69 23 0.940 103 129 0.905 138 163 0.624

34 133 0.964 69 81 0.940 104 105 0.898

35 36 0.963 69 111 0.940 105 130 0.896

Table B.3: Model 8: CRSO: Productive efficiency ranking
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Model 9: VRSI: Productive efficiency ranking

Rank IHE PE Rank IHE PE Rank IHE PE Rank IHE PE

1 5 1.000 35.5 24 0.970 71.5 67 0.943 105 47 0.925
2 71 1.000 37 103 0.967 71.5 86 0.943 105 128 0.925
3 115 1.000 38.5 64 0.966 71.5 104 0.943 108 8 0.924
4 23 1.000 38.5 109 0.966 71.5 123 0.943 109.5 95 0.923
5 87 1.000 40 127 0.965 75 72 0.942 109.5 119 0.923
6 73 1.000 41.5 57 0.964 77.5 21 0.941 111 130 0.921
7 112 0.992 41.5 126 0.964 77.5 68 0.941 112.5 83 0.920

8 90 0.991 43.5 30 0.963 77.5 91 0.941 112.5 118 0.920
9.5 15 0.989 43.5 101 0.963 77.5 121 0.941 114 56 0.918

9.5 105 0.989 45 80 0.962 80.5 114 0.940 115.5 1 0.917
11 26 0.987 46 45 0.961 80.5 131 0.940 115.5 113 0.917

13 49 0.983 47 4 0.960 82.5 85 0.939 117.5 22 0.915
13 54 0.983 48 135 0.958 82.5 125 0.939 117.5 48 0.915

13 60 0.983 50.5 46 0.957 84.5 40 0.938 120 14 0.914
16.5 12 0.981 50.5 69 0.957 84.5 51 0.938 120 25 0.914
16.5 50 0.981 50.5 78 0.957 86 74 0.937 120 98 0.914

16.5 124 0.981 50.5 89 0.957 87.5 66 0.936 122 122 0.913
16.5 138 0.981 53 58 0.954 87.5 94 0.936 123.5 65 0.912

19.5 6 0.980 54.5 11 0.953 89.5 61 0.935 123.5 129 0.912
19.5 13 0.980 54.5 39 0.953 89.5 96 0.935 125 106 0.910
23 33 0.979 56.5 43 0.952 91.5 17 0.932 126 59 0.909
23 77 0.979 56.5 111 0.952 91.5 133 0.932 127 132 0.907

23 97 0.979 58 16 0.951 93.5 29 0.931 128 44 0.904

23 136 0.979 59.5 75 0.950 93.5 117 0.931 129 79 0.902
23 137 0.979 59.5 120 0.950 95 100 0.930 130 116 0.899

26.5 42 0.978 62 32 0.948 96.5 53 0.929 131 92 0.897
26.5 102 0.978 62 63 0.948 96.5 84 0.929 132 41 0.896
28 93 0.977 62 107 0.948 99 7 0.928 133 81 0.894

29.5 27 0.976 65 2 0.946 99 36 0.928 134 99 0.881
29.5 70 0.976 65 88 0.946 99 55 0.928 135 82 0.879
31.5 31 0.975 65 110 0.946 101.5 18 0.926 136 35 0.873

31.5 62 0.975 67 28 0.945 101.5 52 0.926 137 108 0.846
33 20 0.974 68 76 0.944 105 19 0.925 138 134 0.737

34 37 0.973 71.5 9 0.943 105 34 0.925
35.5 3 0.970 71.5 10 0.943 105 38 0.925

Table B.4: Model 9: VRSI: Technical efficiency ranking
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Model 10: VRSO: Productive efficiency ranking

Rank IHE PE Rank IHE PE Rank IHE PE Rank IHE PE

1 5 1.000 36 109 0.968 71.5 91 0.943 106 131 0.901
2 71 1.000 37 64 0.967 71.5 121 0.943 107 85 0.898

3 87 1.000 38 127 0.966 73 125 0.940 108 52 0.896
4 23 1.000 39.5 30 0.965 74 74 0.939 110 8 0.895
5 115 1.000 39.5 57 0.965 75.5 61 0.938 110 79 0.895
6 73 1.000 41 80 0.963 75.5 126 0.938 110 129 0.895
7 15 0.997 42 46 0.962 77 96 0.937 112 25 0.891

8 112 0.992 43 4 0.961 78 45 0.936 114 84 0.889
9 90 0.991 44 135 0.960 79 114 0.936 114 98 0.889

10 60 0.988 45.5 69 0.959 80 17 0.934 114 130 0.889
11 26 0.987 45.5 89 0.959 81.5 51 0.933 116 29 0.888
12 124 0.986 47 3 0.958 81.5 94 0.933 117 132 0.886
13 101 0.985 48.5 20 0.956 83 53 0.932 118.5 7 0.884
14 54 0.984 48.5 58 0.956 84.5 36 0.931 118.5 14 0.884
15 49 0.983 50.5 11 0.955 84.5 66 0.931 120 83 0.883

16.5 12 0.982 50.5 39 0.955 86 18 0.929 121 113 0.882

16.5 138 0.982 53 37 0.954 88 10 0.928 122 19 0.880

19 6 0.981 53 43 0.954 88 16 0.928 123.5 59 0.877
19 13 0.981 53 111 0.954 88 34 0.928 123.5 100 0.877

19 50 0.981 55.5 75 0.952 90.5 128 0.926 125 44 0.873
22.5 77 0.980 55.5 120 0.952 90.5 133 0.926 126 116 0.872

22.5 97 0.980 57.5 40 0.950 92 47 0.924 127 119 0.869
22.5 136 0.980 57.5 63 0.950 93 117 0.923 128 122 0.868
22.5 137 0.980 59 2 0.948 94 56 0.922 129 118 0.865

25.5 42 0.979 61.5 76 0.946 95 32 0.921 130 41 0.864
25.5 105 0.979 61.5 78 0.946 96 95 0.920 131 81 0.862

27.5 93 0.978 61.5 104 0.946 97.5 38 0.918 132 92 0.861
27.5 102 0.978 61.5 123 0.946 97.5 67 0.918 133 99 0.857

29.5 27 0.977 65.5 9 0.945 99 48 0.917 134 65 0.834
29.5 70 0.977 65.5 28 0.945 100.5 22 0.914 135 82 0.825
31.5 31 0.976 65.5 86 0.945 100.5 107 0.914 136 35 0.806
31.5 62 0.976 65.5 110 0.945 102 1 0.911 137 108 0.702
33 33 0.975 69 21 0.944 103 106 0.908 138 134 0.627
34 24 0.971 69 68 0.944 104 55 0.906
35 103 0.969 69 72 0.944 105 88 0.903

Table B.5: Model 10: VRSO: Productive efficiency ranking
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Russell Group of Universities

Russell Group of Universities

1 (0110) The University of Birmingham
2 (0112) The University of Bristol
3 (0114) The University of Cambridge
4 (0132) Imperial College of Science, Technology & Medicine
5 (0134) King's College London
6 (0124) The University of Leeds
7 (0126) The University of Liverpool
8 (0137) London School of Economics & Political Science
9 (0153) University of Manchester

10 (0154) The University ofNewcastle-upon-Tyne
11 (0155) The University ofNottingham
12 (0156) The University of Oxford
13 (0159) The University of Sheffield
14 (0160) The University of Southampton
15 (0149) University College London
16 (0163) The University of Warwick
17 (0179) Cardiff University
18 (0167) The University of Edinburgh
19 (0168) The University of Glasgow

Table B.6: Russell Group of Universities
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Coalition of Modern Universities

Coalition of Modern Universities

1 University of Abertay Dundee
2 Anglia Polytechnic University
3 Bolton Institute
4 Bournemouth University
5 University of Central England in Birmingham
6 University of Central Lancashire
7 Coventry University
8 University of Derby
9 University of East London

10 University of Glamorgan
11 Glasgow Caledonian University
12 University of Greenwich
13 Kingston University
14 Leeds Metropolitan University
15 University of Lincoln
16 London Metropolitan University
17 University of Luton
18 Middlesex University
19 University of Wales College Newport
20 University of Northumbria
21 University of Paisley
22 University of Plymouth
23 Robert Gordon University
24 Sheffield Hallam University
25 South Bank University
26 Staffordshire University
27 University of Sunderland
28 University of Teesside
29 Thames Valley University
30 University of Wales Institute Cardiff
31 University of Westminster
32 University of Wolverhampton

Table B.7: Coalition of Modern Universities
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Pre 1992 Universities

1 (0108) Aston University 31 (0001) The Open University

2 (0109) The University of Bath 32 (0156) The University of Oxford

3 (0127) Birkbeck College 33 (0139) Queen Mary and Westfield College

4 (0110) The University of Birmingham 34 (0157) The University of Reading

5 (0111) The University of Bradford 35 (0141) Royal Holloway & Bedford New Col.

6 (0112) The University of Bristol 36 (0158) The University of Salford

7 (0113) Brunei University 37 (0159) The University of Sheffield

8 (0114) The University of Cambridge 38 (0160) The University of Southampton

9 (0115) City University 39 (0161) The University of Surrey

10 (0002) Cranfield University 40 (0162) The University of Sussex

11 (0116) University of Durham 41 (0149) University College London

12 (0117) The University of East Anglia 42 (0163) The University of Warwick

13 (0118) The University of Essex 43 (0164) The University of York

14 (0119) The University of Exeter 44 (0177) University of Wales, Aberystwyth

15 (0131) Goldsmiths College 45 (0178) University of Wales, Bangor

16 (0120) The University of Hull 46 (0179) Cardiff University

17 (0132) Imperial Col. of Sc., Techn. & Med. 47 (0176) The University of Wales, Lampeter

18 (0121) The University of Keele 48 (0181) University of Wales College of Medicine

19 (0122) The University of Kent at Canterbury 49 (0180) University of Wales, Swansea

20 (0134) King's College London 50 (0170) The University of Aberdeen

21 (0123) The University of Lancaster 51 (0172) The University of Dundee

22 (0124) The University of Leeds 52 (0167) The University of Edinburgh

23 (0125) The University of Leicester 53 (0168) The University of Glasgow

24 (0126) The University of Liverpool 54 (0171) Heriot-Watt University

25 (0137) London School of Economics & Pol. Sc. 55 (0173) The University of St Andrews

26 (0152) Loughborough University 56 (0174) The University of Stirling

27 (0153) University of Manchester 57 (0169) The University of Strathclyde

28 (0165) UMIST 58 (0184) The Queen's University of Belfast

29 (0154) The University of Newcastle-upon-Tyne 59 (0185) University of Ulster

30 (0155) The University of Nottingham

Table B.8: Pre 1992 Universities
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Results from hypothesis tests

Research Question /
Efficiency

Analysis /
Model

Results

ZXi-X2 Reject H0.
Hypothesis

>

<

^ni-f-ri2 — 2

Yes/No

Research Question:
Are members of the
Russell group more efficient
than non-members?

Hypothesis:

SFA: Model 6
DEA (CRSI): Model 7
DEA (VRSI): Model 9

In all three cases:

Z < ^critical value
Yes

There are no

significant differences.

Research Question:
Are members of the Coalition
of Modem Universities

group more efficient
than non-members?

SFA: Model 6
DEA (CRSI): Model 7
DEA (VRSI): Model 9

In all three cases:

Z < ^critical value
Yes

Hypothesis:

There are no

significant differences.

Research Question:
Are post 1992 universities
more efficient than

pre 1992 institutions
in higher education?

SFA: Model 6
DEA (CRSI): Model 7
DEA (VRSI): Model 9

In all three cases:

Z < ^critical value
Yes

Hypothesis:

There are no

significant differences.

Table B.9: Results from hypothesis tests
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Sensitivityanalysis:Estimationresults(OLS):Models0-20 Definition

OLS

Model

of

No.

weights

Constant

LNEXP

LNASFTE

UG,PG,RAE
Coeff.

St.Err.

B/St.Err.
P[z]>Z

Coeff.

St.Err.

B/St.Err.
P[z]>Z

Coeff.

St.Err.

B/St.Err.
P[z]>Z

0

1.0

1.0

1.0

-0.7871

0.5226

-1.5060

0.1320

0.2746

0.1027

2.6720

0.0075

0.3251

0.1006

3.2330

0.0012

1

0.0

0.0

1.0

-2.1273

0.7773

-2.7370

0.0062

0.3201

0.1528

2.0950

0.0362

0.1806

0.1496

1.2080

0.2271

2

0.1

0.0

0.9

-1.7331

0.6642

-2.6090

0.0091

0.2808

0.1306

2.1500

0.0315

0.1904

0.1278

1.4900

0.1362

3

0.2

0.0

0.8

-1.3509

0.5599

-2.4130

0.0158

0.2416

0.1101

2.1950

0.0282

0.2015

0.1077

1.8710

0.0614

4

0.3

0.0

0.7

-0.9771

0.4655

-2.0990

0.0358

0.2024

0.0915

2.2120

0.0270

0.2138

0.0896

2.3870

0.0170

5

0.4

0.0

0.6

-0.6092

0.3847

-1.5840

0.1133

0.1630

0.0756

2.1550

0.0311

0.2271

0.0740

3.0680

0.0022

6

0.5

0.0

0.5

-0.2456

0.3249

-0.7560

0.4496

0.1233

0.0639

1.9310

0.0535

0.2415

0.0625

3.8640

0.0001

7

0.6

0.0

0.4

0.1154

0.2970

0.3880

0.6977

0.0831

0.0584

1.4230

0.1546

0.2570

0.0571

4.4970

0.0000

8

0.7

0.0

0.3

0.4752

0.3091

1.5380

0.1242

0.0422

0.0608

0.6950

0.4869

0.2737

0.0595

4.6030

0.0000

9

0.8

0.0

0.2

0.8358

0.3575

2.3380

0.0194

0.0004

0.0703

0.0060

0.9954

0.2919

0.0688

4.2430

0.0000

10

0.9

0.0

0.1

1.1995

0.4319

2.7770

0.0055

-0.0429

0.0849

-0.5050

0.6136

0.3119

0.0831

3.7530

0.0002

11

1.0

0.0

0.0

1.5708

0.5253

2.9900

0.0028

-0.0886

0.1033

-0.8580

0.3910

0.3348

0.1011

3.3130

0.0009

12

0.0

0.1

0.9

-2.0199

0.7176

-2.8150

0.0049

0.3131

0.1411

2.2190

0.0265

0.1700

0.1381

1.2310

0.2183

13

0.1

0.1

0.8

-1.6231

0.6059

-2.6790

0.0074

0.2731

0.1191

2.2930

0.0219

0.1804

0.1166

1.5470

0.1219

14

0.2

0.1

0.7

-1.2380

0.5038

-2.4570

0.0140

0.2334

0.0990

2.3560

0.0185

0.1920

0.0969

1.9800

0.0477

15

0.3

0.1

0.6

-0.8610

0.4134

-2.0830

0.0373

0.1936

0.0813

2.3820

0.0172

0.2047

0.0795

2.5730

0.0101

16

0.4

0.1

0.5

-0.4897

0.3404

-1.4390

0.1503

0.1536

0.0669

2.2960

0.0217

0.2185

0.0655

3.3360

0.0009

17

0.5

0.1

0.4

-0.1223

0.2950

-0.4140

0.6785

0.1133

0.0580

1.9530

0.0508

0.2333

0.0568

4.1100

0.0000

18

0.6

0.1

0.3

0.2428

0.2890

0.8400

0.4008

0.0724

0.0568

1.2750

0.2022

0.2493

0.0556

4.4830

0.0000

19

0.7

0.1

0.2

0.6071

0.3239

1.8740

0.0609

0.0309

0.0637

0.4850

0.6279

0.2665

0.0623

4.2760

0.0000

20

0.8

0.1

0.1

0.9727

0.3898

2.4960

0.0126

-0.0118

0.0766

-0.1540

0.8777

0.2852

0.0750

3.8030

0.0001

TableB.10:Sensitivityanalysis:Estimationresults(OLS):Models0-20



Sensitivity
analysis:

Estimation
results

(OLS):
Models
21-40

Definition

OLS

Model

of

No.

weights

Constant

LNEXP

LNASFTE

UG,PG,RAE
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z

21

0.9,0.1
0.0

1.3424
0.4759
2.8210
0.0048

-0.0561
0.0936

-0.6000
0.5487
0.3060
0.0916
3.3420
0.0008

22

0.0,0.2
0.8

-1.9108
0.6592

-2.8990
0.0037
0.3058
0.1296
2.3600
0.0183
0.1593
0.1268
1.2560

0.2090

23

0.1

,0.2
0.7

-1.5114
0.5495

-2.7510
0.0059
0.2653
0.1080
2.4560
0.0141
0.1702
0.1057
1.6100

0.1073

24

0.2,0.2
0.6

-1.1232
0.4506

-2.4920
0.0127
0.2250
0.0886
2.5390
0.0111
0.1823
0.0867
2.1030
0.0355

25

0.3

,0.2
0.5

-0.7428
0.3665

-2.0260
0.0427
0.1846
0.0721

2.5620
0.0104
0.1955
0.0705
2.7720
0.0056

26

O

©

to

0.4

-0.3677
0.3056

-1.2030
0.2288
0.1440
0.0601

2.3970
0.0165
0.2097
0.0588
3.5660
0.0004

27

0.5

,0.2
0.3

0.0036
0.2805
0.0130
0.9896
0.1031
0.0552
1.8690

0.0617
0.2249
0.0540
4.1680
0.0000

28

0.6,0.2
0.2

0.3730
0.2992
1.2470

0.2124
0.0615
0.0588
1.0460

0.2955
0.2414
0.0576
4.1930
0.0000

29

O

O
to

0.1

0.7422
0.3546
2.0930
0.0363
0.0192
0.0697
0.2750
0.7831
0.2591
0.0682
3.7970
0.0001

30

0.8
,

0.2

0.0

1.1132
0.4339
2.5660
0.0103

-0.0243
0.0853

-0.2850
0.7753
0.2784
0.0835

3.3350
0.0009

31

0.0,0.3
0.7

-1.8001
0.6026

-2.9870
0.0028
0.2983
0.1185
2.5180
0.0118
0.1486
0.1159
1.2820

0.2000

32

0.1

,0.3
0.6

-1.3979
0.4959

-2.8190
0.0048
0.2572
0.0975
2.6390
0.0083
0.1600
0.0954
1.6770

0.0936

33

0.2
,

0.3

0.5

-1.0064
0.4023

-2.5010
0.0124
0.2164
0.0791

2.7350
0.0062
0.1725
0.0774
2.2280
0.0259

34

0.3

,0.3
0.4

-0.6223
0.3282

-1.8960
0.0580
0.1754
0.0645
2.7180
0.0066
0.1861
0.0631

2.9460
0.0032

35

0.4
,

0.3

0.3

-0.2433
0.2852

-0.8530
0.3934
0.1342
0.0561

2.3940
0.0167
0.2007
0.0549
3.6580
0.0003

36

0.5
,0.3

0.2

0.1323
0.2852
0.4640
0.6427
0.0926
0.0561

1.6510

0.0987
0.2164
0.0549
3.9430
0.0001

37

0.6,0.3
0.1

0.5064
0.3274
1.5470

0.1219
0.0504
0.0644
0.7820
0.4340
0.2332
0.0630
3.7020
0.0002

38

0.7,0.3
0.0

0.8807
0.3988
2.2090
0.0272
0.0072
0.0784
0.0920
0.9266
0.2514
0.0767
3.2770
0.0010

39

0.0,0.4
0.6

-1.6878
0.5489

-3.0750
0.0021
0.2907
0.1079
2.6940
0.0071
0.1377
0.1056
1.3040
0.1922

40

0.1

,0.4
0.5

-1.2826
0.4469

-2.8700
0.0041
0.2491
0.0879
2.8350
0.0046
0.1495
0.0860
1.7390
0.0820

Table
B.l
1:

Sensitivity
analysis:

Estimation
results

(OLS):
Models
21-40



Sensitivityanalysis:Estimationresults(OLS):Models41-60 Definition

OLS

Model

of

No.

weights

Constant

LNEXP

LNASFTE

UG,PG,RAE
CoefF.

St.Err.

B/St.Err.
P[z]>Z

CoefF.

St.Err.

B/St.Err.
P[z]>Z

CoefF.

St.Err.

B/St.Err.
P[z]>Z

41

0.2

0.4

0.4

-0.8876

0.3618

-2.4530

0.0142

0.2076

0.0711

2.9190

0.0035

0.1625

0.0696

2.3340

0.0196

42

0.3

0.4

0.3

-0.4996

0.3030

-1.6490

0.0992

0.1660

0.0596

2.7870

0.0053

0.1764

0.0583

3.0260

0.0025

43

0.4

0.4

0.2

-0.1164

0.2839

-0.4100

0.6817

0.1242

0.0558

2.2260

0.0260

0.1914

0.0546

3.5050

0.0005

44

0.5

0.4

0.1

0.2638

0.3099

0.8510

0.3946

0.0819

0.0609

1.3450

0.1787

0.2075

0.0596

3.4810

0.0005

45

0.6

0.4

0.0

0.6429

0.3711

1.7320

0.0832

0.0389

0.0730

0.5340

0.5935

0.2248

0.0714

3.1490

0.0016

46

0.0

0.5

0.5

-1.5740

0.4997

-3.1500

0.0016

0.2829

0.0982

2.8800

0.0040

0.1267

0.0961

1.3180

0.1877

47

0.1

0.5

0.4

-1.1655

0.4051

-2.8770

0.0040

0.2408

0.0796

3.0230

0.0025

0.1389

0.0779

1.7820

0.0748

48

0.2

0.5

0.3

-0.7668

0.3332

-2.3010

0.0214

0.1987

0.0655

3.0340

0.0024

0.1522

0.0641

2.3730

0.0176

49

0.3

0.5

0.2

-0.3746

0.2961

-1.2650

0.2057

0.1566

0.0582

2.6890

0.0072

0.1665

0.0570

2.9220

0.0035

50

0.4

0.5

0.1

0.0131

0.3038

0.0430

0.9657

0.1141

0.0597

1.9100

0.0562

0.1819

0.0585

3.1110

0.0019

51

0.5

0.5

0.0

0.3983

0.3521

1.1310

0.2581

0.0711

0.0692

1.0270

0.3046

0.1983

0.0678

2.9280

0.0034

52

0.0

0.6

0.4

-1.4588

0.4574

-3.1900

0.0014

0.2751

0.0899

3.0590

0.0022

0.1153

0.0880

1.3110

0.1899

53

0.1

0.6

0.3

-1.0468

0.3742

-2.7970

0.0052

0.2324

0.0736

3.1590

0.0016

0.1279

0.0720

1.7760

0.0757

54

0.2

0.6

0.2

-0.6440

0.3214

-2.0040

0.0451

0.1898

0.0632

3.0030

0.0027

0.1415

0.0618

2.2880

0.0221

55

0.3

0.6

0.1

-0.2474

0.3105

-0.7970

0.4256

0.1470

0.0610

2.4070

0.0161

0.1562

0.0597

2.6140

0.0090

56

0.4

0.6

0.0

0.1452

0.3433

0.4230

0.6723

0.1038

0.0675

1.5380

0.1240

0.1719

0.0660

2.6030

0.0093

57

0.0

0.7

0.3

-1.3423

0.4251

-3.1580

0.0016

0.2672

0.0836

3.1980

0.0014

0.1037

0.0818

1.2680

0.2050

58

0.1

0.7

0.2

-0.9266

0.3587

-2.5830

0.0098

0.2240

0.0705

3.1760

0.0015

0.1165

0.0690

1.6880

0.0915

59

0.2

0.7

0.1

-0.5194

0.3303

-1.5730

0.1158

0.1808

0.0649

2.7840

0.0054

0.1304

0.0635

2.0520

0.0402

60

0.3

0.7

0.0

-0.1180

0.3458

-0.3410

0.7330

0.1373

0.0680

2.0200

0.0434

0.1454

0.0665

2.1850

0.0289

TableB.12:Sensitivityanalysis:Estimationresults(OLS):Models41-60



Sensitivity
analysis:

Estimation
results

(OLS):
Models
61-66

Definition

OLS

Model

of

No.

weights

Constant

LNEXP

LNASFTE

UG,PG,RAE
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
CoefF.
St.

Err.

B/St.
Err.

P[z]>Z

61

0.0,0.8,0.2
-1.2250

0.4068

-3.0110
0.0026
0.2594
0.0800
3.2440
0.0012
0.0915
0.0783

1.1690

0.2423

62

0.1

,0.8,0.1
-0.8050

0.3625

-2.2210
0.0264
0.2156
0.0713

3.0260
0.0025
0.1046
0.0697
1.4990
0.1339

63

0.2
,0.8
,

0.0

-0.3931
0.3605

-1.0910
0.2755
0.1718
0.0709
2.4240
0.0153
0.1187
0.0694
1.7120

0.0870

64

0.0,0.9,0.1
-1.1071

0.4064
-2.7240

0.0064
0.2518
0.0799
3.1510
0.0016
0.0787
0.0782
1.0070
0.3139

65

0.1

,0.9,0.0
-0.6826

0.3874
-1.7620

0.0781
0.2075
0.0762
2.7240
0.0065
0.0920
0.0745
1.2340
0.2173

66

0.0,

1.0,0.0
-0.9894

0.4264
-2.3200

0.0203
0.2445
0.0838
2.9160
0.0035
0.0652
0.0820
0.7950
0.4269

Table
B.13:

Sensitivity
analysis:

Estimation
results

(OLS):
Models
61-66
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Sensitivity
analysis:

Estimation
results

(MLE):
Models
21-40

ModelNo.

Constant

LN
EX
P

MLELNASFTE

A

cr

Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z

Coeff.

St.
Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z

21

-0.4706
0.7662

-0.6140
0.5391

0.3472

0.1447

2.3990

0.0164

-0.0807
0.1374

-0.5870
0.5570

5.91E+06
1.21E+12
0.0000

1.0000

0.2799

0.0125

22.3470
0.0000

22

-1.2251
0.4359

-2.8100
0.0049

0.3666

0.0859

4.2660

0.0000

-0.0022
0.0858.

-0.0250
0.9799

10.6418

3.4915

3.0480

0.0023

0.4364

0.0292

14.9210
0.0000

23

-0.9472
0.3602

-2.6300
0.0085

0.3021

0.0713

4.2350

0.0000

0.0596

0.0721

0.8270

0.4080

7.0108

2.0159

3.4780

0.0005

0.3535

0.0234

15.1040
0.0000

24

-0.7535
0.3334

-2.2600
0.0238

0.2576
0.0671

3.8410

0.0001

0.0999

0.0675

1.4800

0.1388

4.5748

1.2379

3.6960

0.0002

0.2767

0.0175

15.8040
0.0000

25

-0.6364
0.3043

-2.0920
0.0365

0.2373

0.0616

3.8490

0.0001

0.1112

0.0618

1.7990

0.0720

3.3772

0.8025

4.2080

0.0000

0.2128

0.0121

17.6070
0.0000

26

-0.5189
0.2014

-2.5770
0.0100

0.2318

0.0417

5.5580

0.0000

0.0996

0.0437

2.2780

0.0227

3.3949

0.6630

5.1200

0.0000

0.1728

0.0079

21.7720
0.0000

27

-0.4564
0.1055

-4.3240
0.0000

0.2390

0.0243

9.8390

0.0000

0.0768

0.0295

2.6090

0.0091

3.8231

0.7515

5.0880

0.0000

0.1540

0.0062

24.9710
0.0000

28

-0.5130
0.0997

-5.1440
0.0000

0.2712

0.0233

11.6480
0.0000

0.0327

0.0286

1.1450

0.2521

5.1289

1.5299

3.3520

0.0008

0.1649

0.0066

24.8580
0.0000

29

-0.7349
0.3802

-1.9330
0.0533

0.3408

0.0555

6.1380

0.0000

-0.0456
0.0380

-1.2000
0.2301

9.58E+05
2.44E+10
0.0000

1.0000

0.2113

0.0091

23.2530
0.0000

30

-0.6432
0.5630

-1.1420
0.2532

0.3670

0.0969

3.7880

0.0002

-0.0977
0.0850

-1.1500
0.2503

2.13E+07
1.03E+13
0.0000

1.0000

0.2630

0.0122

21.5620
0.0000

31

-1.4329
0.4093

-3.5010
0.0005

0.3878

0.0812

4.7750

0.0000

-0.0190
0.0821

-0.2310
0.8170

6.4780

2.0351

3.1830

0.0015

0.3875

0.0259

14.9590
0.0000

32

-1.1043
0.3548

-3.1120
0.0019

0.3173

0.0711

4.4610

0.0000

0.0453

0.0722

0.6270

0.5304

4.8011

1.2944

3.7090

0.0002

0.3067

0.0196

15.6470
0.0000

33

-0.8708
0.3185

-2.7340
0.0063

0.2665

0.0647

4.1170

0.0000

0.0902

0.0655

1.3760

0.1687

3.1900

0.7891

4.0430

0.0001

0.2316

0.0136

16.9680
0.0000

34

-0.6870
0.2555

-2.6890
0.0072

0.2455

0.0519

4.7340

0.0000

0.0943

0.0529

1.7820

0.0747

2.9629

0.6005

4.9340

0.0000

0.1830

0.0090

20.4200
0.0000

35

-0.5508
0.1415

-3.8930
0.0001

0.2412

0.0305

7.9180

0.0000

0.0795

0.0346

2.2970

0.0216

3.4119

0.6083

5.6090

0.0000
0.1570

0.0064

24.5500
0.0000

36

-0.4990
0.0968

-5.1570
0.0000

0.2535

0.0226

11.1920
0.0000

0.0519

0.0282

1.8390

0.0659

4.1791

0.9532

4.3840

0.0000
0.1560

0.0064

24.2080
0.0000

37

-0.7797
0.0878

-8.8800
0.0000

0.3334
0.0171

19.4490
0.0000

-0.0362
0.0220

-1.6450
0.0999

12.2768

7.5178

1.6330

0.1025

0.1945

0.0080

24.2400
0.0000

38

-0.7002
0.1781

-3.9310
0.0001

0.3526

0.0326

10.8110
0.0000

-0.0739
0.0329

-2.2470
0.0246

23.4307

19.3296

1.2120

0.2254

0.2438

0.0107

22.7270
0.0000

39

-1.5390
0.3963

-3.8840
0.0001

0.3839

0.0806

4.7640

0.0000

-0.0091
0.0829

-0.1100
0.9122

3.9826

1.2348

3.2250

0.0013

0.3332

0.0228

14.6220
0.0000

40

-1.1890
0.3414

-3.4830
0.0005

0.3161

0.0692

4.5670

0.0000

0.0474

0.0706

0.6720

0.5017

3.1588

0.8238

3.8340

0.0001

0.2580

0.0157

16.4660
0.0000

VOr-m

Table
B.15:

Sensitivity
analysis:

Estimation
results

(MLE):
Models
21-40



Sensitivityanalysis:Estimationresults(MLE):Models41-60
U>

Model No.

Constant

LNEXP

MLE LNASFTE

A

«T

Coeff.

St.Err.

B/St.Err.

P[z]>Z

CoefF.

St.Err.

B/St.Err.

P[z]>Z

CoefF.

St.Err.

B/St.Err.

P[z]>Z

CoefF.

St.Err.

B/St.Err.

P[z]>Z

CoefF.

St.Err.

B/St.Err.

P[z]>Z

41

-0.9005

0.2877

-3.1300

0.0017

0.2702

0.0583

4.6360

0.0000

0.0775

0.0594

1.3050

0.1918

2.7619

0.6013

4.5930

0.0000

0.2000

0.0105

19.0980

0.0000

42

-0.6917

0.2019

-3.4260

0.0006

0.2514

0.0412

6.1000

0.0000

0.0760

0.0436

1.7430

0.0813

3.0088

0.5445

5.5260

0.0000

0.1659

0.0071

23.2260

0.0000

43

-0.5513

0.1093

-5.0450

0.0000

0.2490

0.0245

10.1500

0.0000

0.0590

0.0298

1.9780

0.0480

3.6961

0.7167

5.1570

0.0000

0.1552

0.0063

24.7920

0.0000

44

-0.6360

0.0990

-6.4260

0.0000

0.2938

0.0216

13.6290

0.0000

-0.0004

0.0267

-0.0160

0.9873

5.9647

2.0311

2.9370

0.0033

0.1784

0.0080

22.1710

0.0000

45

-0.6999

0.1175

-5.9540

0.0000

0.3352

0.0216

15.5020

0.0000

-0.0544

0.0250

-2.1740

0.0297

10.8261

6.2015

1.7460

0.0809

0.2251

0.0111

20.3170

0.0000

46

-1.5458

0.3884

-3.9800

0.0001

0.3583

0.0813

4.4080

0.0000

0.0214

0.0847

0.2530

0.8005

2.4368

0.7321

3.3290

0.0009

0.2759

0.0189

14.5620

0.0000

47

-1.1877

0.3178

-3.7370

0.0002

0.3099

0.0644

4.8130

0.0000

0.0463

0.0660

0.7010

0.4830

2.5514

0.6309

4.0440

0.0001

0.2224

0.0124

17.8810

0.0000

48

-0.8827

0.2545

-3.4680

0.0005

0.2717

0.0510

5.3250

0.0000

0.0630

0.0525

1.1990

0.2304

2.7360

0.5408

5.0590

0.0000

0.1810

0.0085

21.2500

0.0000

49

-0.6638

0.1539

-4.3130

0.0000

0.2557

0.0321

7.9540

0.0000

0.0568

0.0360

1.5790

0.1143

3.3180

0.6085

5.4530

0.0000

0.1619

0.0066

24.5230

0.0000

50

-0.5414

0.1135

-4.7710

0.0000

0.2610

0.0248

10.5300

0.0000

0.0317

0.0296

1.0700

0.2844

4.1801

1.1622

3.5970

0.0003

0.1698

0.0078

21.8130

0.0000

51

-0.6242

0.1153

-5.4120

0.0000

0.3082

0.0224

13.7790

0.0000

-0.0299

0.0264

-1.1310

0.2579

6.8310

2.6319

2.5950

0.0094

0.2104

0.0112

18.8630

0.0000

52

-1.5040

0.3646

-4.1250

0.0000

0.3491

0.0762

4.5850

0.0000

0.0197

0.0795

0.2480

0.8045

2.1414

0.6022

3.5560

0.0004

0.2439

0.0157

15.5290

0.0000

53

-1.1455

0.2955

-3.8760

0.0001

0.3065

0.0590

5.1990

0.0000

0.0361

0.0604

0.5970

0.5504

2.4537

0.5751

4.2660

0.0000

0.2016

0.0104

19.3650

0.0000

54

-0.8302

0.2225

-3.7320

0.0002

0.2719

0.0444

6.1260

0.0000

0.0468

0.0463

1.0110

0.3121

2.9562

0.5790

5.1050

0.0000

0.1747

0.0077

22.5690

0.0000

55

-0.6037

0.1312

-4.6030

0.0000

0.2595

0.0276

9.4010

0.0000

0.0353

0.0321

1.0980

0.2722

3.7384

0.8851

4.2240

0.0000

0.1727

0.0077

22.3970

0.0000

56

-0.5057

0.1306

-3.8720

0.0001

0.2727

0.0264

10.3300

0.0000

0.0025

0.0302

0.0840

0.9331

4.5987

1.4341

3.2070

0.0013

0.1987

0.0108

18.4810

0.0000

57

-1.4381

0.3461

-4.1550

0.0000

0.3426

0.0715

4.7910

0.0000

0.0111

0.0747

0.1490

0.8817

2.0608

0.5479

3.7610

0.0002

0.2234

0.0136

16.3720

0.0000

58

-1.0740

0.2823

-3.8050

0.0001

0.3034

0.0552

5.4930

0.0000

0.0223

0.0561

0.3970

0.6916

2.5586

0.5967

4.2880

0.0000

0.1933

0.0095

20.2680

0.0000

59

-0.7359

0.1929

-3.8140

0.0001

0.2708

0.0384

7.0420

0.0000

0.0280

0.0410

0.6820

0.4954

3.3933

0.7548

4.4960

0.0000

0.1831

0.0084

21.8340

0.0000

60

-0.5037

0.1441

-3.4940

0.0005

0.2581

0.0291

8.8580

0.0000

0.0177

0.0328

0.5400

0.5889

3.8044

1.0389

3.6620

0.0003

0.1960

0.0104

18.8850

0.0000

TableB.16:Sensitivityanalysis:Estimationresults(MLE):Models41-60



Sensitivity
analysis:

Estimation
results

(MLE):
Models
61-66

Model

MLE

No.

Constant

LNEXP

LNASFTE

A

<7

Coeff.
St.
Err.

B/St.
Err.

P[z]>Z
Coeff.
St.
Err.

B/St.
Err.

P[z]>Z
Coeff.
St.
Err.

B/St.
Err.

P[z]>Z
Coeff.
St.
Err.

B/St.
Err.

P[z]>Z
Coeff.
St.

Err.

B/St.
Err.

P[z]>Z

61

-1.3496
0.3369

-4.0060
0.0001

0.3364

0.0683

4.9210

0.0000

-0.0003
0.0707

-0.0040
0.9966

2.0766
0.5307

3.9130

0.0001

0.2133

0.0126

16.8760
0.0000

62

-0.9587
0.2795

-3.4300
0.0006

0.2990
0.0538

5.5540

0.0000

0.0056

0.0539

0.1030

0.9178

2.8767

0.6952

4.1380

0.0000
0.1993

0.0099

20.1230
0.0000

63

-0.6112
0.1849

-3.3050
0.0009

0.2650
0.0364

7.2830

0.0000

0.0137

0.0390

0.3510

0.7259
3.5104

0.8583

4.0900

0.0000

0.2028

0.0106

19.1610
0.0000

64

-1.2292
0.3363

-3.6550
0.0003

0.3290
0.0667

4.9310

0.0000

-0.0135
0.0675

-0.1990
0.8420
2.1751

0.5377

4.0450

0.0001

0.2151

0.0127

16.9910
0.0000

65

-0.8075
0.2820

-2.8630
0.0042

0.2906
0.0539

5.3900

0.0000

-0.0086
0.0537

-0.1610
0.8724

3.1914

0.7779

4.1030

0.0000

0.2176

0.0117

18.5430
0.0000

66

-1.0713
0.3442

-3.1130
0.0019

0.3194
0.0667

4.7870

0.0000

-0.0273
0.0662

-0.4120
0.6804

2.3567

0.5779

4.0780

0.0000
0.2301

0.0141

16.3010
0.0000

OOr-

Table
B.17:

Sensitivity
analysis:

Estimation
results

(MLE):
Models
61-66



Sensitivity analysis: Efficiency coefficients: Models 0-9

IHE EFF.O EFF.l EFF.2 EFF.3 EFF.4 EFF.5 EFF.6 EFF.7 EFF.8 EFF.9

1 0.7690 0.4607 0.5213 0.5855 0.6553 0.6479 0.8080 0.8700 0.9155 0.9262
II 2 0.9032 0.8166 0.8511 0.8819 0.9121 0.8745 0.9465 0.9473 0.9279 0.8706

3 0.9309 0.6756 0.7216 0.7635 0.8062 0.8283 0.8978 0.9179 0.9215 0.9009

| 4 0.9087 0.9193 0.9309 0.9386 0.9443 0.8463 0.9451 0.9350 0.9002 0.8278
!: 5 0.9738 0.9871 0.9862 0.9870 0.9872 0.9947 0.9856 0.9879 0.9886 0.9870

6 0.8495 0.8457 0.8610 0.8758 0.8895 0.7409 0.9063 0.9020 0.8758 0.8058
8 0.7753 0.5180 0.5698 0.6211 0.6748 0.6822 0.8023 0.8485 0.8797 0.8854

! 9 0.7641 0.4800 0.5366 0.5945 0.6561 0.6521 0.8058 0.8684 0.9177 0.9390

II 10 0.9007 0.8154 0.8509 0.8839 0.9163 0.8598 0.9511 0.9547 0.9405 0.8831
11 0.8366 0.5523 0.6122 0.6702 0.7310 0.7950 0.8574 0.8923 0.9094 0.9043

j! 12 0.8981 0.6804 0.7309 0.7813 0.8337 0.7875 0.9383 0.9660 0.9796 0.9893

i; 13 0.8774 0.9548 0.9530 0.9519 0.9494 0.7942 0.9419 0.9320 0.8982 0.8218
:i 14 0.9453 0.8200 0.8556 0.8889 0.9213 0.8510 0.9599 0.9686 0.9682 0.9292

,| 15 0.7405 0.5346 0.5937 0.6538 0.7178 0.7310 0.8519 0.8979 0.9258 0.9233

|| 16 0.7997 0.9567 0.9463 0.9372 0.9258 0.7297 0.8900 0.8605 0.8096 0.7167

II 17 0.8876 0.5308 0.5819 0.6328 0.6862 0.6804 0.8135 0.8613 0.8943 0.8995
18 0.8164 0.4987 0.5551 0.6142 0.6776 0.6514 0.8221 0.8825 0.9274 0.9377

ii 19 0.8001 0.5468 0.6040 0.6636 0.7273 0.6968 0.8653 0.9196 0.9547 0.9589
i 22 0.7582 0.4700 0.5305 0.5914 0.6560 0.6941 0.8045 0.8591 0.8986 0.9146

1 23 0.9260 0.7233 0.7677 0.8068 0.8460 0.8643 0.9376 0.9585 0.9695 0.9705
24 0.8860 0.7541 0.7834 0.8104 0.8372 0.7747 0.8774 0.8750 0.8519 0.7945
26 0.7571 0.5400 0.5927 0.6471 0.7050 0.6731 0.8310 0.8792 0.9102 0.9055

; 29 0.9274 0.8895 0.9259 0.9467 0.9611 0.9989 0.9754 0.9766 0.9714 0.9489

1 30 0.8895 0.6775 0.7226 0.7681 0.8153 0.7401 0.9166 0.9504 0.9680 0.9588
31 0.7288 0.5191 0.5737 0.6295 0.6886 0.6726 0.8271 0.8828 0.9235 0.9334
32 0.9305 0.9366 0.9473 0.9551 0.9605 0.8484 0.9638 0.9649 0.9509 0.8860
33 0.9337 0.9083 0.9266 0.9402 0.9506 0.8572 0.9623 0.9654 0.9560 0.9008
34 0.8919 0.6433 0.6910 0.7380 0.7869 0.7513 0.8921 0.9263 0.9437 0.9285
35 0.7807 0.4464 0.5065 0.5677 0.6328 0.6595 0.7902 0.8536 0.9040 0.9312
36 0.9399 0.9599 0.9643 0.9674 0.9691 0.9058 0.9669 0.9639 0.9413 0.8725
37 0.9356 0.9231 0.9411 0.9537 0.9626 0.8798 0.9669 0.9676 0.9535 0.8885
38 0.8196 0.6114 0.6665 0.7168 0.7682 0.8519 0.8775 0.9008 0.9071 0.8966
39 0.9604 0.9472 0.9598 0.9673 0.9721 0.9381 0.9747 0.9767 0.9711 0.9236
40 0.7824 0.5773 0.6226 0.6689 0.7176 0.6682 0.8191 0.8539 0.8702 0.8497
41 0.5534 0.3397 0.4022 0.4658 0.5339 0.6089 0.6821 0.7316 0.7639 0.7764
42 0.7996 0.6011 0.6516 0.7033 0.7578 0.7120 0.8700 0.9097 0.9308 0.9139
43 0.9220 0.7492 0.7836 0.8117 0.8392 0.8546 0.9082 0.9186 0.9137 0.8880
44 0.7958 0.5352 0.5894 0.6451 0.7044 0.6812 0.8367 0.8882 0.9233 0.9247
45 0.8907 0.7995 0.8320 0.8622 0.8921 0.8147 0.9420 0.9526 0.9491 0.9051
46 0.6811 0.8515 0.8457 0.8393 0.8315 0.6656 0.7978 0.7663 0.7141 0.6249
48 0.6650 0.9487 0.8827 0.8096 0.7377 0.6302 0.5958 0.5092 0.4147 0.3147
49 0.9499 0.9097 0.9280 0.9409 0.9507 0.8744 0.9615 0.9629 0.9499 0.8930
50 0.9162 0.8747 0.9042 0.9291 0.9495 0.8858 0.9641 0.9662 0.9539 0.8937
51 0.6771 0.5045 0.5631 0.6207 0.6815 0.7462 0.8030 0.8346 0.8472 0.8369
52 0.9025 0.6346 0.6912 0.7450 0.8006 0.8346 0.9237 0.9563 0.9739 0.9904
53 0.7451 0.8386 0.8442 0.8494 0.8533 0.6934 0.8543 0.8422 0.8093 0.7350
54 0.8188 0.5658 0.6202 0.6762 0.7357 0.7116 0.8556 0.8969 0.9192 0.9049
56 0.7481 0.5040 0.5568 0.6118 0.6706 0.6365 0.8065 0.8632 0.9047 0.9113
57 0.8528 0.8618 0.8798 0.8974 0.9138 0.7619 0.9312 0.9307 0.9075 0.8370
58 0.9137 0.8942 0.9031 0.9093 0.9139 0.7870 0.9173 0.9050 0.8713 0.8000
59 0.8704 0.4765 0.5441 0.6152 0.6926 0.7160 0.8543 0.9152 0.9552 0.9691
60 0.7823 0.4691 0.5271 0.5858 0.6485 0.6771 0.7863 0.8346 0.8662 0.8716

To be continued.
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Continued.

61 0.7861 0.5970 0.6470 0.6982 0.7522 0.7001 0.8685 0.9123 0.9384 0.9273
62 0.8919 0.8600 0.8745 0.8876 0.8994 0.7638 0.9144 0.9088 0.8816 0.8130
65 0.7993 0.5160 0.5727 0.6306 0.6923 0.6865 0.8316 0.8855 0.9234 0.9304
66 0.7795 0.6301 0.6799 0.7305 0.7838 0.7594 0.8635 0.8767 0.8663 0.8180
67 0.9228 0.9453 0.9481 0.9492 0.9489 0.8550 0.9170 0.8757 0.8112 0.7146

69 0.8596 0.8350 0.8563 0.8754 0.8935 0.7882 0.9260 0.9289 0.9123 0.8562
70 0.6809 0.4597 0.5132 0.5680 0.6263 0.6118 0.7767 0.8433 0.8989 0.9275
71 0.8441 0.8647 0.8785 0.8921 0.9044 0.7456 0.9138 0.9067 0.8765 0.8010

72 0.8349 0.8809 0.8921 0.8999 0.9062 0.8029 0.9044 0.8842 0.8428 0.7669
73 0.8924 0.6233 0.6728 0.7239 0.7775 0.7089 0.8968 0.9422 0.9681 0.9698
74 0.8632 0.6017 0.6558 0.7120 0.7715 0.7301 0.8864 0.9250 0.9439 0.9243
75 0.8349 0.8671 0.8780 0.8872 0.8951 0.7545 0.9093 0.9042 0.8786 0.8125
76 0.6468 0.3479 0.4189 0.4885 0.5611 0.6622 0.7287 0.7877 0.8320 0.8632
77 0.8503 0.5803 0.6339 0.6882 0.7455 0.7207 0.8721 0.9189 0.9483 0.9472
79 0.8528 0.5840 0.6396 0.6949 0.7527 0.7433 0.8916 0.9428 0.9729 1.0000
81 0.8196 0.5825 0.6316 0.6819 0.7347 0.6815 0.8571 0.9065 0.9397 0.9377
83 0.8500 0.6103 0.6571 0.7050 0.7550 0.6890 0.8721 0.9196 0.9501 0.9467
84 0.8581 0.8728 0.8905 0.9073 0.9225 0.7815 0.9327 0.9270 0.8969 0.8217
85 0.9445 0.6308 0.7069 0.7912 0.8842 0.8436 0.9717 0.9840 0.9891 1.0000
86 0.8715 0.6732 0.7159 0.7579 0.8011 0.7501 0.8886 0.9140 0.9209 0.8916
87 0.8051 0.9730 0.9628 0.9543 0.9429 0.7425 0.9069 0.8776 0.8263 0.7324
88 0.8091 0.6041 0.6546 0.7064 0.7608 0.7077 0.8810 0.9270 0.9549 0.9505
89 0.8715 0.6817 0.7265 0.7710 0.8169 0.7573 0.9136 0.9441 0.9589 0.9417
90 0.8075 0.8923 0.8986 0.9023 0.9045 0.7758 0.9040 0.8885 0.8525 0.7798
92 0.9186 0.9437 0.9475 0.9499 0.9508 0.8282 0.9465 0.9365 0.9019 0.8271
94 0.9201 0.7307 0.7773 0.8211 0.8658 0.8539 0.9457 0.9624 0.9688 0.9516
98 0.6711 0.5897 0.6218 0.6486 0.6758 0.7297 0.7159 0.7028 0.6716 0.6240
99 0.9387 0.9695 0.9716 0.9739 0.9751 0.9229 0.9713 0.9687 0.9476 0.8759
101 0.6510 0.7752 0.7842 0.7868 0.7882 0.7704 0.7783 0.7454 0.6952 0.6255
102 0.5770 0.7354 0.7386 0.7374 0.7353 0.6647 0.7371 0.7186 0.6835 0.6243
103 0.7343 0.3535 0.4172 0.4825 0.5528 0.6182 0.7106 0.7679 0.8094 0.8300
104 0.7881 0.4524 0.5075 0.5633 0.6228 0.6396 0.7599 0.8109 0.8466 0.8563
105 0.8024 0.5327 0.5891 0.6435 0.7002 0.7499 0.8290 0.8694 0.8939 0.8977
106 0.8356 0.6732 0.7185 0.7644 0.8121 0.7496 0.8985 0.9228 0.9274 0.8910
107 0.9495 0.9782 0.9773 0.9774 0.9768 0.9704 0.9598 0.9315 0.8659 0.7721
108 0.7985 0.8484 0.8507 0.8439 0.8356 0.8331 0.8373 0.8126 0.7740 0.7209
109 0.8606 0.5920 0.6434 0.6963 0.7520 0.6967 0.8796 0.9308 0.9627 0.9684
110 0.8878 0.8768 0.8921 0.9065 0.9192 0.7690 0.9388 0.9422 0.9263 0.8630
111 0.8348 0.5705 0.6183 0.6670 0.7182 0.6711 0.8355 0.8813 0.9109 0.9051
112 0.6565 0.3851 0.4469 0.5127 0.5847 0.5973 0.7521 0.8237 0.8814 0.9096
113 0.8655 0.9020 0.9161 0.9285 0.9386 0.7955 0.9447 0.9411 0.9143 0.8406
114 0.8493 0.5869 0.6432 0.7006 0.7612 0.7366 0.8946 0.9425 0.9697 0.9814
115 0.8022 0.6504 0.6977 0.7448 0.7939 0.7528 0.8915 0.9209 0.9320 0.9068
117 0.8093 0.8190 0.8346 0.8478 0.8599 0.7581 0.8705 0.8560 0.8209 0.7504
118 0.9379 0.9672 0.9696 0.9723 0.9738 0.8920 0.9723 0.9730 0.9625 0.9000
119 0.7201 0.4846 0.5373 0.5913 0.6486 0.6333 0.7878 0.8454 0.8893 0.9037
120 0.6190 0.2706 0.3374 0.4119 0.4966 0.5410 0.6835 0.7626 0.8251 0.8564
121 0.7430 0.3709 0.4400 0.5096 0.5836 0.6638 0.7562 0.8213 0.8724 0.9066
123 0.7288 0.8946 0.8856 0.8766 0.8659 0.6776 0.8373 0.8120 0.7661 0.6796
124 0.9008 0.8991 0.9122 0.9232 0.9323 0.8050 0.9283 0.9113 0.8693 0.7870
125 0.8925 0.6534 0.7027 0.7528 0.8048 0.7406 0.9212 0.9595 0.9789 0.9955
127 0.8322 0.5739 0.6175 0.6616 0.7076 0.6529 0.8181 0.8617 0.8899 0.8835
128 0.9154 0.9773 0.9743 0.9700 0.9639 0.9961 0.9585 0.9428 0.9029 0.8489
129 0.7201 0.4727 0.5271 0.5842 0.6456 0.6177 0.7894 0.8508 0.8978 0.9109
130 0.8416 0.5650 0.6196 0.6722 0.7267 0.7497 0.8612 0.9096 0.9436 0.9580

To be continued.
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Continued.
131 0.4099 0.2601 0.3151 0.3701 0.4281 0.4802 0.5708 0.6258 0.6684 0.6959
133 0.9103 0.9650 0.9652 0.9660 0.9658 0.8633 0.9581 0.9490 0.9132 0.8351
134 0.8989 0.8446 0.8740 0.8999 0.9241 0.8591 0.9540 0.9586 0.9485 0.8967
135 0.9090 0.7965 0.8261 0.8529 0.8793 0.8116 0.9251 0.9306 0.9169 0.8669
136 0.9229 0.9183 0.9328 0.9442 0.9527 0.8246 0.9616 0.9652 0.9562 0.8966
137 0.7482 0.5072 0.5619 0.6173 0.6762 0.6830 0.8042 0.8488 0.8764 0.8747
138 0.8686 0.5995 0.6557 0.7126 0.7725 0.7501 0.9041 0.9490 0.9734 0.9884
139 0.9581 0.9182 0.9442 0.9580 0.9670 0.9958 0.9777 0.9816 0.9826 0.9798
140 0.6629 0.7722 0.7792 0.7824 0.7845 0.7010 0.7935 0.7794 0.7478 0.6881
141 0.8155 0.3999 0.4697 0.5428 0.6226 0.6856 0.7924 0.8546 0.8990 0.9169
142 0.7176 0.4412 0.5048 0.5689 0.6369 0.6866 0.7981 0.8600 0.9083 0.9358
143 0.7170 0.3534 0.4222 0.4926 0.5679 0.6291 0.7537 0.8321 0.8998 0.9506
144 0.8874 0.8465 0.8726 0.8957 0.9176 0.8335 0.9465 0.9497 0.9352 0.8788
147 0.8106 0.8372 0.8558 0.8721 0.8874 0.7777 0.9120 0.9089 0.8851 0.8232
148 0.7136 0.4927 0.5470 0.6011 0.6583 0.6827 0.7855 0.8280 0.8541 0.8549
149 0.8049 0.8101 0.8268 0.8411 0.8544 0.7410 0.8924 0.8985 0.8868 0.8384
151 0.8408 0.9015 0.9115 0.9209 0.9285 0.7647 0.9258 0.9136 0.8768 0.7947
152 0.8436 0.6006 0.6482 0.6957 0.7451 0.6997 0.8691 0.9195 0.9541 0.9621
153 0.8892 0.8826 0.9084 0.9249 0.9385 0.9574 0.9625 0.9650 0.9574 0.9228
154 0.8026 0.8532 0.8697 0.8858 0.9007 0.7535 0.9173 0.9136 0.8874 0.8167
155 0.8198 0.8082 0.8280 0.8448 0.8608 0.7805 0.8800 0.8681 0.8359 0.7702

156 0.7314 0.4943 0.5447 0.5964 0.6514 0.6325 0.7751 0.8217 0.8519 0.8503
158 0.7576 0.4944 0.5479 0.6023 0.6601 0.6562 0.7938 0.8450 0.8810 0.8879

159 0.8109 0.6835 0.7278 0.7679 0.8084 0.8179 0.9060 0.9322 0.9445 0.9347
160 0.7147 0.5053 0.5556 0.6071 0.6619 0.6462 0.7777 0.8175 0.8393 0.8285
162 0.8102 0.9310 0.9371 0.9396 0.9404 0.8371 0.9498 0.9492 0.9317 0.8758
163 0.2380 0.2235 0.2589 0.2964 0.3379 0.3549 0.4212 0.4438 0.4497 0.4341

164 0.9271 0.9331 0.9487 0.9586 0.9654 0.8998 0.9708 0.9735 0.9674 0.9172
165 0.9032 0.8191 0.8429 0.8654 0.8872 0.7744 0.9178 0.9180 0.8965 0.8336
166 0.9046 0.8903 0.9120 0.9309 0.9463 0.8287 0.9587 0.9614 0.9480 0.8832
169 0.9167 0.7762 0.8102 0.8432 0.8763 0.7809 0.9400 0.9576 0.9635 0.9330

Table B.18: Sensitivity analysis: Efficiency coefficients: Models 0-9
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Sensitivity analysis: Efficiency coefficients: Models 10-19

IHE EFF.10 EFF.ll EFF.12 EFF.13 EFF.14 EFF.15 EFF.16 EFF.17 EFF.18 EFF.19

1 0.9479 0.9649 0.4925 0.5592 0.6305 0.6680 0.7909 0.8581 0.9098 0.9397

2 0.8275 0.7738 0.8225 0.8626 0.8969 0.8734 0.9424 0.9493 0.9409 0.9022

3 0.8773 0.8285 0.7140 0.7662 0.8147 0.7556 0.9127 0.9356 0.9447 0.9377

4 0.7716 0.7171 0.9242 0.9347 0.9410 0.9160 0.9466 0.9440 0.9215 0.8672

5 0.9249 0.8526 0.9865 0.9848 0.9843 1.0000 0.9834 0.9866 0.9884 0.9870

6 0.7596 0.7293 0.8540 0.8683 0.8829 0.9048 0.9060 0.9082 0.8910 0.8444

8 0.8885 0.8747 0.5521 0.6084 0.6659 0.6427 0.7979 0.8470 0.8816 0.9001

9 0.9581 0.9678 0.5148 0.5753 0.6394 0.6370 0.7905 0.8547 0.9067 0.9426

10 0.8420 0.7954 0.8197 0.8603 0.8962 0.8922 0.9437 0.9528 0.9483 0.9130

11 0.8968 0.8546 0.5794 0.6476 0.7137 0.6782 0.8534 0.8944 0.9167 0.9215

12 0.9793 0.9665 0.7033 0.7566 0.8110 0.8152 0.9218 0.9548 0.9728 0.9801

13 0.7632 0.7188 0.9530 0.9477 0.9446 0.9349 0.9391 0.9344 0.9099 0.8551

14 0.8924 0.8536 0.8423 0.8811 0.9155 0.9085 0.9570 0.9683 0.9727 0.9626

15 0.9268 0.9130 0.5504 0.6153 0.6815 0.6880 0.8249 0.8764 0.9102 0.9232

16 0.6529 0.6094 0.9492 0.9359 0.9247 0.9416 0.8969 0.8743 0.8315 0.7608

17 0.9034 0.8949 0.5813 0.6373 0.6949 0.6773 0.8273 0.8783 0.9152 0.9354

18 0.9553 0.9728 0.5360 0.5970 0.6623 0.6885 0.8115 0.8754 0.9251 0.9537

19 0.9694 0.9791 0.5717 0.6330 0.6978 0.7278 0.8414 0.8999 0.9413 0.9612

22 0.9265 0.9129 0.5013 0.5682 0.6366 0.6200 0.7920 0.8504 0.8936 0.9210

23 0.9466 0.8959 0.7538 0.8015 0.8459 0.7610 0.9353 0.9564 0.9682 0.9731
24 0.7554 0.7132 0.7760 0.8101 0.8409 0.8335 0.8938 0.8993 0.8843 0.8437

26 0.9109 0.9148 0.5643 0.6209 0.6803 0.7027 0.8122 0.8646 0.9013 0.9160
29 0.8933 0.7869 0.8852 0.9278 0.9495 0.7905 0.9701 0.9730 0.9695 0.9507

30 0.9487 0.9452 0.7050 0.7514 0.8000 0.8150 0.9041 0.9410 0.9627 0.9694

31 0.9449 0.9499 0.5428 0.6006 0.6614 0.6647 0.8019 0.8596 0.9038 0.9298

32 0.8326 0.7863 0.9431 0.9494 0.9543 0.9477 0.9599 0.9640 0.9585 0.9209

33 0.8513 0.8035 0.9212 0.9360 0.9462 0.9195 0.9589 0.9646 0.9622 0.9333

34 0.9177 0.9009 0.6753 0.7266 0.7785 0.7733 0.8894 0.9266 0.9483 0.9525

35 0.9518 0.9517 0.4862 0.5521 0.6209 0.6067 0.7821 0.8479 0.9010 0.9398

36 0.8130 0.7500 0.9611 0.9636 0.9650 0.9354 0.9655 0.9665 0.9562 0.9101

37 0.8357 0.7839 0.9289 0.9446 0.9542 0.9481 0.9630 0.9671 0.9622 0.9249

38 0.8769 0.8162 0.6293 0.6921 0.7500 0.6767 0.8713 0.8996 0.9099 0.9052

39 0.8684 0.8044 0.9582 0.9653 0.9693 0.9403 0.9734 0.9773 0.9771 0.9604

40 0.8431 0.8377 0.6049 0.6540 0.7048 0.7260 0.8144 0.8545 0.8775 0.8768
41 0.7901 0.7694 0.3613 0.4318 0.5039 0.4993 0.6650 0.7214 0.7590 0.7803
42 0.9098 0.9060 0.6214 0.6755 0.7316 0.7573 0.8514 0.8960 0.9236 0.9277

43 0.8533 0.7931 0.7820 0.8201 0.8533 0.7548 0.9217 0.9343 0.9341 0.9178
44 0.9326 0.9360 0.5652 0.6236 0.6848 0.6989 0.8224 0.8776 0.9176 0.9373
45 0.8697 0.8343 0.8114 0.8454 0.8778 0.8631 0.9331 0.9473 0.9497 0.9278
46 0.5672 0.5249 0.8447 0.8388 0.8323 0.8516 0.8105 0.7862 0.7417 0.6713

48 0.2402 0.1708 0.9625 0.9097 0.8385 0.7012 0.6966 0.6078 0.5069 0.4010

49 0.8419 0.7881 0.9302 0.9440 0.9526 0.9175 0.9626 0.9673 0.9643 0.9351

50 0.8461 0.7946 0.8758 0.9085 0.9326 0.9214 0.9570 0.9630 0.9585 0.9227

51 0.8302 0.7907 0.5164 0.5831 0.6482 0.6278 0.7849 0.8242 0.8429 0.8426

52 0.9812 0.9434 0.6632 0.7251 0.7855 0.7352 0.9137 0.9489 0.9688 0.9791

53 0.6853 0.6528 0.8391 0.8426 0.8471 0.8611 0.8542 0.8474 0.8220 0.7697
54 0.9042 0.8981 0.5914 0.6514 0.7131 0.7407 0.8437 0.8912 0.9207 0.9265

56 0.9254 0.9412 0.5345 0.5906 0.6508 0.6720 0.7897 0.8491 0.8951 0.9211

57 0.7910 0.7621 0.8637 0.8807 0.8977 0.9278 0.9222 0.9274 0.9142 0.8688
58 0.7463 0.7005 0.9129 0.9198 0.9249 0.9067 0.9308 0.9268 0.9026 0.8502

59 0.9879 0.9917 0.5130 0.5893 0.6693 0.7033 0.8437 0.9111 0.9556 0.9765
60 0.8796 0.8661 0.5053 0.5705 0.6372 0.6329 0.7853 0.8392 0.8762 0.8949

To be continued.
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Continued.
61 0.9263 0.9282 0.6175 0.6700 0.7251 0.7482 0.8462 0.8939 0.9257 0.9352
62 0.7649 0.7286 0.8753 0.8891 0.9019 0.9059 0.9209 0.9222 0.9045 0.8575
65 0.9409 0.9412 0.5479 0.6095 0.6737 0.6801 0.8186 0.8762 0.9186 0.9420
66 0.7963 0.7669 0.6370 0.6950 0.7510 0.7958 0.8529 0.8773 0.8779 0.8492
67 0.6485 0.5836 0.9466 0.9521 0.9529 0.9603 0.9411 0.9192 0.8650 0.7826
69 0.8135 0.7760 0.8430 0.8640 0.8840 0.8663 0.9198 0.9270 0.9178 0.8818
70 0.9513 0.9705 0.4899 0.5456 0.6057 0.5991 0.7530 0.8190 0.8752 0.9181
71 0.7523 0.7213 0.8678 0.8807 0.8937 0.9261 0.9109 0.9110 0.8907 0.8395
72 0.7116 0.6588 0.8794 0.8926 0.9015 0.8795 0.9098 0.8977 0.8638 0.8050
73 0.9706 0.9799 0.6581 0.7096 0.7645 0.7899 0.8863 0.9341 0.9637 0.9763

; 74 0.9205 0.9165 0.6272 0.6868 0.7483 0.7899 0.8748 0.9196 0.9456 0.9491
;■ 75 0.7638 0.7278 0.8730 0.8816 0.8903 0.8812 0.9069 0.9066 0.8881 0.8431

76 0.8801 0.8504 0.3792 0.4581 0.5369 0.5037 0.7147 0.7783 0.8254 0.8611

: 77 0.9491 0.9449 0.6109 0.6686 0.7283 0.7345 0.8603 0.9105 0.9442 0.9592

: 79 0.9961 1.0000 0.6145 0.6730 0.7335 0.7137 0.8728 0.9262 0.9614 0.9796
81 0.9412 0.9488 0.6132 0.6642 0.7186 0.7321 0.8427 0.8944 0.9318 0.9492
83 0.9472 0.9550 0.6430 0.6910 0.7424 0.7555 0.8602 0.9095 0.9439 0.9592

: 84 0.7725 0.7367 0.8719 0.8901 0.9065 0.9340 0.9262 0.9276 0.9085 0.8569

i! 85 0.9935 1.0000 0.6421 0.7311 0.8227 1.0000 0.9570 0.9787 0.9873 0.9896
i 86 0.8729 0.8516 0.6989 0.7450 0.7909 0.7923 0.8861 0.9159 0.9295 0.9201

87 0.6667 0.6222 0.9640 0.9501 0.9384 0.9550 0.9093 0.8871 0.8439 0.7728
88 0.9511 0.9550 0.6267 0.6794 0.7349 0.7541 0.8584 0.9078 0.9413 0.9546
89 0.9275 0.9139 0.7045 0.7513 0.7992 0.8025 0.9004 0.9343 0.9536 0.9557
90 0.7252 0.6785 0.8896 0.8948 0.8985 0.8745 0.9031 0.8932 0.8639 0.8099
92 0.7690 0.7181 0.9493 0.9499 0.9505 0.9348 0.9493 0.9467 0.9251 0.8700
94 0.9265 0.8854 0.7519 0.8034 0.8521 0.8200 0.9387 0.9586 0.9682 0.9664
98 0.5881 0.5268 0.6065 0.6488 0.6829 0.6226 0.7439 0.7388 0.7120 0.6688
99 0.8146 0.7497 0.9662 0.9678 0.9688 0.9514 0.9683 0.9692 0.9593 0.9116
101 0.5715 0.5051 0.7667 0.7822 0.7892 0.7133 0.7947 0.7682 0.7221 0.6596
102 0.5768 0.5268 0.7328 0.7364 0.7371 0.6718 0.7437 0.7286 0.6966 0.6480
103 0.8498 0.8377 0.3985 0.4714 0.5467 0.5426 0.7173 0.7811 0.8278 0.8588
104 0.8674 0.8613 0.4960 0.5575 0.6212 0.6150 0.7664 0.8220 0.8624 0.8858
105 0.8945 0.8599 0.5634 0.6263 0.6880 0.6443 0.8250 0.8695 0.8974 0.9103
106 0.8727 0.8563 0.6880 0.7373 0.7868 0.8174 0.8846 0.9153 0.9281 0.9142

107 0.7011 0.6201 0.9739 0.9748 0.9743 0.9688 0.9675 0.9588 0.9170 0.8342
108 0.6636 0.5870 0.8621 0.8660 0.8628 0.7139 0.8649 0.8409 0.8021 0.7526
109 0.9739 0.9848 0.6252 0.6787 0.7359 0.7551 0.8653 0.9188 0.9551 0.9722
110 0.8174 0.7880 0.8875 0.8998 0.9124 0.9196 0.9331 0.9402 0.9331 0.8949
111 0.9063 0.9091 0.6069 0.6575 0.7109 0.7211 0.8319 0.8808 0.9154 0.9293
112 0.9437 0.9682 0.4135 0.4811 0.5543 0.5818 0.7260 0.8010 0.8628 0.9073
113 0.7893 0.7515 0.8995 0.9123 0.9233 0.9380 0.9360 0.9377 0.9209 0.8709
114 0.9857 0.9852 0.6134 0.6736 0.7361 0.7467 0.8742 0.9264 0.9595 0.9749
115 0.8926 0.8742 0.6637 0.7147 0.7658 0.7749 0.8719 0.9067 0.9241 0.9182
117 0.7014 0.6565 0.8243 0.8422 0.8572 0.8490 0.8791 0.8717 0.8440 0.7911
118 0.8420 0.7866 0.9658 0.9662 0.9672 0.9569 0.9678 0.9707 0.9663 0.9313
119 0.9187 0.9279 0.5157 0.5717 0.6312 0.6309 0.7716 0.8309 0.8777 0.9079
120 0.9056 0.9399 0.3028 0.3794 0.4644 0.5284 0.6635 0.7505 0.8213 0.8708
121 0.9298 0.9138 0.4115 0.4888 0.5681 0.5468 0.7496 0.8190 0.8732 0.9151
123 0.6210 0.5824 0.8915 0.8789 0.8684 0.8808 0.8453 0.8254 0.7868 0.7217
124 0.7315 0.6847 0.9046 0.9190 0.9289 0.9459 0.9351 0.9293 0.8996 0.8378
125 0.9911 0.9960 0.6831 0.7337 0.7872 0.7981 0.9048 0.9469 0.9713 0.9821
127 0.8824 0.8847 0.6143 0.6597 0.7079 0.7094 0.8204 0.8665 0.8990 0.9118
128 0.7799 0.6802 0.9734 0.9704 0.9663 0.7998 0.9614 0.9522 0.9200 0.8671
129 0.9310 0.9526 0.5032 0.5612 0.6238 0.6478 0.7700 0.8339 0.8851 0.9171

130 0.9590 0.9356 0.5989 0.6575 0.7164 0.6689 0.8527 0.9021 0.9374 0.9592
To be continued.
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Continued.
131 0.7180 0.7127 0.2816 0.3420 0.4041 0.3895 0.5523 0.6105 0.6547 0.6886
133 0.7737 0.7165 0.9606 0.9598 0.9593 0.9447 0.9558 0.9527 0.9299 0.8712

134 0.8535 0.8056 0.8498 0.8817 0.9089 0.8802 0.9460 0.9542 0.9508 0.9200
135 0.8282 0.7864 0.8163 0.8485 0.8781 0.8539 0.9281 0.9386 0.9342 0.9033
136 0.8471 0.8085 0.9276 0.9372 0.9452 0.9423 0.9559 0.9621 0.9595 0.9278
137 0.8784 0.8672 0.5344 0.5949 0.6568 0.6579 0.7935 0.8432 0.8762 0.8895
138 0.9898 0.9869 0.6272 0.6873 0.7495 0.7548 0.8858 0.9350 0.9647 0.9785
139 0.9282 0.8447 0.9339 0.9547 0.9641 0.8534 0.9747 0.9795 0.9816 0.9791
140 0.6407 0.5929 0.7736 0.7806 0.7853 0.7313 0.7988 0.7882 0.7606 0.7140
141 0.9397 0.9326 0.4396 0.5197 0.6033 0.6222 0.7879 0.8581 0.9096 0.9410
142 0.9544 0.9436 0.4697 0.5393 0.6111 0.5902 0.7769 0.8415 0.8921 0.9292
143 0.9872 0.9931 0.3931 0.4688 0.5484 0.5341 0.7375 0.8176 0.8865 0.9449
144 0.8349 0.7910 0.8518 0.8795 0.9037 0.8835 0.9390 0.9464 0.9399 0.9042
147 0.7777 0.7381 0.8372 0.8557 0.8729 0.8593 0.9035 0.9056 0.8889 0.8466
148 0.8571 0.8379 0.5185 0.5787 0.6395 0.6243 0.7751 0.8225 0.8531 0.8661
149 0.7985 0.7665 0.8210 0.8347 0.8494 0.8172 0.8860 0.8942 0.8870 0.8575
151 0.7411 0.7048 0.8972 0.9062 0.9144 0.9477 0.9207 0.9163 0.8900 0.8321
152 0.9645 0.9666 0.6348 0.6832 0.7347 0.7217 0.8567 0.9074 0.9445 0.9647
153 0.8728 0.7957 0.8818 0.9095 0.9275 0.8051 0.9542 0.9581 0.9520 0.9259
154 0.7701 0.7391 0.8488 0.8646 0.8803 0.9037 0.9049 0.9071 0.8897 0.8428
155 0.7231 0.6752 0.8138 0.8368 0.8561 0.8368 0.8868 0.8821 0.8570 0.8076
156 0.8567 0.8577 0.5261 0.5810 0.6384 0.6494 0.7686 0.8195 0.8549 0.8704
158 0.8972 0.8955 0.5277 0.5859 0.6465 0.6450 0.7854 0.8400 0.8802 0.9025
159 0.9143 0.8709 0.6969 0.7439 0.7886 0.7214 0.8886 0.9168 0.9312 0.9311
160 0.8296 0.8236 0.5315 0.5871 0.6444 0.6609 0.7697 0.8154 0.8436 0.8500
162 0.8223 0.7704 0.9203 0.9228 0.9248 0.8552 0.9338 0.9333 0.9174 0.8778
163 0.4381 0.4315 0.2308 0.2717 0.3146 0.3397 0.4116 0.4423 0.4543 0.4489
164 0.8647 0.8090 0.9346 0.9476 0.9554 0.9214 0.9644 0.9691 0.9668 0.9396
165 0.7912 0.7570 0.8370 0.8623 0.8862 0.8972 0.9231 0.9302 0.9196 0.8784
166 0.8355 0.7965 0.8932 0.9144 0.9313 0.9405 0.9506 0.9570 0.9517 0.9132
169 0.9050 0.8838 0.8005 0.8346 0.8694 0.8669 0.9337 0.9536 0.9635 0.9574

Table B.19: Sensitivity analysis: Efficiency coefficients: Models 10-19
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Sensitivity analysis: Efficiency coefficients: Models 20-29

IHE EFF.20 EFF.21 EFF.22 EFF.23 EFF.24 EFF.25 EFF.26 EFF.27 EFF.28 EFF.29
1 0.9473 0.9661 0.5272 0.6030 0.6882 0.7743 0.8421 0.8994 0.9371 0.9465
2 0.8356 0.7856 0.8290 0.8774 0.9149 0.9354 0.9462 0.9460 0.9191 0.8508
3 0.8959 0.8558 0.7564 0.8191 0.8813 0.9233 0.9448 0.9576 0.9581 0.9303
4 0.7935 0.7371 0.9267 0.9360 0.9400 0.9441 0.9472 0.9361 0.8929 0.8158

j 5 0.9517 0.8818 0.9848 0.9820 0.9790 0.9796 0.9849 0.9880 0.9878 0.9871
i' 6 0.7849 0.7467 0.8603 0.8746 0.8889 0.9024 0.9102 0.9020 0.8668 0.8002

8 0.8921 0.8847 0.5895 0.6537 0.7256 0.7958 0.8432 0.8805 0.9032 0.9029
9 0.9561 0.9694 0.5527 0.6202 0.6977 0.7777 0.8398 0.8936 0.9339 0.9555
10 0.8495 0.8046 0.8242 0.8721 0.9108 0.9333 0.9467 0.9495 0.9268 0.8606
11 0.8911 0.8626 0.6100 0.6911 0.7764 0.8502 0.8904 0.9177 0.9268 0.9043
12 0.9803 0.9681 0.7270 0.7857 0.8491 0.9043 0.9410 0.9646 0.9748 0.9799
13 0.7865 0.7350 0.9479 0.9398 0.9338 0.9335 0.9342 0.9182 0.8736 0.8011

ij 14 0.9138 0.8745 0.8652 0.9069 0.9344 0.9512 0.9658 0.9739 0.9719 0.9364
15 0.9082 0.9015 0.5678 0.6418 0.7224 0.7986 0.8500 0.8891 0.9086 0.8965
16 0.6830 0.6297 0.9383 0.9223 0.9086 0.8996 0.8847 0.8500 0.7898 0.7019
17 0.9302 0.9257 0.6374 0.7015 0.7732 0.8434 0.8930 0.9317 0.9550 0.9630
18 0.9644 0.9818 0.5765 0.6447 0.7222 0.8018 0.8658 0.9195 0.9538 0.9705
19 0.9639 0.9737 0.5980 0.6660 0.7420 0.8181 0.8771 0.9243 0.9514 0.9555
22 0.9184 0.9150 0.5362 0.6133 0.6987 0.7814 0.8381 0.8845 0.9157 0.9219
23 0.9501 0.9096 0.7871 0.8421 0.8965 0.9324 0.9528 0.9660 0.9714 0.9680
24 0.7827 0.7401 0.7990 0.8407 0.8793 0.9054 0.9159 0.9111 0.8796 0.8136
26 0.9090 0.9132 0.5900 0.6531 0.7236 0.7941 0.8468 0.8884 0.9111 0.9048

;i 29 0.8731 0.7894 0.8834 0.9333 0.9545 0.9632 0.9675 0.9655 0.9458 0.8852
I 30 0.9602 0.9533 0.7332 0.7829 0.8383 0.8911 0.9300 0.9562 0.9675 0.9648

31 0.9331 0.9405 0.5679 0.6317 0.7044 0.7787 0.8347 0.8814 0.9129 0.9209
32 0.8551 0.8046 0.9453 0.9481 0.9492 0.9535 0.9613 0.9616 0.9393 0.8735
33 0.8716 0.8219 0.9308 0.9409 0.9464 0.9531 0.9621 0.9644 0.9487 0.8910

■ 34 0.9312 0.9159 0.7094 0.7672 0.8297 0.8863 0.9235 0.9488 0.9588 0.9462
35 0.9519 0.9599 0.5306 0.6058 0.6910 0.7768 0.8403 0.8953 0.9370 0.9605
36 0.8337 0.7709 0.9598 0.9607 0.9597 0.9614 0.9661 0.9631 0.9337 0.8583
37 0.8547 0.8014 0.9320 0.9451 0.9507 0.9564 0.9644 0.9652 0.9441 0.8740
38 0.8633 0.8196 0.6502 0.7257 0.8035 0.8662 0.8927 0.9069 0.9041 0.8728
39 0.8924 0.8304 0.9632 0.9665 0.9668 0.9696 0.9763 0.9792 0.9729 0.9236
40 0.8562 0.8497 0.6341 0.6893 0.7502 0.8097 0.8514 0.8806 0.8889 0.8667
41 0.7709 0.7645 0.3860 0.4687 0.5607 0.6488 0.7049 0.7480 0.7730 0.7686
42 0.9097 0.9053 0.6425 0.7028 0.7687 0.8326 0.8786 0.9122 0.9251 0.9066
43 0.8686 0.8174 0.8180 0.8639 0.9055 0.9311 0.9434 0.9476 0.9376 0.9001
44 0.9344 0.9393 0.5973 0.6627 0.7359 0.8091 0.8641 0.9085 0.9350 0.9358
45 0.8789 0.8427 0.8230 0.8607 0.8964 0.9224 0.9396 0.9470 0.9346 0.8868
46 0.5951 0.5451 0.8354 0.8309 0.8267 0.8210 0.8018 0.7654 0.7041 0.6155
48 0.2989 0.2223 0.9688 0.9334 0.8793 0.8083 0.7122 0.6074 0.4927 0.3711
49 0.8697 0.8153 0.9448 0.9524 0.9555 0.9603 0.9682 0.9706 0.9581 0.9006
50 0.8546 0.8040 0.8766 0.9127 0.9344 0.9470 0.9570 0.9582 0.9352 0.8658
51 0.8102 0.7845 0.5306 0.6096 0.6934 0.7671 0.8064 0.8315 0.8359 0.8074
52 0.9753 0.9487 0.6946 0.7660 0.8419 0.9043 0.9393 0.9624 0.9738 0.9835
53 0.7076 0.6668 0.8370 0.8396 0.8454 0.8527 0.8499 0.8314 0.7891 0.7191
54 0.9081 0.9037 0.6188 0.6873 0.7612 0.8313 0.8805 0.9167 0.9315 0.9129
56 0.9273 0.9421 0.5671 0.6290 0.7001 0.7743 0.8332 0.8827 0.9160 0.9246
57 0.8097 0.7728 0.8633 0.8801 0.8959 0.9105 0.9209 0.9163 0.8834 0.8172
58 0.7818 0.7309 0.9280 0.9315 0.9331 0.9369 0.9402 0.9287 0.8871 0.8143
59 0.9906 1.0000 0.5535 0.6422 0.7394 0.8326 0.9012 0.9517 0.9752 1.0000
60 0.8850 0.8797 0.5457 0.6220 0.7059 0.7856 0.8393 0.8815 0.9059 0.9010

To be continued.
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Continued.
61 0.9238 0.9241 0.6385 0.6960 0.7602 0.8245 0.8728 0.9095 0.9271 0.9162
62 0.7956 0.7528 0.8891 0.9020 0.9126 0.9226 0.9298 0.9225 0.8870 0.8196
65 0.9411 0.9452 0.5825 0.6521 0.7298 0.8069 0.8638 0.9102 0.9393 0.9441
66 0.7976 0.7710 0.6449 0.7139 0.7828 0.8393 0.8688 0.8809 0.8633 0.8034
67 0.6861 0.6185 0.9462 0.9528 0.9521 0.9503 0.9447 0.9126 0.8387 0.7292

69 0.8270 0.7865 0.8498 0.8723 0.8942 0.9121 0.9223 0.9195 0.8927 0.8365
70 0.9409 0.9619 0.5225 0.5830 0.6549 0.7327 0.7952 0.8510 0.8971 0.9282
71 0.7764 0.7369 0.8686 0.8814 0.8933 0.9046 0.9109 0.9002 0.8611 0.7895

72 0.7300 0.6752 0.8770 0.8936 0.9051 0.9112 0.9054 0.8801 0.8293 0.7485
73 0.9860 0.9912 0.6945 0.7499 0.8126 0.8757 0.9245 0.9583 0.9745 0.9934

74 0.9287 0.9241 0.6542 0.7219 0.7942 0.8617 0.9093 0.9422 0.9544 0.9351
75 0.7841 0.7417 0.8768 0.8841 0.8928 0.9026 0.9063 0.8945 0.8589 0.7960
76 0.8605 0.8499 0.4150 0.5066 0.6072 0.7029 0.7643 0.8141 0.8505 0.8638

77 0.9534 0.9511 0.6437 0.7083 0.7796 0.8492 0.8994 0.9372 0.9572 0.9582
79 1.0000 0.9985 0.6471 0.7116 0.7843 0.8562 0.9082 0.9477 0.9704 0.9968
81 0.9480 0.9534 0.6453 0.7006 0.7639 0.8295 0.8809 0.9219 0.9457 0.9488

83 0.9589 0.9631 0.6772 0.7283 0.7875 0.8494 0.8984 0.9362 0.9571 0.9629

84 0.7911 0.7488 0.8690 0.8885 0.9041 0.9164 0.9236 0.9146 0.8753 0.8015

85 1.0000 1.0000 0.6546 0.7583 0.8617 0.9328 0.9689 0.9843 0.9887 1.0000
86 0.8869 0.8657 0.7257 0.7778 0.8333 0.8825 0.9137 0.9329 0.9330 0.9009

87 0.6944 0.6399 0.9514 0.9336 0.9178 0.9077 0.8934 0.8583 0.7977 0.7101
88 0.9489 0.9510 0.6499 0.7071 0.7715 0.8366 0.8864 0.9248 0.9451 0.9412
89 0.9337 0.9192 0.7278 0.7791 0.8351 0.8868 0.9224 0.9463 0.9543 0.9369

90 0.7415 0.6906 0.8848 0.8903 0.8956 0.9002 0.8946 0.8718 0.8260 0.7532
92 0.7975 0.7420 0.9508 0.9489 0.9465 0.9478 0.9510 0.9412 0.8990 0.8230
94 0.9307 0.8954 0.7747 0.8344 0.8922 0.9301 0.9523 0.9655 0.9675 0.9433
98 0.6017 0.5496 0.6267 0.6840 0.7382 0.7735 0.7683 0.7476 0.7061 0.6351
99 0.8319 0.7675 0.9614 0.9626 0.9614 0.9628 0.9673 0.9641 0.9328 0.8532
101 0.5800 0.5185 0.7593 0.7849 0.8060 0.8119 0.7852 0.7442 0.6842 0.5998
102 0.5856 0.5362 0.7294 0.7364 0.7460 0.7523 0.7361 0.7071 0.6618 0.5969
103 0.8583 0.8584 0.4497 0.5365 0.6330 0.7261 0.7897 0.8418 0.8772 0.8840
104 0.8830 0.8831 0.5447 0.6164 0.6965 0.7750 0.8301 0.8748 0.9038 0.9069

105 0.8905 0.8682 0.5976 0.6713 0.7509 0.8233 0.8656 0.8967 0.9125 0.9025

106 0.8782 0.8604 0.7031 0.7587 0.8170 0.8692 0.9031 0.9234 0.9203 0.8808
107 0.7303 0.6517 0.9691 0.9712 0.9693 0.9682 0.9680 0.9526 0.8851 0.7728
108 0.6791 0.6094 0.8772 0.8866 0.8942 0.8941 0.8680 0.8289 0.7780 0.7103

109 0.9827 0.9909 0.6600 0.7179 0.7839 0.8518 0.9055 0.9462 0.9679 0.9848

110 0.8405 0.8032 0.8957 0.9048 0.9139 0.9251 0.9365 0.9361 0.9106 0.8527
111 0.9226 0.9241 0.6458 0.7015 0.7648 0.8293 0.8783 0.9166 0.9379 0.9353
112 0.9290 0.9575 0.4447 0.5213 0.6097 0.7017 0.7753 0.8404 0.8909 0.9160
113 0.8057 0.7615 0.8946 0.9067 0.9158 0.9246 0.9312 0.9228 0.8846 0.8135

114 0.9822 0.9831 0.6415 0.7083 0.7822 0.8545 0.9074 0.9466 0.9670 0.9780
115 0.8884 0.8713 0.6775 0.7347 0.7959 0.8523 0.8884 0.9118 0.9141 0.8842

117 0.7228 0.6750 0.8288 0.8512 0.8715 0.8849 0.8823 0.8625 0.8180 0.7430
118 0.8603 0.8028 0.9621 0.9609 0.9590 0.9610 0.9673 0.9671 0.9459 0.8776
119 0.9164 0.9277 0.5494 0.6114 0.6831 0.7578 0.8152 0.8639 0.8992 0.9136
120 0.8953 0.9362 0.3394 0.4294 0.5342 0.6432 0.7315 0.8102 0.8691 0.8914
121 0.9225 0.9220 0.4575 0.5478 0.6482 0.7456 0.8129 0.8701 0.9140 0.9344
123 0.6502 0.6020 0.8848 0.8698 0.8588 0.8516 0.8363 0.8047 0.7493 0.6680

124 0.7612 0.7092 0.9083 0.9230 0.9302 0.9354 0.9381 0.9232 0.8734 0.7876
125 0.9999 1.0000 0.7138 0.7677 0.8288 0.8885 0.9328 0.9626 0.9768 1.0000
127 0.9052 0.9054 0.6574 0.7068 0.7642 0.8242 0.8700 0.9059 0.9260 0.9236
128 0.7818 0.6950 0.9688 0.9664 0.9631 0.9615 0.9564 0.9327 0.8795 0.8063

129 0.9297 0.9506 0.5359 0.6000 0.6741 0.7522 0.8153 0.8696 0.9086 0.9238
130 0.9556 0.9417 0.6362 0.7025 0.7764 0.8470 0.8931 0.9294 0.9527 0.9630

To be continued.
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Continued.
131 0.6988 0.7051 0.3061 0.3753 0.4546 0.5364 0.5922 0.6380 0.6729 0.6908
133 0.7936 0.7336 0.9543 0.9528 0.9501 0.9506 0.9524 0.9400 0.8931 0.8122
134 0.8601 0.8135 0.8547 0.8907 0.9183 0.9358 0.9474 0.9492 0.9282 0.8691
135 0.8483 0.8065 0.8366 0.8737 0.9059 0.9276 0.9411 0.9444 0.9254 0.8704
136 0.8686 0.8243 0.9326 0.9377 0.9412 0.9478 0.9577 0.9599 0.9416 0.8828
137 0.8767 0.8712 0.5643 0.6338 0.7104 0.7837 0.8334 0.8714 0.8909 0.8813
138 0.9888 0.9869 0.6567 0.7236 0.7972 0.8680 0.9184 0.9541 0.9719 0.9872

139 0.9317 0.8607 0.9459 0.9603 0.9655 0.9702 0.9768 0.9804 0.9783 0.9555
140 0.6525 0.6041 0.7740 0.7837 0.7961 0.8055 0.7947 0.7707 0.7288 0.6650
141 0.9401 0.9447 0.4846 0.5794 0.6840 0.7838 0.8549 0.9133 0.9492 0.9561
142 0.9357 0.9369 0.5014 0.5810 0.6703 0.7582 0.8200 0.8726 0.9121 0.9296
143 0.9747 0.9930 0.4381 0.5248 0.6236 0.7245 0.8013 0.8709 0.9306 0.9750
144 0.8448 0.8001 0.8564 0.8873 0.9122 0.9293 0.9403 0.9400 0.9147 0.8542

147 0.7874 0.7447 0.8356 0.8561 0.8770 0.8938 0.8990 0.8888 0.8552 0.7928
148 0.8515 0.8407 0.5470 0.6168 0.6936 0.7664 0.8127 0.8475 0.8652 0.8557

149 0.8114 0.7751 0.8303 0.8431 0.8610 0.8801 0.8891 0.8854 0.8630 0.8176
151 0.7627 0.7182 0.8902 0.8989 0.9055 0.9120 0.9144 0.8983 0.8525 0.7739
152 0.9709 0.9725 0.6708 0.7226 0.7832 0.8466 0.8954 0.9342 0.9583 0.9735
153 0.8618 0.7965 0.8815 0.9132 0.9335 0.9450 0.9496 0.9447 0.9197 0.8667
154 0.7828 0.7446 0.8421 0.8583 0.8752 0.8904 0.8973 0.8878 0.8521 0.7852
155 0.7404 0.6918 0.8191 0.8478 0.8739 0.8909 0.8905 0.8732 0.8316 0.7593

156 0.8643 0.8670 0.5605 0.6227 0.6929 0.7632 0.8142 0.8543 0.8768 0.8725
158 0.9005 0.9029 0.5640 0.6301 0.7044 0.7787 0.8324 0.8762 0.9042 0.9072

159 0.8999 0.8661 0.7113 0.7648 0.8227 0.8732 0.8993 0.9152 0.9171 0.8961
160 0.8341 0.8305 0.5599 0.6237 0.6941 0.7623 0.8088 0.8431 0.8572 0.8407
162 0.8183 0.7657 0.9069 0.9081 0.9115 0.9172 0.9167 0.9018 0.8673 0.8117
163 0.4302 0.4281 0.2394 0.2884 0.3451 0.4020 0.4343 0.4532 0.4532 0.4272

164 0.8739 0.8189 0.9339 0.9448 0.9499 0.9557 0.9635 0.9645 0.9463 0.8850
165 0.8197 0.7807 0.8544 0.8824 0.9060 0.9234 0.9358 0.9356 0.9079 0.8438

166 0.8508 0.8073 0.8942 0.9149 0.9286 0.9397 0.9505 0.9513 0.9263 0.8603
169 0.9240 0.8989 0.8248 0.8607 0.8968 0.9257 0.9482 0.9618 0.9628 0.9370

Table B.20: Sensitivity analysis: Efficiency coefficients: Models 20-29
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Sensitivity analysis: Efficiency coefficients: Models 30-39

IHE EFF.30 EFF.31 EFF.32 EFF.33 EFF.34 EFF.35 EFF.36 EFF.37 EFF.38 EFF.39
1 0.9604 0.5727 0.6558 0.7515 0.8254 0.8839 0.9299 0.9446 0.9586 0.6333
2 0.7908 0.8495 0.8941 0.9250 0.9401 0.9449 0.9300 0.8655 0.8077 0.8758
3 0.8800 0.8190 0.8796 0.9259 0.9485 0.9631 0.9681 0.9605 0.9173 0.8850
4 0.7530 0.9264 0.9351 0.9399 0.9460 0.9432 0.9139 0.8396 0.7725 0.9233
5 0.9087 0.9777 0.9779 0.9765 0.9817 0.9871 0.9879 0.9925 0.9414 0.9694
6 0.7599 0.8641 0.8808 0.8965 0.9086 0.9078 0.8843 0.8197 0.7690 0.8690
8 0.8915 0.6404 0.7085 0.7874 0.8402 0.8762 0.9030 0.9093 0.9013 0.7041
9 0.9678 0.6012 0.6739 0.7598 0.8259 0.8782 0.9221 0.9506 0.9632 0.6611
10 0.8067 0.8402 0.8863 0.9200 0.9377 0.9454 0.9340 0.8719 0.8184 0.8639
11 0.8644 0.6615 0.7457 0.8368 0.8854 0.9126 0.9278 0.9116 0.8840 0.7317
12 0.9641 0.7586 0.8203 0.8836 0.9247 0.9533 0.9680 0.9753 0.9602 0.7991
13 0.7484 0.9336 0.9305 0.9278 0.9308 0.9224 0.8877 0.8184 0.7555 0.9184
14 0.8903 0.8934 0.9259 0.9447 0.9607 0.9727 0.9751 0.9592 0.9109 0.9122
15 0.8826 0.5980 0.6761 0.7646 0.8232 0.8623 0.8893 0.8814 0.8729 0.6426
16 0.6468 0.9174 0.9080 0.8994 0.8913 0.8643 0.8146 0.7264 0.6586 0.8982
17 0.9550 0.7082 0.7770 0.8537 0.9053 0.9422 0.9650 0.9848 0.9846 0.7924
18 0.9859 0.6263 0.7010 0.7873 0.8558 0.9105 0.9504 0.9735 0.9856 0.6885
19 0.9618 0.6325 0.7059 0.7897 0.8536 0.9027 0.9380 0.9459 0.9502 0.6788
22 0.9123 0.5869 0.6688 0.7628 0.8264 0.8711 0.9068 0.9195 0.9177 0.6529
23 0.9212 0.8372 0.8871 0.9264 0.9478 0.9626 0.9689 0.9758 0.9386 0.8849
24 0.7623 0.8335 0.8754 0.9089 0.9254 0.9290 0.9112 0.8470 0.7935 0.8737
26 0.9057 0.6240 0.6921 0.7706 0.8287 0.8712 0.9014 0.8998 0.8987 0.6698
29 0.7872 0.9069 0.9382 0.9540 0.9601 0.9585 0.9387 0.8850 0.8062 0.9217
30 0.9569 0.7656 0.8190 0.8758 0.9172 0.9475 0.9634 0.9685 0.9551 0.8048
31 0.9267 0.6017 0.6699 0.7504 0.8107 0.8560 0.8921 0.9056 0.9108 0.6458
32 0.8194 0.9394 0.9446 0.9472 0.9560 0.9613 0.9497 0.8931 0.8322 0.9310
33 0.8370 0.9331 0.9419 0.9473 0.9571 0.9638 0.9564 0.9103 0.8516 0.9297
34 0.9265 0.7538 0.8149 0.8784 0.9185 0.9460 0.9604 0.9595 0.9392 0.8084
35 0.9652 0.5899 0.6707 0.7649 0.8338 0.8868 0.9312 0.9628 0.9729 0.6636
36 0.7883 0.9530 0.9565 0.9571 0.9629 0.9653 0.9491 0.8826 0.8103 0.9450
37 0.8140 0.9314 0.9434 0.9496 0.9589 0.9646 0.9544 0.8941 0.8306 0.9279
38 0.8176 0.6940 0.7697 0.8505 0.8854 0.8980 0.8995 0.8739 0.8334 0.7547
39 0.8532 0.9604 0.9649 0.9661 0.9731 0.9793 0.9776 0.9534 0.8828 0.9547
40 0.8564 0.6714 0.7315 0.7996 0.8473 0.8788 0.8962 0.8781 0.8643 0.7206
41 0.7528 0.4277 0.5169 0.6212 0.6882 0.7300 0.7618 0.7609 0.7577 0.4883
42 0.8981 0.6713 0.7360 0.8087 0.8603 0.8960 0.9175 0.9034 0.8924 0.7116
43 0.8405 0.8719 0.9079 0.9337 0.9476 0.9549 0.9509 0.9260 0.8725 0.9120
44 0.9375 0.6390 0.7095 0.7904 0.8505 0.8955 0.9284 0.9353 0.9360 0.6927
45 0.8462 0.8408 0.8779 0.9096 0.9298 0.9409 0.9361 0.8944 0.8508 0.8617
46 0.5616 0.8250 0.8250 0.8268 0.8152 0.7840 0.7335 0.6420 0.5777 0.8226
48 0.2792 0.9675 0.9467 0.9085 0.8263 0.7137 0.5950 0.4567 0.3512 0.9639
49 0.8399 0.9485 0.9548 0.9576 0.9661 0.9728 0.9688 0.9314 0.8675 0.9456
50 0.8072 0.8853 0.9163 0.9355 0.9483 0.9541 0.9411 0.8771 0.8179 0.8947
51 0.7707 0.5635 0.6458 0.7378 0.7880 0.8125 0.8247 0.7994 0.7750 0.6146
52 0.9497 0.7432 0.8158 0.8895 0.9285 0.9537 0.9677 0.9800 0.9595 0.8040
53 0.6773 0.8314 0.8379 0.8482 0.8507 0.8367 0.8042 0.7351 0.6822 0.8297
54 0.9021 0.6571 0.7308 0.8123 0.8683 0.9071 0.9310 0.9175 0.9069 0.7098
56 0.9386 0.6071 0.6747 0.7544 0.8175 0.8671 0.9065 0.9208 0.9308 0.6578
57 0.7783 0.8602 0.8796 0.8974 0.9115 0.9135 0.8925 0.8287 0.7795 0.8600
58 0.7588 0.9329 0.9370 0.9390 0.9457 0.9451 0.9196 0.8501 0.7865 0.9310
59 1.0000 0.6097 0.7062 0.8135 0.8895 0.9431 0.9724 0.9898 0.9950 0.6848
60 0.8880 0.6027 0.6849 0.7778 0.8394 0.8816 0.9127 0.9137 0.9071 0.6774

To be continued.
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Continued.
61 0.9142 0.6656 0.7275 0.7984 0.8512 0.8894 0.9145 0.9083 0.9023 0.7027
62 0.7736 0.8990 0.9116 0.9214 0.9320 0.9336 0.9118 0.8472 0.7921 0.9036

65 0.9442 0.6287 0.7034 0.7891 0.8514 0.8980 0.9328 0.9442 0.9457 0.6878

66 0.7651 0.6668 0.7402 0.8164 0.8570 0.8741 0.8714 0.8112 0.7755 0.7079

67 0.6486 0.9441 0.9516 0.9528 0.9548 0.9442 0.8922 0.7782 0.6930 0.9420

69 0.7930 0.8591 0.8813 0.9022 0.9156 0.9172 0.8990 0.8467 0.7975 0.8688

70 0.9515 0.5626 0.6279 0.7084 0.7734 0.8261 0.8732 0.9109 0.9315 0.6112

71 0.7477 0.8662 0.8819 0.8962 0.9071 0.9043 0.8776 0.8074 0.7547 0.8663

72 0.6871 0.8799 0.8955 0.9076 0.9090 0.8906 0.8496 0.7692 0.7035 0.8849

73 0.9984 0.7355 0.7959 0.8625 0.9134 0.9510 0.9712 0.9878 0.9912 0.7846

74 0.9241 0.6908 0.7640 0.8428 0.8966 0.9338 0.9542 0.9424 0.9298 0.7415

75 0.7524 0.8774 0.8861 0.8963 0.9037 0.8973 0.8703 0.8105 0.7575 0.8766

76 0.8450 0.4705 0.5680 0.6797 0.7511 0.7978 0.8370 0.8572 0.8551 0.5451
77 0.9523 0.6866 0.7555 0.8329 0.8874 0.9270 0.9523 0.9606 0.9545 0.7409

79 0.9937 0.6899 0.7576 0.8351 0.8902 0.9311 0.9588 0.9822 0.9845 0.7419
81 0.9541 0.6832 0.7430 0.8127 0.8673 0.9094 0.9387 0.9486 0.9486 0.7295

83 0.9680 0.7157 0.7712 0.8357 0.8869 0.9266 0.9522 0.9656 0.9642 0.7612

84 0.7552 0.8661 0.8873 0.9046 0.9162 0.9146 0.8882 0.8158 0.7611 0.8671
85 0.9813 0.6804 0.7932 0.8987 0.9520 0.9783 0.9870 0.9898 0.9870 0.7314

86 0.8748 0.7616 0.8168 0.8739 0.9092 0.9316 0.9397 0.9148 0.8867 0.8078
87 0.6544 0.9269 0.9155 0.9046 0.8961 0.8687 0.8183 0.7310 0.6624 0.9033
88 0.9418 0.6789 0.7404 0.8110 0.8647 0.9047 0.9317 0.9326 0.9288 0.7168

89 0.9196 0.7577 0.8120 0.8700 0.9090 0.9360 0.9495 0.9391 0.9184 0.7958

90 0.6992 0.8800 0.8866 0.8940 0.8938 0.8755 0.8379 0.7670 0.7060 0.8762
92 0.7630 0.9440 0.9455 0.9452 0.9507 0.9497 0.9230 0.8508 0.7835 0.9353
94 0.9000 0.8118 0.8707 0.9185 0.9438 0.9604 0.9660 0.9525 0.9133 0.8564
98 0.5678 0.6731 0.7311 0.7912 0.7984 0.7764 0.7420 0.6682 0.6084 0.7432
99 0.7810 0.9522 0.9564 0.9573 0.9629 0.9647 0.9464 0.8742 0.8003 0.9429
101 0.5277 0.7711 0.7947 0.8190 0.8022 0.7603 0.7065 0.6197 0.5499 0.7981

102 0.5433 0.7341 0.7408 0.7550 0.7446 0.7143 0.6732 0.6084 0.5522 0.7466
103 0.8744 0.5216 0.6167 0.7257 0.7990 0.8505 0.8926 0.9053 0.9069 0.6162

104 0.9015 0.6095 0.6873 0.7767 0.8387 0.8833 0.9178 0.9281 0.9269 0.6911
105 0.8723 0.6505 0.7270 0.8127 0.8622 0.8915 0.9112 0.9080 0.8877 0.7192
106 0.8573 0.7259 0.7855 0.8486 0.8888 0.9130 0.9206 0.8847 0.8584 0.7610

107 0.6781 0.9624 0.9670 0.9669 0.9697 0.9670 0.9314 0.8180 0.7240 0.9568
108 0.6317 0.9055 0.9072 0.9109 0.8953 0.8540 0.8026 0.7376 0.6623 0.9199

109 0.9930 0.7005 0.7633 0.8351 0.8915 0.9349 0.9619 0.9810 0.9859 0.7495
110 0.8150 0.8969 0.9072 0.9169 0.9299 0.9356 0.9207 0.8677 0.8191 0.8941

111 0.9356 0.6922 0.7528 0.8224 0.8751 0.9146 0.9412 0.9474 0.9434 0.7485
112 0.9409 0.4868 0.5708 0.6710 0.7502 0.8140 0.8701 0.9000 0.9266 0.5433
113 0.7664 0.8870 0.9008 0.9122 0.9219 0.9198 0.8931 0.8244 0.7686 0.8810

114 0.9755 0.6789 0.7500 0.8300 0.8875 0.9297 0.9568 0.9701 0.9683 0.7273
115 0.8620 0.7002 0.7605 0.8270 0.8692 0.8944 0.9050 0.8791 0.8564 0.7343

117 0.6890 0.8397 0.8631 0.8845 0.8897 0.8753 0.8409 0.7662 0.7071 0.8568
118 0.8154 0.9518 0.9543 0.9546 0.9615 0.9656 0.9533 0.8949 0.8280 0.9406
119 0.9243 0.5920 0.6590 0.7391 0.8005 0.8478 0.8870 0.9075 0.9169 0.6452

120 0.9222 0.3901 0.4919 0.6140 0.7116 0.7913 0.8616 0.8868 0.9242 0.4619
121 0.9262 0.5236 0.6207 0.7321 0.8078 0.8626 0.9097 0.9381 0.9435 0.6094
123 0.6188 0.8705 0.8608 0.8551 0.8454 0.8188 0.7731 0.6914 0.6294 0.8582

124 0.7287 0.9106 0.9248 0.9327 0.9401 0.9368 0.9043 0.8186 0.7526 0.9117

125 1.0000 0.7491 0.8069 0.8701 0.9170 0.9516 0.9704 0.9871 0.9886 0.7911
127 0.9241 0.7074 0.7612 0.8245 0.8733 0.9100 0.9349 0.9416 0.9363 0.7657
128 0.7089 0.9632 0.9620 0.9596 0.9574 0.9406 0.8903 0.8225 0.7339 0.9556

129 0.9441 0.5762 0.6464 0.7299 0.7971 0.8511 0.8959 0.9165 0.9330 0.6276

130 0.9454 0.6882 0.7568 0.8351 0.8850 0.9194 0.9444 0.9626 0.9516 0.7513

To be continued.
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Continued.
131 0.6945 0.3431 0.4187 0.5108 0.5751 0.6177 0.6547 0.6767 0.6884 0.3944
133 0.7468 0.9426 0.9448 0.9448 0.9488 0.9441 0.9105 0.8323 0.7615 0.9312
134 0.8162 0.8679 0.9000 0.9237 0.9381 0.9438 0.9311 0.8771 0.8235 0.8818
135 0.8223 0.8652 0.8987 0.9237 0.9399 0.9484 0.9406 0.8927 0.8424 0.8910
136 0.8367 0.9286 0.9354 0.9401 0.9508 0.9579 0.9485 0.8986 0.8439 0.9210
137 0.8696 0.6074 0.6818 0.7666 0.8234 0.8614 0.8880 0.8831 0.8752 0.6653
138 0.9816 0.6960 0.7669 0.8456 0.9004 0.9398 0.9634 0.9788 0.9769 0.7462
139 0.8746 0.9533 0.9617 0.9656 0.9726 0.9783 0.9771 0.9698 0.8995 0.9520
140 0.6129 0.7809 0.7908 0.8070 0.8016 0.7774 0.7407 0.6780 0.6222 0.7944
141 0.9489 0.5491 0.6528 0.7697 0.8506 0.9096 0.9518 0.9673 0.9723 0.6363
142 0.9258 0.5485 0.6329 0.7313 0.7997 0.8493 0.8917 0.9159 0.9213 0.6100
143 0.9902 0.4997 0.5935 0.7038 0.7867 0.8527 0.9138 0.9659 0.9877 0.5777
144 0.8043 0.8670 0.8954 0.9177 0.9317 0.9358 0.9200 0.8637 0.8109 0.8784
147 0.7469 0.8371 0.8587 0.8810 0.8908 0.8843 0.8592 0.7995 0.7480 0.8432
148 0.8383 0.5905 0.6645 0.7494 0.8034 0.8371 0.8606 0.8558 0.8446 0.6490
149 0.7816 0.8393 0.8531 0.8721 0.8837 0.8819 0.8648 0.8240 0.7804 0.8478
151 0.7264 0.8796 0.8916 0.9016 0.9088 0.9008 0.8676 0.7899 0.7321 0.8725
152 0.9766 0.7131 0.7682 0.8334 0.8838 0.9228 0.9501 0.9716 0.9715 0.7616
153 0.7940 0.8951 0.9172 0.9335 0.9398 0.9347 0.9106 0.8639 0.7994 0.9032
154 0.7449 0.8341 0.8535 0.8737 0.8852 0.8810 0.8562 0.7911 0.7416 0.8316
155 0.7036 0.8335 0.8624 0.8885 0.8957 0.8835 0.8515 0.7800 0.7214 0.8551
156 0.8717 0.6053 0.6730 0.7519 0.8089 0.8495 0.8791 0.8796 0.8781 0.6633
158 0.9062 0.6122 0.6832 0.7659 0.8252 0.8685 0.9019 0.9110 0.9114 0.6734
159 0.8577 0.7392 0.7922 0.8518 0.8822 0.8962 0.9000 0.8854 0.8532 0.7756
160 0.8315 0.5995 0.6686 0.7479 0.8018 0.8372 0.8599 0.8469 0.8383 0.6536
162 0.7587 0.8926 0.8940 0.8995 0.8998 0.8846 0.8535 0.8028 0.7457 0.8769
163 0.4184 0.2578 0.3128 0.3828 0.4260 0.4452 0.4541 0.4256 0.4202 0.2916
164 0.8247 0.9306 0.9408 0.9468 0.9556 0.9601 0.9480 0.8946 0.8324 0.9246
165 0.7999 0.8743 0.9008 0.9206 0.9361 0.9436 0.9310 0.8712 0.8202 0.8916
166 0.8127 0.8944 0.9142 0.9280 0.9411 0.9471 0.9330 0.8718 0.8177 0.8941
169 0.9103 0.8518 0.8870 0.9168 0.9406 0.9582 0.9638 0.9504 0.9170 0.8762

Table B.21: Sensitivity analysis: Efficiency coefficients: Models 30-39
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Sensitivity analysis: Efficiency coefficients: Models 40-49

IHE EFF.40 EFF.41 EFF.42 EFF.43 EFF.44 EFF.45 EFF.46 EFF.47 EFF.48 EFF.49

1 0.7224 0.8040 0.8663 0.9171 0.9447 0.9585 0.7157 0.7811 0.8457 0.8995
2 0.9091 0.9306 0.9400 0.9329 0.8863 0.8248 0.8963 0.9169 0.9314 0.9303

3 0.9233 0.9478 0.9639 0.9723 0.9719 0.9495 0.9197 0.9434 0.9618 0.9728

4 0.9334 0.9422 0.9448 0.9276 0.8694 0.7968 0.9209 0.9349 0.9423 0.9344

5 0.9730 0.9783 0.9846 0.9877 0.9879 0.9701 0.9616 0.9730 0.9812 0.9862

6 0.8879 0.9036 0.9091 0.8955 0.8494 0.7890 0.8767 0.8956 0.9063 0.9009

8 0.7739 0.8328 0.8714 0.8991 0.9110 0.9089 0.7827 0.8248 0.8644 0.8929

9 0.7383 0.8087 0.8624 0.9074 0.9395 0.9578 0.7378 0.7920 0.8453 0.8904

10 0.9008 0.9255 0.9375 0.9337 0.8911 0.8323 0.8855 0.9089 0.9260 0.9278

11 0.8130 0.8735 0.9055 0.9230 0.9160 0.8948 0.8168 0.8577 0.8943 0.9144

12 0.8588 0.9057 0.9381 0.9587 0.9661 0.9581 0.8440 0.8843 0.9199 0.9449

13 0.9215 0.9257 0.9227 0.8971 0.8412 0.7718 0.9073 0.9182 0.9197 0.9020

14 0.9360 0.9543 0.9685 0.9755 0.9718 0.9357 0.9214 0.9449 0.9625 0.9731

15 0.7227 0.7908 0.8339 0.8635 0.8681 0.8607 0.7077 0.7564 0.8023 0.8335

16 0.8967 0.8935 0.8750 0.8338 0.7630 0.6826 0.8868 0.8918 0.8815 0.8480

17 0.8595 0.9115 0.9472 0.9698 0.9826 0.9888 0.8715 0.9132 0.9477 0.9706

18 0.7688 0.8422 0.8994 0.9438 0.9689 0.9816 0.7679 0.8280 0.8861 0.9335

19 0.7565 0.8265 0.8786 0.9191 0.9383 0.9424 0.7431 0.7985 0.8521 0.8953

22 0.7372 0.8091 0.8572 0.8935 0.9121 0.9174 0.7386 0.7906 0.8405 0.8775

23 0.9179 0.9411 0.9572 0.9657 0.9670 0.9488 0.9104 0.9323 0.9502 0.9607

24 0.9058 0.9277 0.9385 0.9333 0.8894 0.8293 0.9018 0.9242 0.9407 0.9450

26 0.7421 0.8065 0.8522 0.8863 0.8980 0.8954 0.7339 0.7836 0.8309 0.8671

29 0.9398 0.9498 0.9494 0.9276 0.8719 0.8074 0.9270 0.9352 0.9368 0.9141

30 0.8583 0.9028 0.9357 0.9573 0.9659 0.9591 0.8469 0.8868 0.9219 0.9476

31 0.7180 0.7831 0.8302 0.8674 0.8884 0.8961 0.7073 0.7559 0.8028 0.8400

32 0.9400 0.9498 0.9576 0.9541 0.9170 0.8518 0.9245 0.9409 0.9518 0.9536

33 0.9404 0.9512 0.9601 0.9593 0.9310 0.8709 0.9260 0.9427 0.9544 0.9581

34 0.8662 0.9104 0.9403 0.9590 0.9647 0.9537 0.8621 0.8998 0.9321 0.9543

35 0.7482 0.8230 0.8780 0.9228 0.9541 0.9721 0.7554 0.8120 0.8673 0.9123

36 0.9515 0.9585 0.9636 0.9566 0.9094 0.8348 0.9382 0.9513 0.9596 0.9585

37 0.9408 0.9522 0.9606 0.9581 0.9198 0.8517 0.9251 0.9424 0.9543 0.9569

38 0.8239 0.8708 0.8881 0.8895 0.8684 0.8372 0.8261 0.8525 0.8741 0.8765

39 0.9616 0.9693 0.9769 0.9793 0.9700 0.9132 0.9493 0.9631 0.9731 0.9783

40 0.7842 0.8387 0.8746 0.8975 0.8950 0.8777 0.7856 0.8283 0.8672 0.8940

41 0.5824 0.6628 0.7110 0.7437 0.7527 0.7539 0.5768 0.6339 0.6871 0.7217

42 0.7794 0.8378 0.8774 0.9040 0.9052 0.8912 0.7686 0.8140 0.8560 0.8857

43 0.9325 0.9476 0.9575 0.9584 0.9420 0.8987 0.9281 0.9443 0.9566 0.9614

44 0.7670 0.8329 0.8808 0.9175 0.9348 0.9370 0.7631 0.8146 0.8638 0.9027

45 0.8936 0.9177 0.9319 0.9328 0.9052 0.8592 0.8799 0.9030 0.9204 0.9253

46 0.8272 0.8237 0.7996 0.7566 0.6830 0.6045 0.8323 0.8289 0.8114 0.7747

48 0.9524 0.9237 0.8295 0.7038 0.5623 0.4361 0.9600 0.9581 0.9319 0.8208

49 0.9539 0.9629 0.9714 0.9733 0.9582 0.8986 0.9417 0.9571 0.9681 0.9737

50 0.9196 0.9372 0.9464 0.9405 0.8949 0.8311 0.9025 0.9222 0.9356 0.9347

51 0.6966 0.7608 0.7917 0.8059 0.7924 0.7710 0.6891 0.7297 0.7660 0.7824

52 0.8689 0.9145 0.9425 0.9597 0.9669 0.9607 0.8628 0.8980 0.9288 0.9487

53 0.8411 0.8481 0.8395 0.8137 0.7611 0.6980 0.8370 0.8439 0.8395 0.8188

54 0.7863 0.8511 0.8945 0.9242 0.9276 0.9146 0.7805 0.8312 0.8784 0.9123

56 0.7309 0.7986 0.8504 0.8928 0.9177 0.9279 0.7263 0.7798 0.8320 0.8758

57 0.8818 0.8997 0.9067 0.8951 0.8504 0.7915 0.8655 0.8854 0.8968 0.8919

58 0.9385 0.9468 0.9523 0.9425 0.8930 0.8226 0.9285 0.9438 0.9537 0.9540

59 0.7856 0.8722 0.9310 0.9672 0.9825 0.9900 0.7816 0.8513 0.9152 0.9580

60 0.7622 0.8334 0.8801 0.9137 0.9255 0.9230 0.7724 0.8250 0.8749 0.9108

To be continued.
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Continued.
61 0.7682 0.8264 0.8674 0.8967 0.9037 0.8955 0.7558 0.8010 0.8433 0.8748
62 0.9177 0.9306 0.9380 0.9290 0.8835 0.8203 0.9069 0.9255 0.9376 0.9379
65 0.7660 0.8348 0.8842 0.9222 0.9419 0.9473 0.7643 0.8172 0.8681 0.9081
66 0.7814 0.8373 0.8630 0.8689 0.8335 0.7882 0.7715 0.8118 0.8459 0.8588
67 0.9506 0.9572 0.9581 0.9342 0.8443 0.7445 0.9407 0.9540 0.9616 0.9561
69 0.8899 0.9064 0.9120 0.9002 0.8609 0.8077 0.8784 0.8951 0.9041 0.8973
70 0.6822 0.7493 0.8019 0.8478 0.8866 0.9130 0.6764 0.7271 0.7774 0.8215
71 0.8849 0.9001 0.9038 0.8873 0.8370 0.7732 0.8716 0.8900 0.8992 0.8910
72 0.8992 0.9070 0.8974 0.8635 0.7984 0.7249 0.8913 0.9007 0.8989 0.8726
73 0.8471 0.9005 0.9406 0.9667 0.9802 0.9859 0.8387 0.8863 0.9283 0.9590
74 0.8171 0.8796 0.9217 0.9491 0.9540 0.9404 0.8075 0.8593 0.9060 0.9389
75 0.8885 0.8983 0.8971 0.8770 0.8308 0.7715 0.8784 0.8909 0.8939 0.8795
76 0.6459 0.7297 0.7815 0.8190 0.8404 0.8513 0.6450 0.7056 0.7612 0.7989
77 0.8119 0.8720 0.9144 0.9443 0.9580 0.9577 0.8075 0.8552 0.8994 0.9327
79 0.8108 0.8697 0.9123 0.9441 0.9642 0.9728 0.8040 0.8491 0.8918 0.9254
81 0.7935 0.8512 0.8951 0.9286 0.9463 0.9484 0.7885 0.8352 0.8793 0.9151
83 0.8204 0.8735 0.9148 0.9451 0.9619 0.9652 0.8153 0.8600 0.9015 0.9347
84 0.8892 0.9058 0.9101 0.8938 0.8416 0.7766 0.8734 0.8921 0.9019 0.8932
85 0.8454 0.9265 0.9666 0.9837 0.9876 0.9862 0.8084 0.8873 0.9471 0.9761
86 0.8606 0.9010 0.9269 0.9407 0.9318 0.9024 0.8559 0.8900 0.9191 0.9372
87 0.8999 0.8952 0.8757 0.8335 0.7629 0.6825 0.8877 0.8913 0.8791 0.8439
88 0.7820 0.8401 0.8825 0.9139 0.9256 0.9210 0.7694 0.8153 0.8584 0.8919
89 0.8496 0.8931 0.9230 0.9415 0.9416 0.9216 0.8392 0.8756 0.9077 0.9296
90 0.8849 0.8892 0.8769 0.8447 0.7869 0.7195 0.8765 0.8820 0.8751 0.8475
92 0.9412 0.9481 0.9519 0.9389 0.8845 0.8112 0.9285 0.9423 0.9503 0.9466
94 0.9021 0.9329 0.9524 0.9622 0.9564 0.9245 0.8904 0.9188 0.9419 0.9552
98 0.7944 0.8194 0.8052 0.7717 0.7083 0.6448 0.8300 0.8342 0.8291 0.7983
99 0.9501 0.9573 0.9618 0.9525 0.8989 0.8218 0.9357 0.9487 0.9566 0.9532
101 0.8149 0.8115 0.7757 0.7228 0.6456 0.5704 0.8348 0.8168 0.7870 0.7359
102 0.7528 0.7486 0.7217 0.6808 0.6228 0.5629 0.7719 0.7524 0.7269 0.6864
103 0.7161 0.8015 0.8587 0.9024 0.9241 0.9327 0.7377 0.8016 0.8628 0.9083
104 0.7725 0.8421 0.8902 0.9264 0.9453 0.9504 0.7910 0.8435 0.8932 0.9306
105 0.7943 0.8527 0.8856 0.9056 0.9070 0.8953 0.8024 0.8412 0.8766 0.8976
106 0.8216 0.8701 0.8993 0.9137 0.8971 0.8648 0.8098 0.8485 0.8820 0.9013
107 0.9631 0.9685 0.9711 0.9581 0.8750 0.7713 0.9526 0.9637 0.9706 0.9682
108 0.9195 0.9125 0.8805 0.8257 0.7589 0.6881 0.9243 0.9216 0.9021 0.8494
109 0.8161 0.8754 0.9210 0.9538 0.9719 0.9796 0.8090 0.8589 0.9053 0.9420
110 0.9081 0.9221 0.9313 0.9254 0.8888 0.8337 0.8931 0.9122 0.9246 0.9249
111 0.8125 0.8686 0.9102 0.9405 0.9555 0.9557 0.8152 0.8610 0.9034 0.9363
112 0.6347 0.7205 0.7869 0.8444 0.8844 0.9125 0.6234 0.6904 0.7575 0.8154
113 0.8973 0.9104 0.9130 0.8953 0.8442 0.7799 0.8802 0.8963 0.9032 0.8920
114 0.8008 0.8642 0.9096 0.9426 0.9587 0.9615 0.7897 0.8398 0.8870 0.9235
115 0.7956 0.8455 0.8747 0.8898 0.8783 0.8533 0.7836 0.8200 0.8521 0.8700
117 0.8781 0.8909 0.8848 0.8575 0.7990 0.7314 0.8750 0.8873 0.8891 0.8690
118 0.9472 0.9549 0.9611 0.9558 0.9146 0.8451 0.9316 0.9457 0.9547 0.9541
119 0.7170 0.7826 0.8315 0.8714 0.8980 0.9111 0.7157 0.7654 0.8138 0.8538
120 0.5754 0.6843 0.7700 0.8452 0.8911 0.9255 0.5662 0.6540 0.7440 0.8226
121 0.7101 0.7963 0.8550 0.9014 0.9320 0.9497 0.7192 0.7831 0.8444 0.8911
123 0.8562 0.8510 0.8303 0.7918 0.7263 0.6521 0.8546 0.8542 0.8390 0.8061
124 0.9263 0.9379 0.9422 0.9259 0.8626 0.7852 0.9137 0.9312 0.9417 0.9374
125 0.8499 0.8996 0.9371 0.9623 0.9759 0.9804 0.8375 0.8812 0.9205 0.9502
127 0.8229 0.8733 0.9116 0.9396 0.9545 0.9541 0.8304 0.8722 0.9103 0.9402
128 0.9561 0.9557 0.9451 0.8992 0.8263 0.7483 0.9479 0.9511 0.9455 0.9075
129 0.7041 0.7757 0.8317 0.8789 0.9097 0.9264 0.6979 0.7547 0.8107 0.8588
130 0.8188 0.8731 0.9088 0.9343 0.9498 0.9515 0.8222 0.8608 0.8967 0.9225

To be continued.
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Continued.
131 0.4773 0.5508 0.5977 0.6328 0.6566 0.6753 0.4712 0.5251 0.5744 0.6091

133 0.9373 0.9434 0.9435 0.9213 0.8580 0.7816 0.9229 0.9349 0.9395 0.9261

134 0.9078 0.9265 0.9353 0.9284 0.8883 0.8326 0.8929 0.9117 0.9241 0.9215

135 0.9164 0.9356 0.9478 0.9481 0.9187 0.8659 0.9067 0.9280 0.9439 0.9499

136 0.9317 0.9432 0.9526 0.9506 0.9184 0.8594 0.9152 0.9331 0.9453 0.9483

137 0.7424 0.8079 0.8501 0.8795 0.8859 0.8795 0.7429 0.7906 0.8356 0.8671

138 0.8185 0.8793 0.9221 0.9519 0.9667 0.9702 0.8081 0.8567 0.9018 0.9357

139 0.9599 0.9676 0.9744 0.9755 0.9651 0.9147 0.9484 0.9604 0.9692 0.9722

140 0.8042 0.8044 0.7837 0.7486 0.6942 0.6345 0.8165 0.8066 0.7879 0.7540

141 0.7449 0.8388 0.9033 0.9489 0.9693 0.9796 0.7501 0.8229 0.8923 0.9416

142 0.6976 0.7737 0.8260 0.8674 0.8944 0.9092 0.6918 0.7470 0.8003 0.8411

143 0.6772 0.7670 0.8351 0.8945 0.9440 0.9763 0.6781 0.7474 0.8156 0.8739

144 0.9027 0.9207 0.9285 0.9193 0.8776 0.8212 0.8885 0.9068 0.9183 0.9141

147 0.8647 0.8793 0.8775 0.8578 0.8119 0.7549 0.8543 0.8659 0.8678 0.8521

148 0.7249 0.7880 0.8259 0.8507 0.8545 0.8470 0.7277 0.7711 0.8116 0.8376

149 0.8634 0.8762 0.8771 0.8634 0.8311 0.7856 0.8576 0.8684 0.8708 0.8594

151 0.8881 0.9000 0.8988 0.8758 0.8182 0.7487 0.8727 0.8880 0.8928 0.8778

152 0.8192 0.8706 0.9102 0.9403 0.9603 0.9672 0.8169 0.8581 0.8967 0.9282

153 0.9184 0.9275 0.9234 0.8983 0.8520 0.7964 0.9063 0.9126 0.9099 0.8845

154 0.8538 0.8702 0.8711 0.8538 0.8069 0.7480 0.8386 0.8534 0.8583 0.8463

155 0.8799 0.8948 0.8906 0.8650 0.8087 0.7434 0.8764 0.8893 0.8925 0.8737

156 0.7354 0.7992 0.8435 0.8763 0.8884 0.8870 0.7401 0.7886 0.8348 0.8699

158 0.7481 0.8137 0.8599 0.8953 0.9130 0.9166 0.7523 0.8016 0.8490 0.8858

159 0.8250 0.8611 0.8767 0.8797 0.8672 0.8429 0.8189 0.8392 0.8554 0.8576

160 0.7266 0.7893 0.8295 0.8563 0.8578 0.8471 0.7284 0.7749 0.8185 0.8483

162 0.8807 0.8813 0.8670 0.8371 0.7915 0.7355 0.8658 0.8632 0.8487 0.8189

163 0.3541 0.4094 0.4359 0.4474 0.4341 0.4219 0.3542 0.3898 0.4217 0.4362

164 0.9360 0.9464 0.9529 0.9460 0.9048 0.8421 0.9197 0.9345 0.9436 0.9403

165 0.9145 0.9331 0.9453 0.9442 0.9079 0.8490 0.9035 0.9262 0.9427 0.9492

166 0.9137 0.9299 0.9393 0.9333 0.8908 0.8300 0.8957 0.9156 0.9288 0.9284

169 0.9065 0.9318 0.9515 0.9623 0.9597 0.9307 0.8931 0.9208 0.9430 0.9576

Table B.22: Sensitivity analysis: Efficiency coefficients: Models 40-49
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Sensitivity analysis: Efficiency coefficients: Models 50-59

IHE EFF.50 EFF.51 EFF.52 EFF.53 EFF.54 EFF.55 EFF.56 EFF.57 EFF.58 EFF.59

1 0.9382 0.9544 0.7681 0.8239 0.8792 0.9242 0.9479 0.8086 0.8577 0.9050
2 0.9028 0.8407 0.9034 0.9184 0.9235 0.9047 0.8593 0.9054 0.9120 0.9007
3 0.9739 0.9656 0.9360 0.9561 0.9703 0.9752 0.9687 0.9475 0.9642 0.9739
4 0.8948 0.8222 0.9243 0.9356 0.9355 0.9085 0.8502 0.9259 0.9311 0.9156
5 0.9852 0.9772 0.9639 0.9756 0.9831 0.9847 0.9763 0.9668 0.9774 0.9827
6 0.8724 0.8137 0.8856 0.8999 0.9016 0.8835 0.8413 0.8912 0.8984 0.8884
8 0.9102 0.9108 0.8243 0.8567 0.8857 0.9045 0.9110 0.8527 0.8779 0.8966
9 0.9258 0.9468 0.7843 0.8290 0.8727 0.9098 0.9337 0.8186 0.8563 0.8914

10 0.9047 0.8462 0.8931 0.9103 0.9178 0.9033 0.8627 0.8951 0.9035 0.8957
11 0.9183 0.8979 0.8502 0.8794 0.9035 0.9107 0.9011 0.8692 0.8891 0.8992
12 0.9559 0.9521 0.8657 0.8990 0.9272 0.9436 0.9438 0.8796 0.9067 0.9267
13 0.8587 0.7910 0.9072 0.9138 0.9033 0.8680 0.8120 0.9049 0.9017 0.8731
14 0.9728 0.9553 0.9318 0.9531 0.9677 0.9724 0.9622 0.9403 0.9585 0.9690
15 0.8515 0.8448 0.7345 0.7696 0.8019 0.8229 0.8298 0.7465 0.7701 0.7900
16 0.7939 0.7130 0.8861 0.8840 0.8589 0.8131 0.7476 0.8822 0.8673 0.8271
17 0.9805 0.9869 0.9112 0.9442 0.9684 0.9806 0.9832 0.9370 0.9628 0.9788
18 0.9622 0.9761 0.8199 0.8718 0.9205 0.9551 0.9689 0.8599 0.9055 0.9445

19 0.9252 0.9328 0.7797 0.8252 0.8690 0.9040 0.9222 0.8049 0.8426 0.8779
22 0.9029 0.9100 0.7833 0.8230 0.8605 0.8872 0.9016 0.8130 0.8434 0.8688
23 0.9600 0.9477 0.9219 0.9406 0.9538 0.9554 0.9421 0.9294 0.9439 0.9491
24 0.9258 0.8672 0.9177 0.9368 0.9484 0.9431 0.9078 0.9293 0.9447 0.9499
26 0.8910 0.8911 0.7700 0.8092 0.8461 0.8742 0.8871 0.7944 0.8253 0.8530
29 0.8618 0.7949 0.9207 0.9197 0.8989 0.8444 0.7820 0.9042 0.8805 0.8246

30 0.9595 0.9586 0.8719 0.9061 0.9347 0.9523 0.9542 0.8901 0.9193 0.9415
31 0.8680 0.8780 0.7392 0.7765 0.8121 0.8413 0.8597 0.7584 0.7863 0.8120

32 0.9324 0.8726 0.9280 0.9429 0.9494 0.9379 0.8944 0.9307 0.9413 0.9380
33 0.9421 0.8898 0.9305 0.9457 0.9536 0.9457 0.9084 0.9339 0.9453 0.9446
34 0.9630 0.9599 0.8895 0.9211 0.9466 0.9601 0.9593 0.9089 0.9354 0.9542
35 0.9446 0.9639 0.8099 0.8563 0.9009 0.9350 0.9534 0.8498 0.8890 0.9232
36 0.9300 0.8585 0.9403 0.9523 0.9562 0.9392 0.8836 0.9417 0.9496 0.9422
37 0.9365 0.8734 0.9290 0.9444 0.9519 0.9411 0.8967 0.9316 0.9426 0.9401
38 0.8636 0.8312 0.8437 0.8569 0.8623 0.8497 0.8255 0.8466 0.8461 0.8329
39 0.9731 0.9396 0.9530 0.9666 0.9750 0.9746 0.9542 0.9567 0.9684 0.9732
40 0.9060 0.8917 0.8236 0.8578 0.8875 0.9058 0.9061 0.8510 0.8788 0.9005
41 0.7438 0.7434 0.6199 0.6608 0.6979 0.7219 0.7345 0.6456 0.6731 0.6958
42 0.9010 0.8898 0.7982 0.8335 0.8650 0.8857 0.8891 0.8169 0.8436 0.8655
43 0.9513 0.9172 0.9377 0.9521 0.9609 0.9566 0.9310 0.9447 0.9562 0.9582
44 0.9287 0.9349 0.8041 0.8462 0.8860 0.9163 0.9304 0.8335 0.8687 0.9000
45 0.9105 0.8672 0.8886 0.9063 0.9149 0.9062 0.8760 0.8923 0.9021 0.8976
46 0.7199 0.6381 0.8352 0.8208 0.7896 0.7426 0.6776 0.8310 0.8031 0.7599
48 0.6818 0.5349 0.9644 0.9639 0.9328 0.8013 0.6525 0.9688 0.9676 0.9225
49 0.9669 0.9283 0.9471 0.9619 0.9711 0.9705 0.9486 0.9522 0.9649 0.9702
50 0.9072 0.8441 0.9061 0.9208 0.9252 0.9059 0.8593 0.9054 0.9115 0.8990
51 0.7841 0.7608 0.7132 0.7372 0.7568 0.7612 0.7524 0.7193 0.7294 0.7336
52 0.9560 0.9521 0.8845 0.9123 0.9350 0.9450 0.9412 0.8972 0.9184 0.9309
53 0.7814 0.7187 0.8407 0.8383 0.8212 0.7906 0.7426 0.8381 0.8236 0.7950

54 0.9300 0.9214 0.8189 0.8598 0.8970 0.9214 0.9265 0.8456 0.8791 0.9074
56 0.9093 0.9233 0.7697 0.8141 0.8573 0.8943 0.9171 0.8022 0.8399 0.8758
57 0.8651 0.8080 0.8710 0.8844 0.8849 0.8671 0.8271 0.8719 0.8757 0.8633
58 0.9287 0.8619 0.9357 0.9503 0.9572 0.9478 0.9032 0.9423 0.9543 0.9559
59 0.9768 0.9849 0.8378 0.8954 0.9446 0.9711 0.9787 0.8782 0.9261 0.9616
60 0.9322 0.9332 0.8251 0.8668 0.9053 0.9303 0.9388 0.8623 0.8966 0.9245

To be continued.
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Continued.

! 61 0.8935 0.8884 0.7840 0.8191 0.8510 0.8741 0.8817 0.8013 0.8278 0.8504

I 62 0.9130 0.8524 0.9161 0.9328 0.9401 0.9290 0.8869 0.9238 0.9365 0.9363
! 65 0.9348 0.9437 0.8079 0.8511 0.8920 0.9228 0.9374 0.8390 0.8751 0.9070

! 66 0.8499 0.8027 0.7969 0.8237 0.8438 0.8446 0.8218 0.8090 0.8241 0.8312
67 0.9073 0.8021 0.9462 0.9585 0.9630 0.9436 0.8677 0.9512 0.9608 0.9587
69 0.8703 0.8187 0.8837 0.8941 0.8917 0.8706 0.8312 0.8839 0.8845 0.8669
70 0.8607 0.8900 0.7151 0.7557 0.7958 0.8337 0.8655 0.7419 0.7742 0.8058

!| 71 0.8596 0.7972 0.8785 0.8913 0.8902 0.8691 0.8243 0.8818 0.8859 0.8722

!! 72 0.8236 0.7484 0.8935 0.8955 0.8783 0.8361 0.7756 0.8907 0.8798 0.8437

!l 73 0.9736 0.9808 0.8728 0.9140 0.9480 0.9686 0.9742 0.8984 0.9340 0.9606

!! 74 0.9544 0.9489 0.8441 0.8869 0.9246 0.9478 0.9515 0.8700 0.9063 0.9360

I! 75 0.8458 0.7881 0.8821 0.8886 0.8794 0.8519 0.8066 0.8817 0.8778 0.8540

i 76 0.8254 0.8360 0.6951 0.7391 0.7782 0.8038 0.8200 0.7269 0.7572 0.7801

i! 77 0.9512 0.9552 0.8436 0.8829 0.9182 0.9420 0.9494 0.8688 0.9018 0.9289

:! 79 0.9469 0.9577 0.8348 0.8712 0.9047 0.9292 0.9405 0.8546 0.8839 0.9080

!! 81 0.9382 0.9453 0.8244 0.8635 0.8996 0.9272 0.9391 0.8506 0.8839 0.9127

|! 83 0.9543 0.9618 0.8493 0.8877 0.9219 0.9465 0.9552 0.8746 0.9080 0.9356
84 0.8606 0.7963 0.8781 0.8902 0.8883 0.8655 0.8193 0.8783 0.8802 0.8640
85 0.9848 0.9849 0.8499 0.9147 0.9614 0.9802 0.9824 0.8795 0.9342 0.9702
86 0.9398 0.9173 0.8802 0.9083 0.9302 0.9392 0.9294 0.8969 0.9197 0.9341
87 0.7890 0.7084 0.8839 0.8793 0.8513 0.8040 0.7382 0.8764 0.8574 0.8142

1 88 0.9129 0.9124 0.7980 0.8345 0.8680 0.8931 0.9031 0.8162 0.8448 0.8693
89 0.9372 0.9234 0.8611 0.8907 0.9149 0.9276 0.9230 0.8752 0.8985 0.9140
90 0.8026 0.7349 0.8750 0.8711 0.8483 0.8083 0.7530 0.8672 0.8484 0.8100
92 0.9126 0.8411 0.9322 0.9448 0.9480 0.9287 0.8732 0.9354 0.9439 0.9366
94 0.9543 0.9307 0.9045 0.9279 0.9451 0.9488 0.9336 0.9132 0.9312 0.9397
98 0.7507 0.6792 0.8563 0.8471 0.8237 0.7783 0.7199 0.8676 0.8447 0.8022
99 0.9186 0.8426 0.9366 0.9479 0.9499 0.9266 0.8654 0.9363 0.9421 0.9286
101 0.6719 0.5901 0.8309 0.7954 0.7477 0.6851 0.6146 0.8117 0.7584 0.6947
102 0.6366 0.5732 0.7665 0.7328 0.6919 0.6421 0.5867 0.7471 0.6997 0.6455
103 0.9380 0.9487 0.8124 0.8634 0.9110 0.9421 0.9551 0.8669 0.9085 0.9419
104 0.9528 0.9619 0.8497 0.8925 0.9308 0.9552 0.9636 0.8911 0.9266 0.9538
105 0.9054 0.8947 0.8380 0.8655 0.8884 0.8973 0.8933 0.8592 0.8777 0.8869
106 0.9026 0.8725 0.8327 0.8621 0.8854 0.8942 0.8820 0.8461 0.8670 0.8798
107 0.9283 0.8206 0.9553 0.9658 0.9699 0.9531 0.8763 0.9578 0.9657 0.9624
108 0.7828 0.7083 0.9249 0.9153 0.8743 0.8039 0.7302 0.9212 0.8955 0.8260
109 0.9628 0.9726 0.8459 0.8887 0.9272 0.9541 0.9639 0.8733 0.9106 0.9418
110 0.9030 0.8515 0.8994 0.9154 0.9206 0.9080 0.8706 0.9036 0.9135 0.9078
111 0.9548 0.9608 0.8558 0.8948 0.9292 0.9522 0.9594 0.8859 0.9196 0.9464
112 0.8651 0.8952 0.6726 0.7286 0.7854 0.8370 0.8779 0.7091 0.7568 0.8054
113 0.8577 0.7947 0.8815 0.8908 0.8851 0.8591 0.8119 0.8782 0.8762 0.8550
114 0.9455 0.9512 0.8224 0.8633 0.9012 0.9286 0.9394 0.8442 0.8778 0.9068
115 0.8727 0.8491 0.8032 0.8283 0.8480 0.8554 0.8462 0.8110 0.8255 0.8334
117 0.8276 0.7585 0.8831 0.8883 0.8770 0.8431 0.7896 0.8857 0.8805 0.8533
118 0.9275 0.8620 0.9327 0.9453 0.9490 0.9316 0.8799 0.9328 0.9403 0.9308
119 0.8855 0.9016 0.7578 0.7974 0.8357 0.8685 0.8910 0.7879 0.8197 0.8492
120 0.8897 0.9250 0.6379 0.7156 0.7969 0.8704 0.9243 0.6977 0.7689 0.8442
121 0.9254 0.9441 0.7822 0.8324 0.8801 0.9149 0.9355 0.8277 0.8680 0.9022
123 0.7561 0.6811 0.8554 0.8461 0.8177 0.7748 0.7144 0.8514 0.8292 0.7890
124 0.9006 0.8227 0.9207 0.9358 0.9406 0.9213 0.8647 0.9261 0.9366 0.9314
125 0.9655 0.9720 0.8647 0.9023 0.9346 0.9560 0.9620 0.8844 0.9167 0.9425
127 0.9568 0.9630 0.8707 0.9067 0.9374 0.9575 0.9632 0.9005 0.9315 0.9550
128 0.8336 0.7528 0.9440 0.9419 0.9144 0.8390 0.7573 0.9361 0.9168 0.8451
129 0.8980 0.9183 0.7432 0.7906 0.8376 0.8797 0.9089 0.7775 0.8180 0.8580
130 0.9374 0.9420 0.8540 0.8839 0.9098 0.9253 0.9297 0.8739 0.8967 0.9118

To be continued.
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Continued.
131 0.6376 0.6551 0.5116 0.5507 0.5852 0.6123 0.6354 0.5363 0.5627 0.5849
133 0.8793 0.8029 0.9231 0.9317 0.9262 0.8900 0.8267 0.9212 0.9214 0.8955
134 0.8952 0.8404 0.8969 0.9098 0.9115 0.8914 0.8497 0.8957 0.8988 0.8831
135 0.9365 0.8892 0.9178 0.9362 0.9473 0.9429 0.9125 0.9258 0.9401 0.9435
136 0.9297 0.8764 0.9193 0.9353 0.9425 0.9326 0.8940 0.9222 0.9334 0.9307

137 0.8854 0.8803 0.7838 0.8198 0.8529 0.8747 0.8816 0.8110 0.8380 0.8600
138 0.9547 0.9603 0.8399 0.8798 0.9159 0.9406 0.9490 0.8611 0.8942 0.9218
139 0.9610 0.9195 0.9500 0.9613 0.9670 0.9586 0.9211 0.9506 0.9585 0.9544
140 0.7088 0.6470 0.8154 0.7924 0.7589 0.7150 0.6622 0.8027 0.7655 0.7187
141 0.9670 0.9770 0.8175 0.8771 0.9308 0.9621 0.9723 0.8663 0.9153 0.9535
142 0.8726 0.8886 0.7326 0.7745 0.8145 0.8455 0.8672 0.7579 0.7890 0.8164
143 0.9236 0.9591 0.7397 0.7969 0.8535 0.9026 0.9389 0.7864 0.8347 0.8801
144 0.8867 0.8314 0.8929 0.9053 0.9058 0.8851 0.8433 0.8923 0.8949 0.8789
147 0.8196 0.7631 0.8552 0.8568 0.8443 0.8168 0.7735 0.8484 0.8363 0.8097
148 0.8514 0.8443 0.7659 0.7962 0.8233 0.8390 0.8421 0.7892 0.8089 0.8233
149 0.8343 0.7909 0.8617 0.8648 0.8545 0.8321 0.7969 0.8596 0.8511 0.8275
151 0.8397 0.7707 0.8752 0.8835 0.8756 0.8472 0.7963 0.8735 0.8706 0.8485
152 0.9482 0.9586 0.8490 0.8836 0.9146 0.9377 0.9474 0.8718 0.9011 0.9248
153 0.8410 0.7850 0.8992 0.8945 0.8704 0.8253 0.7734 0.8821 0.8564 0.8082
154 0.8162 0.7583 0.8394 0.8442 0.8358 0.8129 0.7714 0.8329 0.8249 0.8043
155 0.8337 0.7668 0.8841 0.8895 0.8790 0.8457 0.7937 0.8858 0.8801 0.8528
156 0.8931 0.8943 0.7868 0.8256 0.8618 0.8889 0.9013 0.8215 0.8532 0.8809
158 0.9112 0.9180 0.7983 0.8377 0.8749 0.9030 0.9174 0.8316 0.8638 0.8918
159 0.8487 0.8253 0.8258 0.8340 0.8354 0.8256 0.8073 0.8197 0.8146 0.8009
160 0.8645 0.8549 0.7707 0.8060 0.8381 0.8592 0.8642 0.8003 0.8270 0.8492
162 0.7780 0.7232 0.8490 0.8320 0.8007 0.7601 0.7116 0.8204 0.7856 0.7405
163 0.4411 0.4243 0.3848 0.4057 0.4229 0.4312 0.4314 0.4010 0.4093 0.4161
164 0.9106 0.8499 0.9200 0.9314 0.9319 0.9083 0.8586 0.9174 0.9205 0.9022
165 0.9347 0.8813 0.9158 0.9359 0.9483 0.9456 0.9147 0.9255 0.9421 0.9485
166 0.9032 0.8445 0.8997 0.9152 0.9198 0.9035 0.8610 0.9003 0.9078 0.8982
169 0.9593 0.9427 0.9073 0.9319 0.9499 0.9571 0.9476 0.9182 0.9390 0.9516

Table B.23: Sensitivity analysis: Efficiency coefficients: Models 50-59
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Sensitivity analysis: Efficiency coefficients: Models 60-69

IHE EFF.60 EFF.61 EFF.62 EFF.63 EFF.64 EFF.65 EFF.66
1 0.9383 0.8416 0.8832 0.9238 0.8671 0.9031 0.8850
2 0.8690 0.9010 0.8925 0.8684 0.8876 0.8608 0.8628
3 0.9703 0.9549 0.9682 0.9708 0.9582 0.9675 0.9577
4 0.8708 0.9230 0.9166 0.8827 0.9132 0.8887 0.8935
5 0.9762 0.9682 0.9773 0.9760 0.9671 0.9729 0.9625
6 0.8593 0.8920 0.8894 0.8680 0.8869 0.8723 0.8748
8 0.9083 0.8728 0.8886 0.9021 0.8846 0.8928 0.8886
9 0.9204 0.8450 0.8743 0.9047 0.8636 0.8865 0.8745
10 0.8693 0.8905 0.8842 0.8651 0.8769 0.8540 0.8526
11 0.8991 0.8793 0.8855 0.8898 0.8802 0.8740 0.8716
12 0.9332 0.8874 0.9065 0.9186 0.8886 0.8992 0.8828
13 0.8263 0.8965 0.8772 0.8341 0.8791 0.8402 0.8503
14 0.9637 0.9456 0.9606 0.9628 0.9471 0.9575 0.9445
15 0.8077 0.7487 0.7578 0.7766 0.7413 0.7407 0.7247
16 0.7732 0.8719 0.8403 0.7902 0.8528 0.8049 0.8240
17 0.9817 0.9534 0.9733 0.9808 0.9629 0.9777 0.9676
18 0.9628 0.8910 0.9297 0.9558 0.9131 0.9446 0.9270
19 0.9061 0.8227 0.8513 0.8830 0.8335 0.8554 0.8376
22 0.8902 0.8336 0.8513 0.8737 0.8449 0.8532 0.8474
23 0.9382 0.9323 0.9398 0.9337 0.9293 0.9261 0.9186
24 0.9326 0.9368 0.9478 0.9435 0.9398 0.9451 0.9383
26 0.8759 0.8112 0.8322 0.8572 0.8209 0.8347 0.8237
29 0.7681 0.8687 0.8057 0.7475 0.8053 0.7207 0.7213
30 0.9482 0.9028 0.9269 0.9401 0.9100 0.9282 0.9117

31 0.8373 0.7692 0.7853 0.8093 0.7716 0.7795 0.7660
32 0.9075 0.9297 0.9328 0.9128 0.9229 0.9130 0.9083

33 0.9188 0.9338 0.9387 0.9225 0.9283 0.9214 0.9154
34 0.9572 0.9222 0.9436 0.9535 0.9298 0.9457 0.9320
35 0.9451 0.8797 0.9103 0.9360 0.8999 0.9236 0.9113
36 0.9016 0.9395 0.9390 0.9112 0.9312 0.9143 0.9135
37 0.9100 0.9303 0.9333 0.9142 0.9230 0.9122 0.9072
38 0.8168 0.8384 0.8168 0.8011 0.8172 0.7798 0.7828
39 0.9601 0.9583 0.9672 0.9623 0.9564 0.9598 0.9500
40 0.9110 0.8714 0.8924 0.9082 0.8852 0.9005 0.8926
41 0.7195 0.6603 0.6705 0.6949 0.6642 0.6641 0.6582
42 0.8800 0.8281 0.8446 0.8625 0.8321 0.8405 0.8290
43 0.9403 0.9482 0.9548 0.9457 0.9473 0.9458 0.9406
44 0.9218 0.8554 0.8826 0.9084 0.8701 0.8910 0.8779
45 0.8776 0.8898 0.8872 0.8718 0.8794 0.8621 0.8594
46 0.7077 0.8190 0.7763 0.7277 0.7989 0.7442 0.7705
48 0.7778 0.9716 0.9681 0.9036 0.9724 0.9636 0.9707
49 0.9571 0.9550 0.9650 0.9608 0.9544 0.9594 0.9498
50 0.8656 0.8982 0.8884 0.8619 0.8812 0.8521 0.8519
51 0.7368 0.7138 0.7058 0.7107 0.6969 0.6777 0.6694
52 0.9310 0.9031 0.9143 0.9183 0.9013 0.9011 0.8908
53 0.7581 0.8281 0.7998 0.7650 0.8100 0.7699 0.7835
54 0.9231 0.8648 0.8900 0.9124 0.8769 0.8956 0.8823
56 0.9062 0.8278 0.8581 0.8903 0.8468 0.8717 0.8593
57 0.8362 0.8666 0.8576 0.8357 0.8538 0.8315 0.8324
58 0.9309 0.9463 0.9551 0.9450 0.9468 0.9497 0.9432
59 0.9737 0.9074 0.9455 0.9676 0.9265 0.9560 0.9374
60 0.9391 0.8894 0.9151 0.9353 0.9071 0.9261 0.9165

To be continued.
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61 0.8677 0.8112 0.8273 0.8463 0.8137 0.8218 0.8090
62 0.9105 0.9280 0.9358 0.9230 0.9279 0.9278 0.9228

65 0.9286 0.8622 0.8899 0.9158 0.8776 0.8987 0.8856
66 0.8271 0.8123 0.8131 0.8172 0.8071 0.7975 0.7935
67 0.9187 0.9538 0.9596 0.9443 0.9530 0.9522 0.9480
69 0.8370 0.8775 0.8629 0.8356 0.8621 0.8316 0.8363
70 0.8405 0.7608 0.7828 0.8133 0.7721 0.7870 0.7759
71 0.8411 0.8796 0.8722 0.8480 0.8709 0.8505 0.8545
72 0.7947 0.8803 0.8497 0.8046 0.8595 0.8099 0.8264
73 0.9691 0.9174 0.9477 0.9636 0.9300 0.9546 0.9371

74 0.9480 0.8890 0.9187 0.9398 0.9014 0.9252 0.9077
75 0.8181 0.8749 0.8561 0.8227 0.8596 0.8254 0.8346

76 0.8030 0.7470 0.7586 0.7806 0.7552 0.7538 0.7518
77 0.9421 0.8868 0.9128 0.9320 0.8979 0.9174 0.9024
79 0.9239 0.8670 0.8869 0.9048 0.8717 0.8829 0.8687
81 0.9305 0.8701 0.8971 0.9189 0.8832 0.9043 0.8899
83 0.9484 0.8936 0.9218 0.9403 0.9063 0.9291 0.9131

84 0.8317 0.8719 0.8597 0.8336 0.8575 0.8307 0.8339
85 0.9787 0.9017 0.9477 0.9717 0.9173 0.9555 0.9271
86 0.9327 0.9080 0.9246 0.9304 0.9132 0.9231 0.9127
87 0.7593 0.8612 0.8243 0.7721 0.8362 0.7830 0.8006
88 0.8879 0.8272 0.8462 0.8665 0.8311 0.8422 0.8280
89 0.9171 0.8833 0.8984 0.9061 0.8849 0.8914 0.8797
90 0.7641 0.8503 0.8125 0.7676 0.8222 0.7688 0.7826
92 0.8972 0.9353 0.9368 0.9118 0.9300 0.9190 0.9178
94 0.9314 0.9166 0.9265 0.9246 0.9135 0.9126 0.9027
98 0.7550 0.8691 0.8248 0.7804 0.8596 0.7981 0.8380
99 0.8812 0.9314 0.9251 0.8887 0.9185 0.8904 0.8932
101 0.6332 0.7793 0.7055 0.6429 0.7340 0.6480 0.6774
102 0.5961 0.7170 0.6529 0.5993 0.6761 0.6014 0.6250
103 0.9575 0.9055 0.9363 0.9571 0.9293 0.9517 0.9419
104 0.9640 0.9198 0.9476 0.9632 0.9377 0.9586 0.9474
105 0.8895 0.8714 0.8765 0.8807 0.8744 0.8677 0.8679
106 0.8810 0.8526 0.8628 0.8698 0.8519 0.8527 0.8440
107 0.9190 0.9579 0.9610 0.9406 0.9540 0.9469 0.9440
108 0.7531 0.9093 0.8524 0.7740 0.8830 0.7951 0.8367
109 0.9561 0.8939 0.9257 0.9470 a r\r\ctr\

u.yuou
a aa a 1

u.yj4i 0.9159
110 0.8816 0.9033 0.9043 0.8853 0.8970 0.8857 0.8834
111 0.9568 0.9082 0.9366 0.9532 0.9232 0.9460 0.9318
112 0.8549 0.7379 0.7756 0.8249 0.7597 0.7917 0.7749
113 0.8199 0.8677 0.8497 0.8188 0.8479 0.8141 0.8176
114 0.9254 0.8586 0.8834 0.9065 0.8659 0.8830 0.8660
115 0.8354 0.8104 0.8114 0.8156 0.8010 0.7916 0.7828
117 0.8121 0.8820 0.8611 0.8252 0.8701 0.8333 0.8487
118 0.8911 0.9286 0.9255 0.8952 0.9169 0.8950 0.8941
119 0.8774 0.8105 0.8327 0.8598 0.8257 0.8409 0.8336
120 0.9136 0.7514 0.8152 0.8920 0.7999 0.8610 0.8422
121 0.9277 0.8617 0.8893 0.9175 0.8840 0.9026 0.8956
123 0.7394 0.8404 0.8035 0.7562 0.8212 0.7714 0.7936
124 0.8951 0.9280 0.9317 0.9117 0.9251 0.9182 0.9161
125 0.9527 0.8983 0.9251 0.9419 0.9063 0.9273 0.9086
127 0.9625 0.9222 0.9483 0.9614 0.9364 0.9571 0.9444
128 0.7637 0.9169 0.8549 0.7678 0.8739 0.7707 0.7990
129 0.8949 0.8050 0.8378 0.8755 0.8261 0.8538 0.8409
130 0.9190 0.8860 0.8986 0.9070 0.8900 0.8927 0.8857

To be continued.
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Continued.
131 0.6139 0.5508 0.5613 0.5867 0.5553 0.5570 0.5506
133 0.8433 0.9136 0.8972 0.8521 0.8965 0.8569 0.8662
134 0.8520 0.8873 0.8733 0.8462 0.8686 0.8360 0.8375
135 0.9254 0.9299 0.9384 0.9303 0.9290 0.9289 0.9222
136 0.9035 0.9212 0.9245 0.9060 0.9142 0.9046 0.8993
137 0.8767 0.8298 0.8451 0.8643 0.8403 0.8471 0.8428
138 0.9368 0.8753 0.9002 0.9208 0.8824 0.8999 0.8826
139 0.9224 0.9476 0.9468 0.9215 0.9373 0.9166 0.9145

140 0.6727 0.7796 0.7256 0.6770 0.7457 0.6801 0.7016
141 0.9684 0.9015 0.9389 0.9630 0.9240 0.9520 0.9364
142 0.8440 0.7734 0.7899 0.8160 0.7789 0.7851 0.7747
143 0.9211 0.8237 0.8601 0.9015 0.8510 0.8790 0.8682
144 0.8478 0.8848 0.8712 0.8441 0.8676 0.8364 0.8389
147 0.7764 0.8324 0.8033 0.7713 0.8060 0.7634 0.7691

148 0.8353 0.8032 0.8088 0.8213 0.8079 0.8032 0.8034
149 0.7986 0.8496 0.8256 0.7955 0.8302 0.7923 0.8005
151 0.8113 0.8650 0.8474 0.8159 0.8484 0.8162 0.8225

152 0.9375 0.8881 0.9112 0.9270 0.8978 0.9146 0.9012
153 0.7607 0.8490 0.7941 0.7433 0.7959 0.7234 0.7268
154 0.7749 0.8180 0.7954 0.7689 0.7942 0.7597 0.7614
155 0.8126 0.8805 0.8578 0.8221 0.8662 0.8267 0.8413
156 0.9017 0.8485 0.8721 0.8959 0.8680 0.8860 0.8802

158 0.9126 0.8567 0.8803 0.9036 0.8738 0.8910 0.8833
159 0.7877 0.8025 0.7794 0.7635 0.7731 0.7373 0.7322
160 0.8656 0.8221 0.8384 0.8581 0.8365 0.8456 0.8438
162 0.6970 0.7781 0.7254 0.6778 0.7235 0.6587 0.6580
163 0.4291 0.4079 0.4019 0.4147 0.4063 0.3949 0.3979
164 0.8617 0.9083 0.8944 0.8583 0.8885 0.8515 0.8540

165 0.9328 0.9318 0.9441 0.9401 0.9338 0.9401 0.9312
166 0.8683 0.8951 0.8898 0.8666 0.8819 0.8604 0.8587
169 0.9474 0.9251 0.9417 0.9445 0.9274 0.9380 0.9248

Table B.24: Sensitivity analysis: Efficiency coefficients: Models 60-69
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Sensitivity analysis: Efficiency rankings: Models 0-9

IHE RK.O RK.l RK.2 RK.3 RK.4 RK.5 RK.6 RK.7 RK.8 RK.9

1 105 124 124 123 120 123 105 95 64 38
2 32 53 48 44 38 14 25 33 51 85

3 13 71 71 72 69 34 63 62 59 59
4 29 19 20 22 22 27 29 42 79 104
5 1 1 1 1 1 4 1 1 2 7
6 63 45 44 46 47 77 57 77 103 113

8 104 108 109 109 113 104 111 111 98 75
9 106 119 120 119 118 121 107 97 62 25
10 35 54 49 43 35 18 23 26 44 78
11 69 100 100 96 95 43 87 82 71 57
12 37 69 67 67 63 46 35 12 4 5
13 49 10 10 14 19 44 32 44 84 107
14 6 50 47 39 32 25 17 9 14 34
15 114 104 102 101 99 81 92 80 55 42
16 93 9 15 23 29 83 70 102 125 128
17 46 106 106 106 108 107 104 101 88 62
18 79 114 114 113 110 122 101 88 52 27
19 92 101 101 99 96 94 84 56 27 15
22 107 122 121 120 119 96 108 104 83 46

23 17 66 65 63 59 16 36 23 12 10
24 48 62 62 61 61 53 77 94 114 117

26 109 102 103 103 102 110 98 90 70 53
29 15 31 23 17 12 1 3 5 9 21
30 43 70 70 69 66 79 49 28 16 16
31 117 107 107 108 107 111 100 87 56 30
32 14 15 14 11 13 26 12 16 31 74
33 12 23 22 20 17 20 14 13 24 60
34 40 76 78 77 75 66 67 52 41 35
35 102 127 127 127 126 118 117 108 76 32
36 8 8 7 6 6 9 9 17 43 83
37 11 18 17 13 11 13 10 10 30 71
38 77 81 81 81 81 24 76 78 74 65
39 2 12 9 7 5 7 4 4 10 41

40 100 95 94 97 100 113 102 107 106 94
41 136 135 135 135 135 134 135 133 130 120
42 94 85 86 86 84 87 81 69 50 47

43 20 63 61 60 60 22 55 60 66 72
44 97 103 104 104 103 106 95 84 58 39
45 42 57 55 50 46 38 31 27 34 55
46 125 42 51 58 64 114 113 130 132 134
48 129 11 36 62 91 129 136 137 138 138
49 4 22 21 19 16 15 16 18 33 68
50 24 35 29 25 18 12 11 11 29 67
51 127 112 110 110 109 72 110 116 115 99
52 33 77 77 75 72 30 43 25 6 4
53 112 47 52 52 58 97 91 115 127 125
54 78 98 96 94 92 88 89 81 61 56
56 111 113 112 114 114 126 106 99 75 48
57 59 39 37 36 37 59 38 47 73 98
58 26 28 30 30 36 47 47 75 105 115
59 52 120 118 112 105 86 90 63 25 12
60 101 123 123 122 123 109 120 117 109 84

To be continued.
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Continued.
61 99 88 88 88 87 92 83 67 46 37
62 41 40 40 40 43 58 50 72 95 111

65 95 109 108 107 106 100 97 85 57 33
66 103 79 79 79 77 60 85 92 108 109
67 19 13 12 16 20 21 48 93 124 129
69 57 49 45 47 45 45 40 49 68 91
70 126 125 125 126 127 133 124 114 82 36
71 65 38 38 38 41 73 51 73 101 114
72 71 33 33 35 39 41 59 86 117 123
73 39 80 80 80 78 89 64 38 15 11

74 55 84 83 83 80 82 72 53 40 40

75 72 37 39 41 44 63 54 76 99 112

76 133 134 133 133 133 117 131 127 120 87
77 61 94 92 92 89 85 79 59 36 22
79 60 92 91 91 86 74 68 35 8 1

81 76 93 93 93 94 105 88 74 45 26
83 62 82 82 85 85 98 78 57 32 23
84 58 36 34 31 31 48 37 51 86 108
85 7 78 74 64 50 28 6 2 1 2
86 51 72 73 73 71 68 71 64 60 69
87 87 4 8 12 23 75 56 91 121 126
88 85 83 85 84 83 90 73 50 26 20
89 50 68 69 68 65 62 52 34 21 24

90 86 29 31 33 40 52 61 83 112 119
92 22 14 13 15 15 35 27 41 78 105
94 21 65 64 59 54 23 28 19 13 18
98 128 90 95 102 112 84 132 135 135 136
99 9 5 4 3 3 8 7 8 38 80
101 132 60 60 65 74 55 122 132 133 133
102 135 64 66 78 93 115 130 134 134 135
103 115 132 134 134 134 131 133 129 126 102
104 98 126 126 128 128 125 126 126 116 90
105 90 105 105 105 104 69 99 96 89 63
106 70 73 72 71 67 71 62 54 53 70
107 5 2 2 2 2 5 18 45 110 121
108 96 43 50 55 62 32 93 124 128 127
109 56 89 89 89 88 95 75 46 19 13
110 45 34 32 32 33 56 34 39 54 88
111 73 97 98 98 98 112 96 89 69 54
112 131 130 130 130 130 135 129 120 96 50
113 54 24 24 26 25 42 30 40 65 96
114 64 91 90 87 82 80 65 37 11 8
115 91 75 76 76 73 65 69 55 48 51
117 84 52 54 53 56 61 80 105 123 124
118 10 6 5 4 4 11 5 7 20 61
119 120 118 119 121 122 127 119 112 91 58
120 134 136 136 136 136 136 134 131 122 89
121 113 131 131 131 131 116 127 122 104 52
123 118 27 35 45 53 108 94 125 129 132
124 34 26 25 28 27 40 39 68 107 118
125 38 74 75 74 70 78 44 21 5 3
127 74 96 99 100 101 120 103 100 90 76
128 25 3 3 5 10 2 20 36 77 95
129 119 121 122 124 124 132 118 109 85 49

130 67 99 97 95 97 70 86 70 42 17

To be continued.
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Continued.
131 137 137 137 137 137 137 137 136 136 130

133 27 7 6 8 8 17 21 32 67 100
134 36 46 41 34 30 19 22 22 35 64

135 28 58 58 51 51 39 42 48 63 86
136 18 20 19 18 14 36 15 14 23 66
137 110 110 111 111 111 102 109 110 102 82
138 53 87 84 82 79 67 60 31 7 6
139 3 21 16 10 7 3 2 3 3 9
140 130 61 63 66 76 91 115 128 131 131
141 80 129 129 129 129 101 116 106 81 45
142 121 128 128 125 125 99 112 103 72 28

143 122 133 132 132 132 130 128 118 80 19
144 47 44 42 37 34 31 26 29 47 79
147 82 48 46 48 48 51 53 71 94 106
148 124 117 116 117 117 103 121 119 111 92
149 88 55 57 57 57 76 66 79 93 97
151 68 25 27 29 28 57 41 66 100 116
152 66 86 87 90 90 93 82 58 28 14
153 44 32 28 27 26 6 13 15 22 43
154 89 41 43 42 42 64 46 65 92 110
155 75 56 56 54 55 50 74 98 119 122
156 116 116 117 118 121 128 125 121 113 93
158 108 115 115 116 116 119 114 113 97 73
159 81 67 68 70 68 37 58 43 39 29
160 123 111 113 115 115 124 123 123 118 103
162 83 17 18 21 24 29 24 30 49 81
163 138 138 138 138 138 138 138 138 137 137
164 16 16 11 9 9 10 8 6 17 44
165 31 51 53 49 49 54 45 61 87 101
166 30 30 26 24 21 33 19 20 37 77
169 23 59 59 56 52 49 33 24 18 31

Table B.25: Sensitivity analysis: Efficiency rankings: Models 0-9

402



Sensitivity analysis: Efficiency rankings: Models 10-19

IHE RK.10 RK.11 RK.12 RK.13 RK.14 RK.15 RK.16 RK.17 RK.18 RK.19

1 23 17 125 124 123 109 111 101 77 36
: 2 92 94 53 48 40 43 26 28 44 82

3 64 71 67 66 65 74 49 39 38 38
4 108 113 21 21 20 29 23 34 60 98

;! 5 41 63 1 1 1 1 1 1 1 2
6 114 107 42 44 46 33 54 67 92 in ;
8 59 52 106 108 109 117 107 109 102 83
9 15 14 119 119 118 118 112 103 80 32

j; 10 83 81 55 50 41 36 25 25 35 71

!; 11 54 61 101 100 95 103 84 80 70 57

12 9 16 70 67 66 59 43 22 5 4

13 113 111 11 14 19 19 28 41 75 106

i 14 58 62 48 39 30 30 16 9 6 17

1 15 36 40 107 106 105 101 97 92 74 55

! 16 129 128 13 20 28 14 61 95 123 128

! 17 52 48 100 101 101 104 95 89 72 40

j 18 16 11 110 110 110 100 103 94 56 26
! 19 12 10 102 102 100 87 93 75 42 18

22 38 41 123 122 121 125 110 105 90 59
P 23 25 46 64 63 60 72 32 21 10 12

| 24 115 115 61 61 61 55 62 77 101 112
26 46 37 104 105 106 97 102 99 84 67
29 56 88 32 22 16 67 4 5 8 28
30 22 24 68 68 67 60 57 35 18 14

h 31 26 22 109 109 111 110 105 100 82 46

1 32 88 91 15 13 11 9 13 14 25 60

33 77 78 22 19 17 27 14 13 20 43
34 44 44 75 76 76 71 63 52 36 27
35 18 21 127 126 126 127 118 107 85 35
36 97 102 8 7 7 18 8 12 27 75
37 85 92 19 16 12 8 10 11 19 54
38 65 73 83 81 80 105 76 76 76 78
39 70 77 10 6 3 16 3 4 4 19
40 81 69 97 97 99 88 101 104 106 91
41 102 96 135 135 135 136 135 135 131 125
42 47 43 88 88 90 73 87 79 59 51
43 76 83 60 60 56 78 44 43 48 65
44 31 31 103 104 103 99 98 90 67 39
45 69 70 58 53 49 46 37 30 34 49
46 136 135 46 56 63 52 104 128 132 133
48 138 138 7 28 62 98 134 137 137 138
49 84 86 18 17 14 28 11 10 15 42
50 80 82 35 30 22 24 17 15 26 56
51 89 85 117 116 114 121 117 118 122 115
52 8 27 77 77 74 83 48 29 9 6
53 126 125 49 54 59 47 83 108 126 127
54 51 45 99 98 96 82 91 85 62 52
56 40 29 111 112 113 106 113 106 89 58
57 101 99 40 41 39 22 42 49 73 97
58 117 118 24 24 26 31 38 51 83 107

59 5 5 120 113 108 96 90 63 28 9
60 62 56 121 121 120 119 116 114 108 85

To be continued.
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Continued.
61 39 34 89 91 92 80 88 83 55 41
62 111 108 36 36 36 32 45 55 81 104

65 29 28 108 107 107 102 100 93 65 33
66 99 97 81 80 79 65 85 91 104 109
67 130 131 14 10 13 4 27 57 111 124

69 96 93 47 47 45 45 47 50 66 88
70 19 12 126 127 128 128 126 123 109 64

71 116 110 39 40 42 23 50 64 93 116
72 123 123 34 34 37 41 51 78 113 122

73 11 9 78 79 78 69 66 44 16 10
74 42 36 85 84 82 68 72 56 37 30

75 112 109 37 38 43 38 53 72 97 113
76 61 65 134 134 134 135 133 130 125 101

77 21 25 94 92 91 84 79 65 40 21

79 1 1 90 90 89 93 74 54 21 5

81 28 23 93 93 93 85 92 81 50 29

83 24 19 79 82 83 75 80 66 41 22
84 107 106 38 35 34 21 40 48 79 105

85 2 2 80 75 64 2 15 3 2 1

86 66 64 71 70 69 66 67 61 53 61
87 127 126 6 11 21 6 52 86 120 126

88 20 18 86 86 87 79 81 68 43 25
89 35 38 69 69 68 62 60 42 30 24

90 120 121 30 33 38 42 59 84 112 120
92 110 112 12 12 15 20 22 32 57 96
94 37 49 65 62 57 56 30 18 11 15

98 133 133 96 99 104 123 128 133 134 134
99 95 103 4 4 4 7 5 7 24 73
101 135 136 63 64 70 94 108 131 133 135
102 134 134 66 73 84 107 129 134 135 136
103 78 68 132 132 133 132 132 129 124 102
104 71 57 124 125 125 126 125 120 115 87
105 55 58 105 103 102 116 96 97 88 74

106 68 60 73 72 73 57 70 62 54 69
107 125 127 2 2 2 3 7 17 69 118
108 128 130 41 45 53 92 78 112 128 129
109 10 8 87 on

O / 86 76 77 58 29 13
110 94 87 31 32 32 26 36 36 49 84
111 48 42 95 96 97 91 94 88 71 47
112 27 13 130 131 131 130 131 126 114 77
113 103 101 26 27 29 17 31 38 61 93
114 7 7 92 89 85 81 73 53 23 11

115 57 53 76 78 77 70 75 71 58 63
117 124 124 52 55 54 53 71 96 119 123
118 82 89 5 5 5 5 6 6 13 44
119 43 35 118 120 122 120 121 116 105 76
120 49 30 136 136 136 134 136 132 127 94

121 33 39 131 130 130 131 127 122 110 68
123 132 132 29 43 52 39 89 117 129 130
124 119 119 25 25 24 11 33 47 86 117

125 3 3 74 74 72 64 56 31 7 3
127 60 50 91 94 98 95 99 98 87 72
128 104 120 3 3 6 63 12 27 63 99
129 32 20 122 123 124 114 122 115 100 66
130 14 32 98 95 94 108 86 74 46 20

To be continued.
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Continued.
131 122 116 137 137 137 137 137 136 136 132
133 106 114 9 8 9 12 19 26 52 92
134 75 76 44 37 33 40 24 23 33 62
135 91 90 56 52 48 50 39 37 47 80
136 79 75 20 18 18 13 18 16 22 50

137 63 55 112 111 112 112 109 110 107 86
138 4 6 84 83 81 77 69 40 14 8
139 34 66 17 9 8 51 2 2 3 7
140 131 129 62 65 75 86 106 127 130 131

141 30 33 129 129 129 124 114 102 78 34
142 17 26 128 128 127 129 119 111 91 48
143 6 4 133 133 132 133 130 124 99 31
144 87 84 43 42 35 37 29 33 45 79

147 105 105 50 51 50 48 58 73 96 110

148 73 67 116 118 117 122 120 119 118 100

149 98 98 54 58 58 58 68 82 98 103
151 118 117 27 31 31 10 46 60 94 119
152 13 15 82 85 88 89 82 69 39 16

153 67 80 33 29 25 61 20 19 31 53
154 109 104 45 46 47 34 55 70 95 114
155 121 122 57 57 55 54 65 87 116 121

156 74 59 115 117 119 113 124 121 117 95
158 53 47 114 115 115 115 115 113 103 81

159 45 54 72 71 71 90 64 59 51 45
160 90 72 113 114 116 111 123 125 121 108
162 93 95 23 23 27 49 34 45 68 90
163 137 137 138 138 138 138 138 138 138 137

164 72 74 16 15 10 25 9 8 12 37
165 100 100 51 49 44 35 41 46 64 89
166 86 79 28 26 23 15 21 20 32 70
169 50 51 59 59 51 44 35 24 17 23

Table B.26: Sensitivity analysis: Efficiency rankings: Models 10-19
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Sensitivity analysis: Efficiency rankings: Models 20-29

IHE RK.20 RK.21 RK.22 RK.23 RK.24 RK.25 RK.26 RK.27 RK.28 RK.29

1 25 15 126 125 124 118 105 86 44 27
2 91 93 54 45 30 27 29 39 65 93

3 55 67 66 64 54 40 30 24 21 39
4 106 112 23 19 19 22 27 49 89 101
5 21 54 1 1 1 1 1 1 2 7
6 110 106 43 46 53 55 59 83 108 112

8 58 52 106 105 107 107 104 103 84 57

9 17 13 117 118 117 115 107 91 49 25
10 87 84 57 49 35 29 28 30 58 86

11 59 63 101 98 89 81 80 67 57 56
12 9 14 70 65 64 53 34 12 6 10

13 109 114 12 17 22 28 42 66 104 111

14 47 56 41 30 20 15 11 5 10 34
15 50 49 110 110 109 106 101 92 78 63
16 129 128 17 25 36 57 84 119 126 129
17 36 35 96 94 91 86 77 54 25 17

18 13 10 108 108 110 105 95 64 28 14

19 14 11 102 103 102 98 90 58 30 24
22 45 42 122 121 116 112 109 97 68 46

23 22 44 62 59 44 31 19 8 12 15
24 113 111 61 60 56 50 55 77 99 103

26 49 43 105 106 108 108 103 94 75 55
29 69 91 33 22 10 5 7 10 35 68
30 15 21 67 68 67 60 45 25 16 16

31 32 30 109 112 113 113 111 100 72 47

32 82 83 15 13 15 13 15 20 41 77

33 70 75 21 16 17 14 14 14 32 66
34 34 41 74 72 70 65 49 32 19 28

35 20 18 124 124 123 116 106 89 45 20
36 93 99 8 7 7 8 10 16 50 88
37 83 88 20 14 12 11 12 11 38 76
38 75 76 86 81 77 73 78 81 82 78
39 57 73 5 3 3 3 3 4 9 44
40 81 69 98 99 100 100 100 102 93 82
41 117 102 135 135 135 135 136 132 129 120
42 48 46 93 92 93 90 88 75 62 54
43 72 78 60 51 39 32 32 34 43 62
44 30 31 104 104 105 101 97 80 47 35
45 65 70 58 52 45 42 37 35 48 67
46 134 134 52 63 72 97 124 131 133 134
48 138 138 4 21 55 102 135 137 137 138
49 71 79 16 11 9 10 5 6 22 61
50 84 85 38 28 21 20 17 23 46 84
51 99 94 125 123 121 121 123 124 120 107
52 10 25 76 73 66 52 38 18 8 9
53 125 125 49 61 65 77 102 125 127 126
54 51 47 100 100 97 91 87 68 53 51
56 40 28 111 114 115 119 113 98 67 42

57 100 97 42 44 46 48 52 70 98 100
58 115 116 22 23 24 24 36 56 94 102
59 4 2 116 109 103 89 67 28 5 1
60 63 55 120 117 112 109 108 99 80 59

To be continued.
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Continued.
61 42 38 95 97 98 94 91 79 56 48
62 104 104 30 33 32 41 46 62 95 98
65 26 26 107 107 106 103 98 78 40 29

66 102 98 91 86 86 87 93 101 110 109

67 128 129 13 9 11 17 31 74 119 125
69 95 92 47 48 49 45 51 65 90 96
70 27 17 127 127 129 130 126 118 87 41

71 116 113 40 43 50 51 58 85 112 115

72 123 123 36 35 41 47 65 104 122 123
73 6 6 77 77 75 69 47 22 7 5

74 39 37 85 84 81 74 60 42 26 37
75 111 110 37 41 51 54 63 90 113 113
76 77 68 134 134 134 133 132 127 118 85
77 19 22 92 89 88 83 68 46 23 21

79 1 4 88 87 83 75 61 33 13 4

81 24 20 90 96 96 92 86 63 36 26

83 16 16 79 80 82 82 71 47 24 19

84 107 105 39 38 42 44 48 72 103 110
85 2 3 84 76 61 30 4 2 1 3

86 62 62 71 70 69 67 57 52 51 60
87 127 127 10 20 28 49 75 116 125 128

88 23 23 87 90 92 88 83 57 37 31
89 31 40 69 69 68 64 50 37 27 33
90 120 122 32 37 47 56 74 109 123 122

92 103 109 11 12 16 18 22 43 86 97
94 35 51 63 62 52 33 21 9 15 30
98 133 133 99 101 104 120 131 133 132 133
99 94 100 7 5 6 6 8 15 52 91
101 136 136 65 66 76 99 129 134 134 135

102 135 135 68 78 101 127 133 135 136 136
103 80 66 131 131 131 131 128 122 101 71

104 64 53 121 120 118 117 115 106 83 53
105 60 59 103 102 99 96 96 88 73 58
106 66 65 75 75 74 71 66 59 63 74

107 122 126 2 2 2 4 6 27 96 119

108 130 130 35 40 48 58 94 126 128 127
109 7 7 81 85 84 79 64 38 14 8

110 90 86 26 32 31 37 40 48 76 92
111 43 36 89 95 94 93 89 69 42 36
112 38 19 132 133 133 134 130 123 92 49
113 101 103 27 31 29 38 44 61 97 104

114 8 9 94 88 87 76 62 36 17 11

115 61 57 78 79 80 78 82 76 70 70
117 124 124 55 56 60 66 85 115 124 124

118 78 87 6 6 8 9 9 7 34 75
119 46 34 118 122 126 126 118 114 85 50
120 56 33 136 136 136 136 134 128 106 65
121 44 39 130 130 130 129 120 112 71 38
123 132 132 31 50 63 80 110 129 130 131
124 119 118 24 24 25 26 39 60 105 116
125 3 1 72 71 71 63 43 17 4 2

127 52 45 82 91 95 95 92 82 60 45

128 114 120 3 4 5 7 18 53 100 108
129 37 24 123 126 127 128 117 113 77 43
130 18 29 97 93 90 84 76 55 29 18

To be continued.

407



Continued.

131 126 119 137 137 137 137 137 136 135 130
133 105 115 9 10 13 16 20 44 88 105

134 79 80 45 36 27 25 26 31 55 81
135 88 82 50 47 38 35 33 41 61 80
136 73 74 19 18 18 19 16 21 39 72

137 67 58 112 111 111 111 112 110 91 73
138 5 8 83 82 78 72 53 26 11 6
139 33 64 14 8 4 2 2 3 3 23
140 131 131 64 67 79 104 127 130 131 132

141 28 27 129 129 125 110 99 73 31 22

142 29 32 128 128 128 125 116 108 74 40
143 11 5 133 132 132 132 125 111 54 12

144 89 89 44 39 33 34 35 45 69 90
147 108 107 51 55 57 59 70 93 115 114

148 85 71 119 119 120 122 121 120 109 89
149 98 96 53 58 62 68 81 96 111 99
151 118 117 29 34 40 46 56 87 116 118
152 12 12 80 83 85 85 73 51 20 13
153 76 90 34 27 23 21 24 40 64 83

154 112 108 48 54 58 62 72 95 117 117
155 121 121 59 57 59 61 79 107 121 121
156 74 60 114 116 122 123 119 117 102 79

158 53 48 113 113 114 114 114 105 81 52
159 54 61 73 74 73 70 69 71 66 64

160 92 72 115 115 119 124 122 121 114 95

162 97 101 25 29 34 43 54 84 107 106
163 137 137 138 138 138 138 138 138 138 137

164 68 77 18 15 14 12 13 13 33 69
165 96 95 46 42 37 39 41 50 79 94

166 86 81 28 26 26 23 23 29 59 87
169 41 50 56 53 43 36 25 19 18 32

Table B.27: Sensitivity analysis: Efficiency rankings: Models 20-29
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Sensitivity analysis: Efficiency rankings: Models 30-39

IHE RK.30 RK.31 RK.32 RK.33 RK.34 RK.35 RK.36 RK.37 RK.38 RK.39
1 17 125 124 121 111 92 59 34 19 125
2 93 51 40 30 31 34 58 90 92 46
3 57 63 52 29 21 13 11 24 44 36
4 109 22 21 20 25 39 71 101 105 19
5 46 1 1 1 1 1 1 1 28 1

6 105 47 51 54 57 73 104 107 106 49
8 53 103 104 106 103 100 84 56 55 102
9 13 117 116 117 110 99 63 29 16 116

10 88 53 47 35 35 32 49 86 87 53
11 64 100 92 79 78 68 61 52 61 92
12 15 69 65 61 44 24 12 12 17 69
13 112 15 22 27 39 60 102 109 112 23
14 54 31 23 18 9 6 5 26 49 24
15 56 119 114 115 114 111 99 78 65 123
16 129 23 30 51 69 109 126 129 130 30
17 19 80 78 72 59 41 15 6 8 73
18 7 107 108 107 94 69 31 13 7 106
19 16 105 106 104 95 77 46 33 23 109 :
22 44 123 120 116 108 105 80 46 43 ii9 ;
23 41 56 44 28 23 14 9 11 30 38
24 104 59 55 43 43 56 75 98 97 47
26 48 108 109 110 107 104 86 64 57 112
29 95 25 18 10 10 18 45 74 93 20
30 18 67 66 64 47 29 18 17 20 67
31 33 116 119 122 117 113 96 60 50 121
32 80 14 14 14 14 15 33 70 81 14
33 75 16 16 13 13 12 23 55 73 16
34 34 71 69 63 46 31 20 25 29 65
35 14 122 118 114 106 89 54 21 11 114
36 94 7 6 8 6 9 35 77 91 8
37 85 18 15 12 11 11 24 69 82 17
38 81 85 80 74 79 79 88 85 79 81
39 69 5 3 3 2 2 3 27 62 5
40 68 96 98 100 101 98 90 81 68 96
41 110 135 135 135 136 134 130 125 110 135
42 52 97 97 98 92 83 69 62 58 99
43 72 40 31 23 24 21 30 44 66 25
44 31 104 103 103 100 84 60 40 32 104
45 70 52 54 42 41 42 47 68 74 54
46 134 62 64 88 116 130 133 134 134 64
48 138 2 11 44 109 136 137 137 138 2
49 73 10 8 6 5 5 10 42 67 7
50 87 34 26 22 22 22 41 82 88 31
51 100 126 127 126 129 127 124 117 104 128
52 23 73 68 58 42 23 13 9 18 68
53 126 61 63 76 98 123 127 127 127 63
54 49 101 100 96 88 74 57 47 52 100
56 30 113 115 119 115 108 81 45 35 117
57 98 48 53 53 52 66 94 103 102 55
58 106 17 19 21 26 33 67 96 99 15
59 1 110 105 93 73 40 6 3 1 108
60 55 115 111 108 104 96 73 51 51 110

To be continued.
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Continued.
61 43 99 101 101 97 88 70 57 54 103
62 99 27 29 33 37 52 74 97 98 27
65 26 106 107 105 96 80 51 35 25 107 !;
66 102 98 96 92 93 103 108 112 103 101

67 128 11 10 11 16 35 95 121 125 10
69 92 49 50 48 50 63 89 100 96 50 1
70 22 127 129 131 131 124 107 54 34 129
71 113 44 49 56 58 76 106 114 113 52
72 124 36 38 45 55 87 120 122 124 37 1
73 3 75 72 70 51 26 7 4 2 75
74 38 87 83 78 63 51 25 36 36 89
75 111 38 48 55 60 81 109 113 111 43
76 71 134 134 133 132 128 123 93 71 133
77 21 90 89 85 76 57 27 23 21 90
79 4 88 87 81 71 54 21 7 9 88
81 20 91 93 95 89 72 44 31 24 94
83 12 78 79 80 77 58 28 20 15 79
84 108 45 43 46 49 65 100 111 109 51
85 9 92 74 52 17 3 2 2 5 93
86 58 68 67 65 53 53 43 50 60 66
87 127 21 27 47 64 106 125 128 128 28
88 28 94 95 97 90 75 52 41 37 98
89 42 70 70 69 54 46 34 38 42 71
90 121 35 46 57 67 101 122 123 123 45
92 103 12 12 16 19 27 62 95 100 12
94 51 64 56 36 27 16 14 28 47 58
98 133 95 99 102 127 132 131 133 133 87
99 97 8 7 7 7 10 38 84 94 9
101 136 66 73 91 121 133 134 135 136 70
102 135 76 94 118 134 135 135 136 135 85
103 60 131 131 130 126 117 93 61 53 127
104 50 111 110 109 105 94 68 43 38 105
105 61 102 102 94 91 86 76 58 59 97
106 67 77 77 75 74 67 65 75 69 80
107 125 4 2 2 4 7 53 110 120 3
108 130 26 32 41 66 114 128 126 129 22
109 5 82 84 82 68 49 19 8 6 83
110 84 28 33 38 40 48 64 89 86 32
111 32 86 90 90 85 64 40 32 27 84
112 29 133 133 134 133 126 110 63 39 134
113 101 33 35 40 45 61 92 104 107 40
114 11 93 91 86 75 55 22 15 14 95
115 65 83 86 87 87 85 82 80 70 91
117 123 54 57 60 72 102 121 124 122 57
118 83 9 9 9 8 8 26 66 83 11
119 37 120 123 125 124 120 103 59 46 122
120 40 136 136 136 135 129 113 72 40 136
121 35 130 130 127 119 110 79 39 26 131
123 131 41 59 71 102 125 129 130 131 56
124 117 24 24 25 30 45 83 108 114 26
125 2 72 71 68 48 25 8 5 3 74
127 39 81 85 89 86 70 48 37 31 77
128 119 3 4 5 12 43 98 106 118 4
129 27 124 126 129 128 116 91 48 33 126
130 25 89 88 83 81 62 39 22 22 82

To be continued.
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Continued.

131 122 137 137 137 137 137 136 132 126 137
133 115 13 13 17 20 36 78 102 108 13
134 82 42 36 31 34 37 55 83 84 39
135 79 46 37 32 32 28 42 71 77 35
136 76 20 20 19 18 20 36 65 76 21

137 63 112 113 112 113 112 101 76 64 113
138 8 84 82 77 61 44 17 10 10 86
139 59 6 5 4 3 4 4 16 56 6
140 132 65 76 99 123 131 132 131 132 72

141 24 128 125 111 99 71 29 18 12 124

142 36 129 128 128 125 119 97 49 41 130
143 6 132 132 132 130 115 72 19 4 132
144 89 43 39 37 38 47 66 92 90 41
147 114 57 60 62 70 91 116 116 115 61
148 74 121 122 123 120 122 114 94 75 120

149 96 55 62 67 83 95 112 105 101 60
151 118 37 42 49 56 78 111 119 119 48
152 10 79 81 84 82 59 32 14 13 78
153 91 29 25 24 33 50 77 91 95 29
154 116 58 61 66 80 97 117 118 117 62
155 120 60 58 59 65 93 119 120 121 59

156 62 114 117 120 118 118 105 79 63 115
158 47 109 112 113 112 107 85 53 48 111

159 66 74 75 73 84 82 87 73 72 76
160 77 118 121 124 122 121 115 99 78 118
162 107 32 41 50 62 90 118 115 116 42

163 137 138 138 138 138 138 138 138 137 138
164 78 19 17 15 15 17 37 67 80 18
165 90 39 34 34 36 38 56 88 85 34
166 86 30 28 26 28 30 50 87 89 33
169 45 50 45 39 29 19 16 30 45 44

Table B.28: Sensitivity analysis: Efficiency rankings: Models 30-39
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Sensitivity analysis: Efficiency rankings: Models 40-49

IHE RK.40 RK.41 RK.42 RK.43 RK.44 RK.45 RK.46 RK.47 RK.48 RK.49
1 123 117 104 71 35 19 124 120 107 76
2 35 32 36 53 85 92 35 36 37 50
3 25 17 8 7 8 29 23 15 7 6
4 21 23 30 58 94 100 22 22 27 46
5 1 1 1 1 1 13 1 1 1 1

6 52 53 66 87 105 103 50 49 55 75
8 102 104 100 82 59 55 98 99 95 82
9 116 113 106 75 40 21 117 114 108 88
10 42 39 41 50 76 88 45 42 41 54

11 86 75 69 64 55 63 81 78 71 63
12 65 52 39 18 16 20 67 64 47 33

13 26 38 52 85 109 111 28 35 48 73
14 20 11 6 4 9 36 21 12 6 5
15 122 122 117 111 96 71 126 125 126 121
16 46 64 97 123 125 128 44 52 82 114
17 64 46 26 8 3 2 57 38 19 8
18 104 94 72 38 12 5 106 97 80 47
19 109 105 89 69 41 33 113 113 102 79
22 117 112 109 93 58 46 116 115 111 94
23 30 24 17 11 13 30 27 25 18 11
24 39 34 38 51 79 91 34 30 30 32
26 115 115 111 98 70 61 119 118 117 104
29 16 14 24 59 93 99 15 20 33 65
30 66 54 43 22 17 18 66 61 44 30
31 124 125 121 108 82 59 127 126 125 119
32 15 15 15 25 54 75 18 19 16 23
33 14 13 13 16 45 68 16 16 13 14
34 60 48 35 17 19 25 61 46 35 20
35 111 108 90 65 30 11 110 107 93 66
36 8 6 9 23 61 85 9 8 9 13
37 13 12 12 21 50 76 17 17 14 17
38 76 80 81 96 95 84 77 83 89 95
39 3 2 2 3 10 50 4 3 2 2
40 98 98 99 84 72 67 96 96 94 80
41 135 136 136 133 129 116 135 136 136 135
42 101 99 92 77 64 64 105 106 100 90
43 22 18 16 19 37 57 14 13 10 10
44 106 103 86 70 42 35 108 105 96 72
45 47 43 45 54 65 73 47 44 46 57
46 74 107 128 131 133 134 74 95 123 132
48 7 40 123 135 137 137 2 5 36 124
49 6 5 4 6 25 58 7 6 5 4
50 27 26 27 44 73 89 33 31 34 45
51 130 130 129 128 122 114 130 131 131 131
52 59 44 32 15 14 17 60 47 39 28
53 73 92 115 127 127 126 72 87 112 126
54 96 90 78 63 46 49 100 94 85 67
56 119 120 112 94 53 39 122 121 116 96
57 55 59 68 90 104 102 59 63 68 84
58 17 19 21 40 75 93 13 14 15 22
59 97 78 47 9 4 1 99 84 51 15
60 108 102 88 74 48 43 101 98 88 68

To be continued.
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Continued.
i! 61 105 106 102 86 67 60 109 112 110 97

ii 62 31 31 40 55 89 96 29 29 32 39

II 65 107 101 84 66 38 32 107 102 91 70

!! 66 100 100 105 106 112 104 103 108 106 108
67 9 8 14 49 106 120 8 7 8 18

1 69 48 50 60 80 99 98 48 50 58 78

I 70 131 131 127 118 84 51 132 132 130 123 !

!! 71 53 57 70 97 111 110 56 56 66 87
I 72 44 49 75 110 121 124 40 45 67 100

73 71 56 34 10 5 4 69 62 40 12

ii 74 83 69 54 30 31 34 89 75 56 38
I 75 50 61 76 102 114 112 49 54 72 92

|| 76 133 133 132 126 110 77 133 133 132 129

!| 77 88 79 57 35 26 22 90 80 65 48

1 79 89 84 59 37 20 10 91 85 77 56
81 95 89 77 56 33 31 95 92 83 62

!; 83 79 74 56 34 21 15 83 74 64 44
li 84 49 51 64 92 108 109 54 51 62 81

|| 85 72 36 7 2 2 3 87 59 20 3

|! 86 63 55 49 42 44 56 63 55 49 41

II 87 43 62 96 124 126 129 43 53 84 117

II 88 99 96 85 72 47 45 104 104 98 85
I 89 70 65 51 41 39 44 68 67 54 51
1 90 54 67 94 120 124 125 51 65 87 115

;; 92 12 16 22 47 87 97 12 18 17 31
1 94 41 29 20 14 27 42 41 34 28 19

98 93 109 126 130 131 132 76 93 118 130
99 10 7 10 27 68 94 10 10 11 24
101 85 111 133 134 135 135 73 103 129 134
102 110 132 135 136 136 136 102 128 135 136
103 126 118 108 78 49 37 118 111 97 69
104 103 95 80 60 34 27 93 88 73 49
105 94 88 82 76 63 62 92 89 86 77
106 78 83 73 73 71 70 85 86 81 74
107 2 3 5 20 92 113 3 2 3 9
108 28 45 87 125 128 127 19 32 61 112
109 84 73 55 26 7 8 86 76 57 34
110 36 41 46 62 80 86 38 40 42 58
111 87 85 62 43 28 23 84 72 59 42
112 134 134 130 121 88 52 134 134 133 127
113 45 47 58 89 107 108 46 48 60 83
114 91 86 65 39 24 16 94 90 79 59
115 92 93 98 95 90 74 97 101 103 101
117 58 66 83 114 120 123 53 60 78 103
118 11 10 11 24 56 81 11 11 12 21
119 125 126 119 105 69 53 125 124 121 110 1
120 136 135 134 119 77 41 136 135 134 122
121 127 121 110 79 43 28 123 119 109 86
123 67 91 120 129 130 131 64 81 113 128
124 24 25 33 61 98 106 26 26 29 40
125 69 60 42 13 6 6 71 66 45 25
127 77 76 61 46 29 24 75 68 52 37
128 5 9 29 81 115 118 6 9 21 71
129 128 127 118 101 60 40 128 127 124 107
130 81 77 67 48 32 26 78 73 70 60

To be continued.
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Continued.
131 137 137 137 137 134 130 137 137 137 137
133 18 21 31 67 100 107 20 21 31 55
134 37 37 44 57 83 87 39 41 43 61
135 32 27 25 32 51 69 30 27 23 26

136 23 22 19 29 52 72 25 24 22 29
137 114 114 113 100 86 66 114 116 114 105
138 82 71 53 28 15 12 88 79 63 43
139 4 4 3 5 18 48 5 4 4 7

140 90 116 131 132 132 133 82 109 128 133
141 113 97 71 31 11 7 112 100 76 35
142 129 128 124 107 74 54 129 130 127 118
143 132 129 116 91 36 9 131 129 120 98
144 40 42 48 68 91 95 42 43 50 64

147 61 70 91 113 117 115 65 70 92 111

148 121 124 125 117 102 80 121 123 122 120
149 62 72 93 112 113 105 62 69 90 106
151 51 58 74 104 116 117 55 58 74 93

152 80 81 63 45 22 14 80 77 69 53
153 29 35 50 83 103 101 31 39 53 91
154 68 82 101 116 119 119 70 82 99 116

155 57 63 79 109 118 121 52 57 75 99
156 118 119 114 103 81 65 115 117 115 102

158 112 110 107 88 57 47 111 110 104 89
159 75 87 95 99 97 82 79 91 101 109
160 120 123 122 115 101 79 120 122 119 113
162 56 68 103 122 123 122 58 71 105 125
163 138 138 138 138 138 138 138 138 138 138
164 19 20 18 33 66 83 24 23 24 36
165 33 28 28 36 62 78 32 28 26 27

166 34 33 37 52 78 90 36 37 38 52
169 38 30 23 12 23 38 37 33 25 16

Table B.29: Sensitivity analysis: Efficiency rankings: Models 40-49
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Sensitivity analysis: Efficiency rankings: Models 50-59

IHE RK.50 RK.51 RK.52 RK.53 RK.54 RK.55 RK.56 RK.57 RK.58 RK.59
1 37 24 122 112 87 55 25 116 94 61
2 77 92 37 36 48 69 91 36 46 64
3 5 10 12 8 4 4 8 8 6 3

4 83 99 21 26 33 63 93 24 33 52
5 1 5 2 1 1 1 4 2 1 1

6 94 102 48 52 68 86 98 49 62 76
8 67 53 96 94 81 70 53 88 81 71
9 55 31 113 108 94 62 38 108 97 75
10 73 85 43 44 54 73 87 46 55 72
11 60 56 74 77 66 61 62 76 68 67
1221 26 65 53 43 31 28 62 52 46

13 105 111 34 42 67 95 108 37 58 85
14 8 22 16 9 7 6 12 12 10 7

15 107 86 129 129 125 118 100 130 128 127
16 123 127 47 71 102 120 124 58 91 111
173 1 32 18 6 2 1 13 7 2

18 14 7 99 80 51 19 7 84 54 25
19 57 40 118 111 96 71 47 117 106 83
22 76 54 116 114 101 83 60 111 105 88
23 16 30 23 21 14 17 29 21 16 21
24 54 75 29 22 21 33 56 22 15 20
26 86 61 120 119 111 89 69 122 115 98

29 101 109 25 35 72 107 116 38 74 113
30 17 19 62 49 35 22 19 52 40 31
31 96 70 128 127 124 109 89 127 125 117
32 45 73 19 19 19 41 64 20 21 34
33 34 64 17 14 15 28 55 17 14 24
34 12 17 45 33 26 11 15 34 27 16
35 33 11 104 95 70 43 20 92 69 49
36 47 79 9 10 13 39 71 11 13 28
37 42 72 18 17 16 37 63 19 18 32

38 100 96 82 92 99 102 103 94 101 108
39 7 37 4 2 2 5 18 4 2 4

40 71 60 97 91 79 68 57 90 80 65
41 131 123 136 136 135 133 127 136 136 134
42 79 63 109 105 98 84 68 109 104 90
43 28 51 10 11 11 15 40 9 11 12
44 50 38 106 98 80 59 41 100 89 66
45 66 76 46 48 56 66 78 48 56 70

46 132 134 89 115 129 132 132 103 123 130
48 134 137 1 4 37 126 134 1 3 50
49 10 42 6 5 3 8 24 5 5 5
50 70 89 35 34 46 67 90 35 47 68

51 125 118 132 132 133 130 123 133 134 132
52 20 25 49 43 34 30 30 43 41 41

53 127 126 84 101 121 127 125 99 118 126
54 48 46 100 90 73 57 44 96 79 58
56 68 45 121 118 103 77 50 119 107 84
57 98 103 63 70 84 96 101 73 86 92
58 51 78 13 12 12 26 58 10 12 13
59 4 3 88 55 28 7 3 66 35 9

60 46 39 94 83 64 46 35 82 64 48

To be continued. ||
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Continued.
61 84 67 114 117 108 90 73 120 112 100

62 61 81 30 28 31 48 70 27 26 36
65 43 34 105 96 74 56 36 98 87 59

66 109 105 111 113 113 106 105 115 117 109

67 69 106 7 7 9 32 81 6 8 11

69 95 101 52 58 75 91 99 57 71 89
70 102 62 131 130 128 114 83 131 127 121

71 104 107 57 60 76 93 104 60 70 86
72 119 122 42 54 89 113 117 51 78 106

73 6 4 61 41 23 9 5 42 29 10
74 24 28 81 69 47 25 21 75 53 37

75 111 113 54 66 86 101 111 61 82 96
76 118 94 133 131 131 125 106 132 132 129
77 29 23 83 75 53 36 22 77 57 44

79 31 21 90 81 65 47 31 87 72 56
81 36 32 95 86 71 52 33 91 73 54
83 26 14 77 68 49 27 16 69 50 38

84 103 108 58 63 78 97 107 64 76 91
85 2 2 75 40 10 3 2 63 28 6

86 35 50 56 46 41 40 43 44 38 39
87 124 128 51 78 107 123 126 67 95 116
88 62 52 110 103 97 79 59 110 102 87
89 40 44 68 62 57 51 46 68 61 53

90 122 124 60 82 109 122 122 79 100 118
92 63 91 15 16 24 49 79 16 17 35
94 25 41 36 32 27 24 39 33 32 33

98 130 131 69 97 119 128 129 78 103 124

99 59 90 11 13 18 53 84 14 19 45
101 135 135 92 124 134 135 136 112 131 135
102 137 136 123 133 136 136 137 129 135 136
103 38 29 103 87 61 35 17 80 49 29
104 27 13 76 59 39 18 10 50 34 17
105 72 58 87 84 77 76 66 86 84 77
106 78 74 91 89 82 78 72 95 92 81
107 52 100 3 3 5 21 77 3 4 8

108 126 129 20 38 93 124 128 29 65 112
109 13 8 80 65 44 20 9 72 48 30
11075 82 39 37 50 65 80 39 45 57
111 22 15 70 56 42 23 14 53 39 23
112 97 57 134 134 130 112 76 134 133 122

113 106 110 55 61 83 99 109 65 85 95
114 32 27 98 88 69 50 32 97 83 60
115 92 84 107 109 110 100 95 113 114 107

117 117 119 53 67 90 108 115 55 75 97
11853 77 14 15 20 45 75 18 22 42

119 89 55 125 121 117 94 67 124 119 101

120 87 43 135 135 127 92 45 135 129 105
121 56 33 117 106 85 60 37 104 90 63

123 129 130 71 99 122 129 130 89 111 128
124 80 98 24 25 30 58 85 23 25 40
125 11 9 66 51 36 16 13 56 43 27
127 19 12 64 47 32 13 11 40 31 14

128 116 121 8 20 59 110 121 15 42 104
129 81 48 126 126 115 87 54 126 120 94
130 39 36 73 72 62 54 42 70 63 55

To be continued. ||
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Continued.
131 136 132 137 137 137 137 135 137 137 137
133 91 104 22 30 45 81 102 30 36 73
134 82 93 41 45 60 80 94 45 60 78
13541 65 28 23 25 34 52 25 23 26
136 49 71 27 27 29 44 65 28 30 43
137 90 69 115 116 106 88 74 114 108 93
138 23 16 85 76 55 38 23 83 67 51

139 15 47 5 6 8 12 48 7 9 15
140 133 133 102 125 132 134 133 118 130 133

141 9 6 101 79 40 10 6 81 44 18
142 93 66 130 128 123 105 82 128 124 115

143 58 18 127 122 105 75 34 125 110 80
144 88 95 44 50 63 85 96 47 66 82

147 120 117 72 93 112 119 118 93 109 119
148 108 88 124 123 120 111 97 123 122 114

149 114 112 67 85 104 115 112 85 99 110
151 113 115 59 74 91 103 113 71 88 103
152 30 20 79 73 58 42 27 74 59 47

153 112 114 40 57 95 117 119 59 96 120
154 121 120 86 100 116 121 120 101 116 123
155 115 116 50 64 88 104 114 54 77 99

156 85 59 112 110 100 82 61 105 98 79
158 64 49 108 102 92 74 49 102 93 74

159 110 97 93 104 118 116 110 107 121 125
160 99 80 119 120 114 98 86 121 113 102

162 128 125 78 107 126 131 131 106 126 131
163 138 138 138 138 138 138 138 138 138 138
164 65 83 26 31 38 64 92 32 37 62
165 44 68 31 24 22 29 51 26 20 22

166 74 87 38 39 52 72 88 41 51 69
169 18 35 33 29 17 14 26 31 24 19

Table B.30: Sensitivity analysis: Efficiency rankings: Models 50-59

417



Sensitivity rankings: Efficiency rankings: Models 60-69

IHE RK.60 RK.61 RK.62 RK.63 RK.64 RK.65 RK.66

1 27 101 73 37 83 48 57

2 84 47 59 79 56 76 74
3 5 6 3 4 4 3 4

4 82 27 45 73 39 63 49

5 3 2 1 2 2 2 3
6 90 54 64 80 57 71 66
8 59 76 66 63 60 57 54 I1
9 48 100 78 60 86 64 67
10 83 56 71 83 71 80 80
11 66 72 70 69 67 70 68

12 31 61 51 43 54 53 60
13 105 50 76 98 69 92 82

14 9 12 8 9 10 8 9

15 112 131 130 118 131 127 129
16 120 78 102 115 93 106 104

17 1 8 2 1 3 1 2
18 10 55 34 14 40 22 23

19 62 112 94 72 103 79 93
22 71 104 95 76 99 82 84
23 28 17 22 31 21 32 27

24 34 14 13 22 12 21 15
26 81 117 106 90 111 95 105

29 121 83 117 128 118 130 130
30 20 44 35 27 41 28 37
31 98 128 124 111 127 118 124

32 60 22 32 48 32 43 40
33 51 16 25 39 24 36 32
34 14 28 20 15 20 20 19
35 23 70 50 29 48 34 38

36 65 13 23 52 17 42 34

37 58 20 31 47 31 45 42

38 108 103 111 113 112 117 117

39 12 3 5 10 5 5 5

40 56 79 60 54 58 51 51
41 131 136 135 132 136 133 134

42 77 107 101 85 104 91 101

43 25 9 11 18 9 19 14

44 46 94 74 53 78 61 65

45 78 57 68 77 68 74 75
46 132 114 127 130 121 126 122

48 117 1 4 61 1 4 1

49 15 5 6 12 6 6 6

50 88 49 67 86 66 84 81
51 130 135 133 131 134 132 133

52 36 43 47 44 47 50 52

53 126 108 120 125 114 121 115

54 44 88 61 49 72 55 62
56 61 109 88 68 98 72 76
57 100 86 90 96 92 98 100

58 37 11 10 19 11 16 12

59 4 40 18 5 27 10 16
60 26 58 46 30 43 31 29

To be continued.
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Continued.

61 86 118 107 93 113 102 108
62 57 25 30 38 25 29 25
65 39 89 62 46 70 54 56
66 104 116 113 106 116 109 114

67 52 7 9 21 8 13 7
69 99 73 83 97 87 97 96

70 97 129 125 110 126 114 119
71 96 71 80 92 77 86 78
72 115 69 97 112 90 105 103
73 6 32 14 6 18 12 17
74 21 59 44 28 46 33 41

75 107 75 91 102 88 101 97
76 113 132 129 116 129 125 126

77 24 63 48 32 49 39 44

79 43 85 69 59 76 68 69

81 38 81 57 42 62 47 53
83 19 53 43 25 45 26 35
84 103 77 87 99 91 99 98
85 2 45 15 3 34 11 22

86 33 39 41 33 38 35 36
87 125 91 110 120 102 116 110

88 73 110 99 82 105 89 102
89 53 66 55 57 59 59 64

90 122 96 114 124 109 122 118
92 67 15 27 50 19 37 28
94 35 34 36 36 37 44 43
98 127 82 109 117 89 108 92
99 75 19 40 70 33 62 50
101 135 125 134 135 132 135 132
102 137 134 136 136 135 136 136
103 13 41 29 13 22 15 13
104 8 31 16 7 13 7 8

105 72 80 77 74 73 73 71

106 76 95 84 78 94 83 85
107 50 4 7 24 7 17 11

108 128 36 93 119 63 110 95
109 17 52 37 17 42 25 31
110 74 42 52 71 51 66 58
111 16 38 28 16 30 18 20

112 91 133 128 101 128 112 120

113 106 84 96 105 97 104 107
114 42 92 72 56 85 67 73

115 101 120 115 109 119 113 116
117 110 67 85 100 79 96 83
118 70 23 38 66 35 56 48

119 79 119 105 87 108 90 99
120 54 130 112 67 120 75 88
121 40 90 65 45 61 49 47

123 129 102 118 127 110 119 113

124 68 24 33 51 28 38 30
125 18 48 39 23 44 30 39

127 11 29 12 11 15 9 10

128 123 33 92 123 74 120 112
129 69 121 104 75 107 81 90
130 49 64 54 55 53 58 55

To be continued.
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Continued.
131 136 137 137 137 137 137 137

133 95 35 56 91 52 78 72
134 92 62 79 94 80 94 94
135 41 21 26 34 23 27 26
136 63 30 42 58 36 46 46
137 80 106 100 84 100 87 87
138 30 74 53 41 64 52 61
139 45 10 17 40 14 40 33
140 134 124 131 134 130 131 131
141 7 46 24 8 29 14 18
142 94 127 123 107 124 115 121
143 47 111 86 64 95 69 70
144 93 65 82 95 82 93 91
147 118 105 119 121 117 123 123
148 102 122 116 104 115 107 109
149 114 97 108 114 106 111 111
151 111 87 98 108 96 103 106
152 29 60 49 35 50 41 45
153 124 98 122 129 122 129 128
154 119 115 121 122 123 124 125
155 109 68 89 103 84 100 89
156 64 99 81 65 81 65 63
158 55 93 75 62 75 60 59
159 116 123 126 126 125 128 127
160 87 113 103 89 101 88 86
162 133 126 132 133 133 134 135
163 138 138 138 138 138 138 138
164 89 37 58 88 55 85 79
165 32 18 19 26 16 23 21
166 85 51 63 81 65 77 77
169 22 26 21 20 26 24 24
Table B.31: Sensitivity analysis: Efficiency rankings: Models 60-66
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Appendix C

Heterogeneity and productivity changes
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Institutions in higher education in the UK
All UK institutions in higher education are listed according to their alphabetical and regional
order. Official HESA keys are included in brackets.

1 (0047) Anglia Polytechnic University
2 (0109) The University of Bath
3 (0127) Birkbeck College
4 (0110) The University of Birmingham
5 (0111) The University of Bradford
6 (0051) The University of Brighton
7 (0112) The University of Bristol
8 (0113) Brunei University
9 (0114) The University of Cambridge
10 (0052) The University of Central England
11 (0053) The University of Central Lancashire
12 (0115) City University
13 (0056) Coventry University
14 (0068) De Montfort University
15 (0116) University of Durham
16 (0117) The University of East Anglia
17 (0058) The University of East London
18 (0118) The University of Essex
19 (0119) The University of Exeter
20 (0131) Goldsmiths College
21 (0059) The University of Greenwich
22 (0060) University of Hertfordshire
23 (0061) The University of Huddersfield
24 (0120) The University of Hull
25 (0132) Imperial College of Sc., Techn. & Med.

26 (0121) The University of Keele
27 (0122) The University of Kent at Canterbury
28 (0134) King's College London
29 (0063) Kingston University
30 (0064) Leeds Metropolitan University
31 (0124) The University of Leeds
32 (0125) The University of Leicester
33 (0065) Liverpool John Moores University
34 (0126) The University of Liverpool
35 (0055) London Guildhall University
36 (0137) London School of Economics
37 (0152) Loughborough University
38 (0153) University of Manchester

(0165) University of Manch. Inst, of Sc. & Techn.

(0066) The Manchester Metropolitan University

(0067) Middlesex University

(0154) The University of Newcastle-upon-Tyne

(0069) The University of Northumbria at Newcastle

(0071) The Nottingham Trent University

(0155) The University of Nottingham

(0001) The Open University

(0072) Oxford Brookes University

(0156) The University of Oxford

(0073) The University of Plymouth

(0074) The University of Portsmouth

(0139) Queen Mary and Westfield College

(0157) The University of Reading

(0141) Royal Holloway and Bedford New College

(0158) The University of Salford

(0146) The School of Oriental and African Studies

(0075) Sheffield Hallam University

(0159) The University of Sheffield

(0076) South Bank University

(0160) The University of Southampton

(0077) Staffordshire University

(0078) The University of Sunderland

(0161) The University of Surrey

(0162) The University of Sussex

(0149) University College London

(0163) The University of Warwick

(0081) University of the West of England, Bristol

(0083) The University of Westminster

(0085) The University of Wolverhampton

(0164) The University of York

(0177) University of Wales, Aberystwyth

(0170) The University of Aberdeen

(0172) The University of Dundee

(0167) The University of Edinburgh

(0106) Glasgow Caledonian University

(0168) The University of Glasgow

(0171) Heriot-Watt University

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76
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77 (0107) Napier University 81 (0184) The Queen's University of Belfast
78 (0105) The University of Paisley 82 (0185) University of Ulster
79 (0174) The University of Stirling
80 (0169) The University of Strathclyde

Table C.l: Institutions in higher education included in this chapter
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Experimental corporate services price index (CSPI)

Experimental corporate services price index (CSPI):
Quarterly index values and percentage changes

Quarterly CSPI index values
(1995= 100)

including rent excluding rent
1995 Ql 99.6 99.7

Q2 100.0 100.1

Q3 100.0 99.9

Q4 100.4 100.3
1996 Ql 100.6 100.3

Q2 101.6 101.4

Q3 101.9 101.7

Q4 103.3 103.3
1997 Ql 104.5 104.6

Q2 105.4 105.6

Q3 106.0 106.1

Q4 106.4 106.3
1998 Ql 107.4 106.9

Q2 108.4 108.0

Q3 108.9 108.1

Q4 109.5 108.4

1999 Ql 110.5 109.3

Q2 111.4 109.8

Q3 112.3 110.2

Q4 113.3 110.8

2000 Ql .114.1 111.4

Q2 115.8 113.2

Q3 117.2 114.4

Q4 118.6 115.7

Table C.2: Experimental corporate services price index (CSPI)
Source: UK National Statistics Online [2002]
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TestingthesignificanceofchangesintheUKhighereducationsector(inputperspective) Variable

Mean

Std.Dev.

x1-x2

zx1-x2

ZXx-X2 > <

^"l+«2-2

RejectH0: Yes/No

expx

91031415.90
51829338.30

exp2

110205037.00
71654477.50

-19173621.10
-15624.50

ZX!-X2<£crititcalvalue
Yes

ASFTEi

936.94

565.53

asfte2

1086.43

713.74

-149.49

-37.85

zx1-x2<^crititcalvalue
Yes

ugftex

9644.65

5884.39

ugfte2

11189.88

6510.42

-1545.23

-125.68

zx1-x2<^crititcalvalue
Yes

pgftei

2085.82

1289.09

pgfte2

2453.70

1310.82

-367.89

-65.33

zXi-x2<^crititcalvalue
Yes

RAEi

119.00

74.83

rae2

134.00

77.18

-15.00

-11.01

zx1-x2<£crititcalvalue
Yes

TableC.3:TestingthesignificanceofchangesintheUKhighereducationsector(inputperspective)



Malmquist index summary for all universities: Input perspective

Malmquist index summary for all universities: Input perspective

Institution
in higher
education

Technical

efficiency
change

Technological
change

Pure
technical

efficiency
change

Scale

efficiency
change

Total
factor

productivity
change

1 1.044 0.934 1.019 1.025 0.975
2 0.982 0.934 0.984 0.998 0.918

3 1.019 0.941 1.000 1.019 0.959
4 0.985 0.934 0.993 0.991 0.920
5 0.994 0.937 1.005 0.988 0.931
6 1.016 0.934 1.004 1.012 0.949

7 1.005 0.934 1.015 0.990 0.939
8 1.014 0.937 1.008 1.007 0.950
9 0.968 0.934 1.000 0.968 0.904
10 1.045 0.934 1.007 1.038 0.977
11 0.997 0.934 0.987 1.010 0.932
12 1.004 0.937 1.002 1.002 0.940
13 1.006 0.934 1.004 1.003 0.940
14 1.006 0.934 1.011 0.995 0.940
15 1.003 0.934 1.011 0.992 0.937
16 0.981 0.934 0.984 0.997 0.917
17 1.000 0.934 1.010 0.990 0.934

18 0.991 0.934 1.003 0.988 0.926
19 1.005 0.934 1.015 0.990 0.939
20 0.964 0.938 0.986 0.977 0.904
21 1.024 0.934 1.000 1.025 0.957
22 1.039 0.934 1.015 1.024 0.970
23 1.007 0.934 0.994 1.013 0.941
24 0.965 0.934 0.967 0.998 0.901
25 0.968 0.934 0.973 0.995 0.904
26 0.986 0.934 0.988 0.998 0.921
27 1.002 0.934 1.002 1.000 0.936
28 0.975 0.934 0.984 0.990 0.910
29 1.012 0.934 1.004 1.008 0.946
30 1.010 0.934 1.004 1.006 0.944
31 0.986 0.934 0.991 0.994 0.921
32 0.992 0.934 0.998 0.993 0.927
33 0.999 0.934 1.001 0.998 0.933
34 1.006 0.934 1.019 0.988 0.940
35 1.063 0.938 1.028 1.034 0.997
36 0.941 0.940 0.938 1.003 0.884
37 0.990 0.934 0.992 0.998 0.925
38 0.996 0.934 1.018 0.979 0.930
39 0.986 0.934 0.996 0.990 0.921
40 1.001 0.934 1.007 0.994 0.935
41 1.003 0.934 1.006 0.997 0.937
42 0.999 0.934 1.009 0.991 0.934

43 1.013 0.934 1.016 0.998 0.947
44 1.020 0.934 1.025 0.995 0.953
45 0.984 0.934 0.996 0.989 0.920
46 0.964 0.941 1.000 0.964 0.907
47 1.018 0.934 1.013 1.005 0.951
48 0.963 0.934 0.958 1.006 0.900

To be continued.
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Continued.
49 1.039 0.934 1.026 1.013 0.971
50 0.998 0.934 1.006 0.992 0.932
51 0.958 0.934 0.960 0.998 0.895
52 0.985 0.934 0.992 0.993 0.920
53 1.014 0.935 1.001 1.013 0.948
54 1.026 0.934 0.982 1.045 0.959
55 1.059 0.941 1.000 1.059 0.996
56 1.041 0.934 1.046 0.995 0.973
57 0.995 0.934 1.003 0.992 0.930
58 1.025 0.934 1.009 1.016 0.958
59 0.981 0.934 0.990 0.991 0.917
60 1.029 0.934 1.013 1.016 0.961
61 1.036 0.934 1.010 1.026 0.968
62 0.972 0.934 0.972 1.000 0.908
63 0.988 0.934 0.991 0.996 0.923
64 0.968 0.934 0.978 0.991 0.905
65 0.997 0.934 1.005 0.992 0.931
66 1.020 0.934 1.023 0.997 0.953
67 1.038 0.934 1.031 1.007 0.970
68 1.026 0.934 1.001 1.025 0.958
69 0.998 0.934 1.000 0.998 0.932
70 0.996 0.934 1.002 0.994 0.930
71 1.009 0.934 1.014 0.996 0.943
72 0.980 0.934 0.981 0.999 0.915
73 0.988 0.934 0.998 0.990 0.923
74 1.085 0.934 1.017 1.067 1.014
75 0.985 0.934 0.993 0.992 0.920
76 0.982 0.934 0.994 0.988 0.918
77 1.033 0.934 1.005 1.028 0.965
78 1.020 0.936 1.014 1.005 0.954
79 1.011 0.934 1.008 1.003 0.945
80 0.996 0.934 1.005 0.991 0.930
81 0.971 0.934 0.980 0.991 0.907
82 1.016 0.934 1.023 0.993 0.949

Table C.4: Malmquist index summary for all universities: Input perspec¬
tive
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Malmquist index summary for all universities: Output perspective

Malmquist index summary for all universities: Output perspective

Institution
in higher
education

Technical

efficiency
change

Technological
change

Pure
technical

efficiency
change

Scale

efficiency
change

Total
factor

productivity
change

1 1.026 0.991 1.031 0.995 1.017
2 0.981 1.008 0.981 1.000 0.989
3 1.027 1.013 1.021 1.006 1.040
4 0.986 1.013 1.000 0.986 0.999
5 1.006 1.001 0.999 1.007 1.007

6 1.025 0.990 1.010 1.015 1.014
7 1.006 1.020 1.017 0.989 1.026
8 1.064 1.000 1.058 1.005 1.064
9 0.975 1.009 1.000 0.975 0.984

10 1.008 0.991 1.002 1.006 0.999

11 1.010 0.991 0.993 1.017 1.001
12 0.990 0.989 0.979 1.011 0.979

13 1.005 0.990 0.993 1.013 0.996

14 1.014 0.995 1.008 1.006 1.009
15 1.006 1.011 1.008 0.998 1.017

16 0.988 1.008 0.985 1.003 0.995

17 0.996 0.989 0.993 1.003 0.985
18 0.994 1.007 0.986 1.008 1.001
19 1.005 1.019 1.002 1.003 1.024

20 0.971 1.006 0.973 0.998 0.977
21 0.994 0.992 0.979 1.015 0.986
22 1.036 0.991 1.026 1.010 1.027

23 1.033 0.991 0.995 1.038 1.024

24 0.993 1.011 0.994 0.999 1.003
25 0.989 0.997 1.011 0.978 0.986
26 0.988 1.004 0.989 0.999 0.992
27 1.018 1.005 1.014 1.004 1.023
28 0.975 1.010 1.004 0.972 0.985

29 1.010 0.991 1.003 1.007 1.001

30 1.017 0.991 1.013 1.004 1.008
31 0.990 1.013 1.002 0.988 1.002

32 1.014 0.997 1.010 1.004 1.012
33 1.015 0.993 0.999 1.016 1.008

34 1.001 1.012 1.015 0.987 1.013

35 1.023 0.991 1.016 1.007 1.014
36 1.029 0.980 1.025 1.003 1.008

37 0.999 1.004 0.998 1.001 1.003
38 0.996 1.014 1.007 0.989 1.010

39 0.993 1.010 0.995 0.998 1.002

40 1.006 0.992 1.007 0.999 0.998
41 1.012 0.991 0.996 1.015 1.003
42 1.002 1.018 1.014 0.988 1.020

43 1.022 0.991 1.005 1.017 1.013

44 1.018 0.991 1.003 1.014 1.009
45 0.978 1.016 0.988 0.990 0.994
46 1.000 0.981 1.000 1.000 0.981
47 1.017 0.998 0.998 1.020 1.016
48 0.966 1.010 0.993 0.973 0.976

To be continued.
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Continued.
49 1.028 0.994 1.003 1.026 1.022
50 0.997 0.991 0.997 1.000 0.988
51 0.952 1.009 0.952 1.000 0.961
52 0.996 1.010 0.997 0.999 1.006
53 0.990 1.007 0.982 1.008 0.997
54 1.047 0.990 1.029 1.017 1.037
55 1.027 0.991 1.000 1.027 1.017
56 1.040 0.991 1.033 1.007 1.031
57 1.001 1.013 1.000 1.001 1.014

58 1.019 0.979 1.002 1.017 0.998
59 0.986 1.013 0.993 0.992 0.999
60 1.027 0.991 1.004 1.022 1.017
61 0.995 0.992 0.976 1.019 0.987

62 0.975 1.008 0.984 0.991 0.983
63 0.991 1.012 0.991 1.000 1.002
64 0.978 1.010 1.010 0.968 0.988

65 1.019 0.995 1.019 1.000 1.015

66 1.019 0.991 1.009 1.010 1.009
67 1.062 0.982 1.031 1.031 1.044

68 0.973 0.991 0.981 0.992 0.964
69 0.997 1.012 0.998 0.999 1.009
70 1.016 1.003 1.004 1.012 1.019
71 1.013 1.009 1.015 0.998 1.022
72 1.009 1.008 1.010 0.998 1.016
73 0.969 1.020 1.000 0.969 0.989
74 1.042 0.992 1.022 1.020 1.033
75 0.978 1.018 0.993 0.985 0.995
76 0.977 0.994 0.972 1.005 0.971
77 0.998 0.991 0.981 1.017 0.989
78 1.012 0.991 0.992 1.021 1.003
79 1.024 1.006 1.017 1.007 1.030
80 1.012 0.998 1.012 1.000 1.010
81 0.985 1.009 0.993 0.993 0.994
82 1.021 0.999 1.019 1.002 1.020

Table C.5: Malmquist index summary for all universities: Output per¬
spective
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Intertemporal efficiency changes: Input perspective: Estimation results
Parameter estimates (OLS)

Variable Coefficient Standard Error b/St.Er. P[|Z| > z]

Constanti -0.9429 0.3180 -2.9651 0.0000

lnasftei 0.0303 0.0542 0.5590 0.6000

lnexPi 0.2648 0.0564 4.6929 0.0000

Constant2 -0.1949 0.2675 -0.7287 0.6000

lnasfte2 0.0423 0.0482 0.8774 0.4000

lnexp2 0.1782 0.0497 3.5856 0.0000

Table C.6: Parameter estimates (OLS): Time periods 1 and 2

Parameter estimates (MLE)

Variable Coefficient Standard Error b/St.Er. P[|Z| >z]

Constanti -0.9423 0.3309 -2.8479 0.0000

lnasftei 0.0303 0.0480 0.6311 0.6000

lnexpi 0.2648 0.0464 5.7028 0.0000

Constant2 -0.1659 0.2624 -0.6323 0.6000

lnasfte2 0.0412 0.0471 0.8753 0.4000

lnexp2 0.1792 0.0484 3.7001 0.0000

Variance parameters for compound error

<^i 0.0001 0.0334 0.0024

-I 0.0071 0.0012 6.1200

\2 0.3295 0.7674 0.4293

°"2 0.0053 0.0034 1.5477

Table C.7: Parameter estimates (MLE): Time periods 1 and 2
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Intertemporal efficiency changes: Input perspective: League tables

Intertemporal efficiency changes: Input perspective
Institution
in higher
education

Efficiency
coefficient
1994/1995

Efficiency
coefficient
1999/2000

Geometric
mean

Relative changes
in %points

1 0.999393 0.952957 0.975899 -4.65
2 0.999399 0.966726 0.982927 -3.27
3 0.999403 0.984354 0.991850 -1.51

4 0.999400 0.976706 0.987988 -2.27
5 0.999399 0.967461 0.983300 -3.20
6 0.999397 0.965370 0.982236 -3.40

7 0.999399 0.976540 0.987904 -2.29
8 0.999398 0.977262 0.988268 -2.21

9 0.999399 0.969291 0.984230 -3.01

10 0.999394 0.955790 0.977349 -4.36
11 0.999397 0.958204 0.978584 -4.12

12 0.999400 0.975853 0.987556 -2.36
13 0.999396 0.956135 0.977526 -4.33
14 0.999398 0.971883 0.985544 -2.75
15 0.999401 0.979226 0.989262 -2.02
16 0.999402 0.976206 0.987736 -2.32

17 0.999398 0.965473 0.982289 -3.39

18 0.999401 0.971718 0.985462 -2.77
19 0.999402 0.982105 0.990716 -1.73
20 0.999405 0.979306 0.989305 -2.01

21 0.999395 0.959554 0.979272 -3.99
22 0.999394 0.959739 0.979366 -3.97
23 0.999399 0.966719 0.982923 -3.27
24 0.999403 0.975619 0.987439 -2.38

25 0.999394 0.927814 0.962939 -7.16
26 0.999404 0.980656 0.989985 -1.88

27 0.999400 0.973694 0.986463 -2.57
28 0.999398 0.958368 0.978668 -4.11

29 0.999396 0.957438 0.978192 -4.20

30 0.999395 0.946258 0.972463 -5.32

31 0.999399 0.974515 0.986879 -2.49
32 0.999400 0.975831 0.987545 -2.36

33 0.999397 0.963330 0.981198 -3.61
34 0.999400 0.978359 0.988823 -2.11
35 0.999394 0.960803 0.979908 -3.86
36 0.999399 0.961527 0.980280 -3.79
37 0.999399 0.966302 0.982711 -3.31
38 0.999398 0.973870 0.986551 -2.55

39 0.999397 0.959445 0.979217 -4.00
40 0.999399 0.972893 0.986057 -2.65
41 0.999398 0.968359 0.983756 -3.11
42 0.999399 0.975115 0.987183 -2.43
43 0.999397 0.965653 0.982380 -3.38
44 0.999397 0.969139 0.984152 -3.03

45 0.999399 0.972883 0.986052 -2.65

46 0.999401 0.977599 0.988440 -2.18
47 0.999399 0.973650 0.986440 -2.58
48 0.999399 0.964803 0.981948 -3.46
49 0.999397 0.969817 0.984496 -2.96

To be continued.
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Continued.
50 0.999397 0.960836 0.979927 -3.86
51 0.999401 0.958426 0.978699 -4.10

52 0.999402 0.978961 0.989129 -2.05

53 0.999400 0.973653 0.986443 -2.58

54 0.999395 0.952752 0.975795 -4.67
55 0.999401 0.967019 0.983077 -3.24
56 0.999396 0.970228 0.984704 -2.92

57 0.999401 0.979123 0.989210 -2.03
58 0.999396 0.961887 0.980462 -3.75
59 0.999399 0.970081 0.984631 -2.93
60 0.999397 0.968434 0.983794 -3.10
61 0.999395 0.958539 0.978754 -4.09
62 0.999398 0.957279 0.978112 -4.21
63 0.999402 0.978045 0.988666 -2.14

64 0.999398 0.960339 0.979674 -3.91
65 0.999398 0.971053 0.985124 -2.84
66 0.999397 0.968631 0.983894 -3.08
67 0.999397 0.971631 0.985416 -2.78
68 0.999395 0.956049 0.977482 -4.34

69 0.999399 0.969536 0.984354 -2.99
70 0.999400 0.969879 0.984528 -2.95

71 0.999398 0.969909 0.984543 -2.95
72 0.999399 0.960327 0.979668 -3.91
73 0.999399 0.972942 0.986081 -2.65

74 0.999394 0.968131 0.983638 -3.13
75 0.999399 0.971574 0.985388 -2.78
76 0.999398 0.954522 0.976702 -4.49

77 0.999395 0,950771 0.974780 -4.87
78 0.999395 0.948657 0.973696 -5.08
79 0.999400 0.973706 0.986469 -2.57

80 0.999400 0.976508 0.987888 -2.29

81 0.999402 0.977305 0.988292 -2.21
82 0.999399 0.975926 0.987593 -2.35

Table C.8: Intertemporal efficiency changes: Input perspective
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Intertemporal efficiency changes: Output perspective: Estimation results
Parameter estimates (OLS)

Variable Coefficient Standard Error b/St.Er. P[|Z| > z]

Constanti 10.3405 0.4320 23.9360 0.0000

lnugftei 0.4712 0.0501 9.4090 0.0000

lnpcftei 0.2111 0.0646 3.2660 0.0011

lnraei 0.4388 0.0513 8.5560 0.0000

Constant2 9.7618 0.5786 16.8710 0.0000

lnugfte2 0.3764 0.0658 5.7180 0.0000

lnpgfte2 0.3703 0.0861 4.3030 0.0000

lnrae2 0.4819 0.0670 7.1950 0.0000

Table C.9: Parameter estimates (OLS): Time periods 1 and 2

Parameter estimates (MLE)

Variable Coefficient Standard Error b/St.Er. P[|Z| >z]

Constanti 10.2061 0.3836 26.6040 0.0000

lnugfte\ 0.4817 0.0623 7.7370 0.0000

lnpgfte1 0.1980 0.0895 2.2130 0.0269

lnrae^ 0.4415 0.0638 6.9170 0.0000

Constant2 9.3753 0.6414 14.6180 0.0000

lnugfte2 0.4429 0.0849 5.2180 0.0000

lnpgfte2 0.3097 0.1128 2.7460 0.0060

lnrae2 0.4828 0.0794 6.0830 0.0000

Variance parameters for compound error

Ai 0.8852 0.4962 1.7840 0.0745

or 0.2365 0.0435 5.4320 0.0000

A2 1.7826 0.3818 4.6690 0.0000

&2 0.3439 0.0446 7.7140 0.0000

Table C.10: Parameter estimates (MLE): Time periods 1 and 2
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Intertemporal efficiency changes: Output perspective: League table

Intertemporal efficiency changes: Output perspective
Institution
in higher
education

Efficiency
coefficient
1994/1995

Efficiency
coefficient
1999/2000

Geometric
mean

Relative changes
in %points

1 0.840200 0.757378 0.797715 -9.86

2 0.890320 0.767301 0.826525 -13.82
3 0.933296 0.953780 0.943482 2.19
4 0.883080 0.817621 0.849721 -7.41

5 0.896890 0.804402 0.849388 -10.31
6 0.904692 0.850651 0.877255 -5.97
7 0.856925 0.819256 0.837879 -4.40
8 0.858817 0.909793 0.883938 5.94

9 0.831998 0.631378 0.724780 -24.11

10 0.855852 0.787772 0.821107 -7.95
11 0.914689 0.787738 0.848843 -13.88
12 0.896460 0.863026 0.879584 -3.73

13 0.888573 0.752219 0.817558 -15.35
14 0.913839 0.880231 0.896877 -3.68
15 0.916908 0.894779 0.905776 -2.41

16 0.930272 0.887454 0.908611 -4.60
17 0.921936 0.851496 0.886016 -7.64

18 0.911969 0.848191 0.879502 -6.99
19 0.928997 0.918588 0.923777 -1.12

20 0.954321 0.925185 0.939640 -3.05
21 0.867380 0.754444 0.808944 -13.02
22 0.829108 0.768784 0.798376 -7.28
23 0.918690 0.853759 0.885630 -7.07
24 0.935720 0.879475 0.907162 -6.01
25 0.674831 0.384232 0.509207 -43.06
26 0.940837 0.924296 0.932530 -1.76
27 0.899998 0.855037 0.877230 -5.00
28 0.847978 0.579961 0.701280 -31.61

29 0.885191 0.767596 0.824299 -13.28
30 0.859245 0.698949 0.774963 -18.66
31 0.873112 0.795195 0.833243 -8.92
32 0.889675 0.844842 0.866969 -5.04
33 0.905087 0.798176 0.849952 -11.81

34 0.883529 0.860877 0.872129 -2.56
35 0.849650 0.828270 0.838892 -2.52
36 0.853761 0.650971 0.745502 -23.75

37 0.886265 0.767362 0.824674 -13.42
38 0.839758 0.767658 0.802899 -8.59

39 0.826114 0.649444 0.732472 -21.39
40 0.923908 0.895270 0.909476 -3.10
41 0.915465 0.846912 0.880522 -7.49
42 0.874854 0.805168 0.839288 -7.97

43 0.901129 0.841884 0.871003 -6.57
44 0.903243 0.867293 0.885086 -3.98
45 0.868202 0.772004 0.818691 -11.08
46 0.940799 0.895392 0.917815 -4.83
47 0.913003 0.881246 0.896984 -3.48
48 0.819349 0.598158 0.700072 -27.00
49 0.902392 0.858841 0.880347 -4.83

To be continued.
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Continued.
50 0.896358 0.798576 0.846056 -10.91
51 0.911670 0.631262 0.758619 -30.76
52 0.918106 0.874867 0.896226 -4.71

53 0.909114 0.856313 0.882319 -5.81

54 0.819130 0.691572 0.752654 -15.57

55 0.910837 0.769038 0.836940 -15.57
56 0.878081 0.881596 0.879837 0.40
57 0.908073 0.874049 0.890898 -3.75
58 0.873368 0.816504 0.844458 -6.51

59 0.871265 0.753188 0.810078 -13.55
60 0.909991 0.874853 0.892249 -3.86
61 0.880604 0.749643 0.812489 -14.87
62 0.853407 0.630752 0.733681 -26.09
63 0.926338 0.891330 0.908665 -3.78
64 0.813568 0.540823 0.663322 -33.52
65 0.857315 0.762411 0.808471 -11.07
66 0.911586 0.874186 0.892690 -4.10

67 0.884160 0.881533 0.882846 -0.30
68 0.895145 0.768890 0.829619 -14.10
69 0.869808 0.778714 0.823002 -10.47
70 0.908811 0.831791 0.869449 -8.47
71 0.862749 0.755414 0.807300 -12.44

72 0.859388 0.707384 0.779691 -17.69
73 0.843899 0.738121 0.789240 -12.53
74 0.856889 0.877967 0.867364 2.46
75 0.860970 0.734726 0.795347 -14.66
76 0.845440 0.638182 0.734537 -24.51
77 0.861611 0.719032 0.787100 -16.55
78 0.876643 0.736941 0.803762 -15.94
79 0.902253 0.867701 0.884809 -3.83
80 0.892699 0.861020 0.876717 -3.55
81 0.928213 0.865403 0.896258 -6.77
82 0.909313 0.896804 0.903037 -1.38

Table C. 11: Intertemporal efficiency changes: Output perspective
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