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Abstract 

Multimedia communication will be an important application in future wireless communi-
cation. The second-generation mobile communication systems already support basic mul-
timedia services such as voice, text-messaging services and still-imaging communication. 
However, next generation wireless communication technology combined with advances in 
integrated circuit design and process fabrication technology will allow more data to be pro-
cessed and transmitted through wireless channels. This will lift the current barriers and enable 
more demanding multimedia applications such as video telephony, video conferencing and 

video streaming. 

Video compression plays an important role in today's wireless communications. It allows 
raw video data to be compressed before it is sent through a wireless channel. However, 
video compression is compute-intensive and dissipates a significant amount of power. This 
is a major limitation in today's portable devices. Existing multimedia devices can only play 
video applications for a short time before the battery is depleted. This limits the user's enter-
tainment experience and becomes a major bottleneck for the development of more attractive 

applications. 

The focus of this thesis is to design a low power video compression system for wireless 
communication. in this thesis, we propose techniques to minimise the power consumption 
at the algorithmic and architectural level. The low power is achieved by minimising the 
switching power between interacting modules that contribute to major the power consumption 

in H.264 standard. 

Motion estimation (ME) has been identified as the main bottleneck in MPEG video compres-
sion, including in the H.264 system where it takes up to 90% of the coding time. To reduce the 
power consumption in motion estimation hardware architecture, we have proposed a two-step 
algorithm that minimises the memory bandwidth and computational load of the ME. In this 
technique, the search is performed in low resolution mode at the first stage followed by high 
resolution mode in the second stage. This method reduces the total computation and memory 
access compared to the conventional method without significantly degrading the picture qual-
ity. The simulation results show that the proposed method gives good PSNR as compared to 

the conventional full search with PSNR drop < 0.5dB. 

An energy efficient hardware for implementing the proposed two-step method is suggested. 
The architecture is able to perform both low resolution and high resolution searches without 
significantly increasing the area overhead. With a unique pixel arrangement, the proposed 
method is able to perform at both low resolution and high resolution while still being able In 

to reduce the memory bandwidth. The results show that the proposed architecture is able to 

save up to 53% energy as compared to the conventional full search architecture. 



In addition, video compression is a data intensive application where the data need to be read 
and stored between the main memory and the computational unit. In this thesis, we have pro-
posed a method to reduce the bus switching activity on off-chip busses due to multiple search 
area requirements during motion prediction in H.264. An interframe bus encoding that ex-
ploits the high correlation between frames achieved significant power saving as compared to 
the conventional method. The proposed technique is able to reduce the off chip bus switching 

activity by 53%, which is equivalent to a 38% reduction of power consumption on a typical 

off-chip wire capacitance. 

Finally, the proposed low power ME architecture and bus encoding technique were imple-
mented on the H.264 system. The results show that the two-step algorithm is able to save 
40% energy over the conventional system, while the interframe bus encoding technique saves 

58% energy when transferring search area pixels on the 32-bit bus compared to the unencoded 

bus. 
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Chapter 1 
Introduction 

1.1 Motivation 

Multimedia will be an important application in future wireless communication [1]. Second-

generation mobile communication systems already support basic multimedia services such as 

voice, text-messaging services and still-imaging communication [2]. However, next genera-

tion wireless communication technology combined with advances in integrated circuit design 

and process fabrication technology will allow more data to be processed and transmitted 

through wireless channels. This will lift the current barriers and enable more demanding 

multimedia applications such as video telephony, video conferencing and video streaming 

[3]. 

Video compression plays an important role in today's wireless communications. It allows 

raw video data to be compressed before it is sent through a wireless channel. However, 

video compression is compute-intensive and dissipates a significant amount of power. This 

is a major limitation in today's portable devices. Existing multimedia devices can only play 

video applications for a short time before the battery is depleted. This limits the user's enter-

tainment experience and becomes a major bottleneck for the development of more attractive 

applications. 

The latest video compression standard, MPEG-4 AVC/H.264 [4], gives a 50% improvement 

in compression efficiency compared to the previous standard. However, the coding gain 



In trodLiction 

comes at the expense of increased computational complexity at the encoder. The introduction 

of variable block size partitions and multiple reference frames in the standard resulted in large 

increases in computational power and memory bandwidth during motion prediction. This 

thesis proposes several new implementations that reduce the power consumption in video 

compression systems such as in H.264. 

1.2 Thesis Contribution 

This thesis investigates low power techniques for the MPEG-4 system at an algorithmic and 

architectural level. The low power is achieved by minimising the switching power between 

interacting modules which contribute to the major part of the power consumption. 

Motion estimation (ME) has been identified as the main bottleneck in MPEG video compres-

sion, including in the H.264 system where it takes up to 90% of the coding time. To reduce 

the power consumption in the motion estimation hardware architecture, a two-step algorithm 

that minimises the memory bandwidth and computational load of the ME is proposed. In this 

technique, the search is performed in low resolution mode at the first stage followed by high 

resolution mode in the second stage. This method reduces the total computation and memory 

access, as compared to the conventional method, without significantly degrading the picture 

quality. 

This work has led to the development of energy efficient hardware to perform the two-step 

algorithm. The proposed hardware requires minimal additional area on top of the conven-

tional architecture, where it can perform both the conventional full search and the proposed 
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two-step method. With unique data arrangement, the proposed method is able to perform 

both low resolution and high resolution search while still being able to reduce the memory 

bandwidth. This allows the system to select the required ME computational load depending 

on the video data characteristics. 

In addition, video compression is a data intensive application where the data need to be read 

and stored between the main memory and the computational unit. In this thesis, a method to 

reduce the bus switching activity on off-chip buses due to multiple search area requirements 

during motion prediction in H.264 is proposed. The interframe bus encoding exploits the 

video data characteristics to achieve significant power saving compared to the conventional 

method. 

Finally, the proposed two-step method and the bus encoding technique are implemented on 

the MPEG-4 system. Due to the way in which data is stored and accessed to/from the ex-

ternal frame memory, the implementation of interframe bus encoding for H.264 system is 

also proposed. The power saving from these techniques is evaluated and compared with the 

conventional architecture. The results show that the proposed methods achieve significant 

energy savings compared to the conventional architecture. 

1.3 Thesis Structure 

The rest of the thesis is organised as follows: 

Chapter 2 discusses the sources of power consumption in CMOS VLSI design. Since the 

switching power is the main contributor in the total power consumption, the existing tech- 
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niques to minimise the power at different levels of design abstraction are discussed in this 

chapter. 

Chapter 3 describes the existing video coding algorithms. While various video coding stan-

dards have been released, the main functional blocks are still common in most standards. 

These essential blocks are highlighted in this chapter. The existing video coding standards 

are reviewed, including the new features of H.264. 

Chapter 4 discusses the existing low power strategy for video compression. In this chapter, 

low power techniques for essential modules are reviewed. Low power techniques at the sys-

tem level and memory communication are also considered, since these modules consume a 

significant amount of power. 

Chapter 5 presents the proposed technique to reduce the power consumption in motion esti-

mation and the memory unit. As a result, the two-step algorithm is proposed in this chapter. 

The justification of this algorithm for variable block size motion estimation is first analysed. 

Then, the proposed algorithm is described in detail. The simulation results which show the 

effectiveness of this technique are discussed in this chapter. 

Chapter 6 presents the proposed energy efficient hardware that utilises the proposed two-

step algorithm. The existing conventional hardware for motion estimation is discussed. The 

performance of the proposed hardware against the conventional architecture is also presented. 

Chapter 7 presents our proposed technique to reduce bus switching activity for off-chip busses 

in the H.264 system. Existing off-chip bus encoding techniques are first introduced. A com-

parison of the switching activity reduction is shown against existing methods. 
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Chapter 8 discusses the integration of the proposed methods into the H.264 system. The 

power saving is compared against the existing conventional architecture. The effectiveness 

of these methods in minimising the overall H.264 power consumption is discussed. 

Chapter 9 summarises and concludes this thesis. In addition, the contribution of this thesis 

is re-highlighted and further research based on the techniques developed in this thesis is 

suggested. 

1.4 Summary 

Multimedia will be important in future wireless communication. With the widespread use of 

this application, video compression is indispensable to allow the video data to be transmitted 

or stored in electronic devices. Since video compression requires high computational power, 

a low power solution is critical, especially for battery operated devices. This thesis proposes 

low power methods for minimising power in the I-I.264/MPEG-4 standard. This thesis focuses 

on the main power contributors in the H.264 system at the algorithmic and architectural levels. 

Particular attention is given to the interaction between modules such as motion prediction and 

frame memories, since they consume significant power. 
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Chapter 2 
Low Power CMOS VLSI Design 

2.1 Introduction 

Low power design is becoming important in today's consumer electronics. With the increased 

popularity of portable devices, more electronic appliances are depending on energy supply 

from the battery. Furthermore, as more functions are embedded in the chip and more com-

plex algorithms are introduced to improve the services, the chip power consumption increases 

dramatically. To overcome this problem, low power design is indispensable in today's elec-

tronics design. This makes today's design task more challenging since additional parameters 

have to be considered from the early stage of design. 

This chapter discusses the source of power consumption in today's VLSI design. The evo-

lution of technology toward CMOS technology is first reviewed to see how design trends 

affect power consumption in electronics devices. The main power source in today's CMOS 

circuit is reviewed, since this has become the main bottleneck in designing low power sys-

tems. Switching activity has been identified as the main contributor for power consumption. 

Existing techniques for minimising this power use are discussed in this chapter. In order 

to facilitate low power design, power estimation techniques are important in identifying the 

main power consumption in the design to be implemented. Thus, existing power estimation 

techniques are also discussed. Finally, the standard design flow that is used in this thesis is 

described. 
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This chapter is organised as follows. Section 2.2 reviews the background of low power elec-

tronics design. Section 2.3 discusses the main power consumption in CMOS technology. 

Existing low power techniques to minimise switching power consumption are discussed in 

Section 2.4. Power estimation techniques are discussed in Section 2.5. Section 2.6 discusses 

the design flow used in this thesis. Finally, section 2.7 concludes this chapter. 

2.2 Low Power Electronics Design 

The electronics device design has evolved since the mid-20th century. Starting from the elec-

tromechanically based machines, the technology shifted to vacuum tube, before becoming 

dominated by bipolar transistors. The invention of the integrated circuit and complementary 

metal-oxide semiconductor (CMOS) technology have greatly revolutionised the way today's 

devices are being designed in terms of area and power consumption. 

Today, CMOS is a dominant technology widely used by the industry. Compared to bipolar 

technology, CMOS offers better device integration and lower power consumption. At the 

early introduction of CMOS technology, its speed was much slower compared to bipolar. As 

the technology improved, the speed has now become almost comparable to that of bipolar. 

Furthermore, CMOS offers easier circuit design that allows automation in most design stages. 

This helps designers to easily integrate more transistors on a single chip. 

Since its introduction, CMOS technology has seen a dramatic improvement in terms of speed, 

area and power. Due to reduced feature size, effective chip area has increased. Thus, area 

is becoming less important than before and is traded-off to reduce power [5]. Figure 2.1 
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Figure 2.1: Total transistors vs. time for Intel processors. [6J 

shows various processors developed by Intel Corporation [6]. As seen in the graph, the 

number of transistors are doubled every two years as predicted by Moore's law. Processors' 

operation becomes more complex and more functions are added onto the chip. This results in 

an increased number of transistors per chip and more power dissipated on a single chip. The 

power consumption is becoming more serious as the design is moving toward system-on-chip 

(SOC). 

While CMOS has advantages in improved speed, area, and power consumption driven by 

aggressive technology scaling, this technology will reach its limit just as did its predecessors. 

Many experts agree that CMOS will reach the end of its progression in about 15 years - hitting 

physical, technological and economic limits [7]. Thus, many studies have been done to find 
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other alternatives to replace CMOS. However, up to now, no feasible solution has been found 

that can replace the CMOS technology completely [8]. Until a better solution can be found, 

the power dissipation in CMOS has to be dealt with in the early design stages. 

In summary, there are several reasons why low power is important in today's VLSI design. 

One of the main factors is the increasing demand for portable devices since the early 1990s. 

Since these devices are operated using battery energy, longer battery lifetime is crucial. How-

ever, while the increase of computational power is doubled every two years, the improvement 

in battery capacity is slow, such as 6-7% per annum for Lithium Ion (Li-ion) [9]. If low power 

design is not adopted, the battery energy life time will be very short, or larger batteries will 

be required to cope with the computational demand. 

Furthermore, as the fabrication technology improves, more devices can be integrated into a 

single chip. This results in increases in chip temperature. Thus, more expensive packing 

and cooling systems are required to cope with the problem. Another serious problem due to 

increase of temperature is device reliability. The increase of 101C results in double the device 

failure rate [10] and performance decreases by approximately 3% [11]. The high temperature 

causes problems such as electromigration, junction fatigue and dielectric breakdown. 

In the following section, the main sources of power consumption in CMOS technology will be 

discussed. Then, the general techniques used to minimise the power consumption in CMOS 

circuits will be reviewed. 
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2.3 	Sources of CMOS Power Consumption 

There are three main sources of power dissipation in CMOS circuits. This can be summarised 

as follows [5]: 

	

PtoLaL = Pi((Lkag(- + P/ )rI—ii1r Iii. + ')i/Cb?.(/ 	 (2.1) 

where PtQtaj  is the total power dissipation of a CMOS circuit, P(a h(Lq( is the leakage power, 

Ps/-tort-circuit is the short circuit power and 	is the switching power. 

These uses of power can be categorized as dynamic or static. Dynamic power is used when 

the circuit is active, and largely depends on the behaviour of the switched signal, whereas 

static power is consumed even if the circuit is not active, i.e. in standby mode. In Equation 

2. 1, Pjeakage  is considered as static power, while 	 and ')jfI1irq contribute toward 

dynamic power. Each of these components will be discussed in the following sections. 

Leakage power occurs when there is unwanted current flow in the circuit due to the physical 

properties of the semiconductor devices. While the value is very small, it could be a problem 

for battery operated devices. Any battery operated device will run out of energy, even if it is 

idle most of the time. 

Short circuit power is used when there is a direct path from Vdd to Grid. A CMOS circuit 

operates based on a pull-up and pull-down concept, depending on the input voltage. The 

pull-up and pull-down circuit is built using PMOS and NMOS networks, respectively. For 

a CMOS circuit to be an ideal switch, only one network is turned on at any given time. 

10 
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However, in practical use, the input voltage requires a finite amount of time to change its 

state from 0 —* 1 or 1 — f 0. During switching of the input, there is a time when both NMOS 

and PMOS networks are turned on simultaneously. This creates a path for current to flow 

directly between Vdd and Grid. To reduce short-circuit power, it is important to keep the 

signal rise and fall times during the transition as small as possible, or at least keep both rise 

and fall times equal [12]. This can be done by properly sizing the transistors or by adjusting 

the capacitance load. 

2.3.1 Switching Power 

Switching current causes the highest power dissipation in CMOS circuits. In some designs, it 

consumes about 90% of the total power [13]. Switching power occurs when the capacitance 

load must be charged or discharged in response to the input changing. 

Fig 2.2 shows typical CMOS inverter operation with the input constantly toggled. When the 

input is low, the PMOS transistor is turned on and the NMOS transistor is turned off. This 

causes current to flow from the Vdd, charging up the load Cl,. When the input is switched 

to high, the PMOS is turned off and the NMOS is turned on. Since there is a potential 

difference between CL  and Grid, current flows from CL  to Grid. On average, the switching 

power consumed by the inverter is given by [5]: 

1 / 72 F) 
'switching = LL Vdd (2.2) 

where CL is the load capacitance, Vdd is the power supply and f is the rate of the toggled 
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input. 

In synchronous digital circuits, the rate of input switching depends on the clock frequency. 

However, it may not toggle at the same rate as the clock. Thus, to take this into account, the 

input switching probability, i, is used to modify Equation 2.2: 

Pswitcliinq CLVJ'CI' 
	

(2.3) 

From Equation 2.3, since power is only consumed when the capacitive load is being charged 

or discharged, the term CLG  is known as effective capacitance. Capacitive load that is not 

charged or discharged will not consume any power. It is obvious that the switching power 

is proportional to V, f and CLC. Thus the switching power can be minimised by reducing 

these parameters. The following section discusses how these parameters can be utilised to 

reduce total power and how this affects design. 

2.4 General Low Power Design Techniques for VLSI De-

sign 

As discussed in the previous section, switching power consumes the majority of the power 

consumption in digital CMOS circuits. For CMOS technology with 45nm and below, leak-

age power will dominate the power consumption [14]. Various techniques at circuit and 

technology levels such as transistor stacking, multi threshold voltage CMOS, and transistor 

body biasing can be applied to reduce this power [15]. This thesis focuses on minimising 
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Figure 2.3: Design abstraction level and the potential low power techniques [13] 

switching power that is applicable at algorithmic and architectural levels. 

Many research studies have focused on reducing switching power, mainly by reducing the 

operating voltage, physical capacitance, and switching activity. In most cases, reduction of 

these parameters results in degradation of other performance criteria such as speed and area. 

For example, reducing the supply voltage results in quadratic power reduction, but increases 

the propagation delay in the circuit which results in reduced speed. Thus, a careful balance 

between power reduction and overall system performance is crucial. 

Power consumption can be tackled at different levels of design abstraction as shown in Fig 

2.3. The earlier the problem is addressed at the design stage, the greater the impact on power 

savings for the whole system. In this section, the general methods to reduce power con-

sumption will be reviewed, starting from the system level and proceeding all the way to the 

technology level. 

At the system level, the objective of power minimisation is to reduce the workload between 
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interacting modules. Since different modules require different workloads, these modules can 

be controlled to manage their operations. This is the basic reason for implementing dynamic 

power management (DPM), commonly used in communication systems and interactive de-

vices. To minimise power consumption, the system operates in different states, such as active, 

idle and sleep mode. The transition between these states is controlled by a power manager 

such as timeout policy [16] and predictive policy [17]. 

While DPM selectively forces components into a low-power state, dynamic voltage scaling 

(DVS) changes processor speed and voltage at run time depending on needs. The voltage is 

reduced only when this will not result in noticeable degradation of performance. In DVS, 

the voltage and speed are controlled by a set of algorithms such as based on the processor 

utilisation within fixed intervals [18][19] or by analysing application requirements [20]. 

At the algorithmic level, low power design is achieved by transforming the computation 

method so that an optimum operation can be performed. This optimisation includes computa-

tion modules and sequence of operations. One of the transformations is operation reduction, 

where the operation is recomposed to reduce the number of operations needed which leads 

in reduction of switched capacitance [21]. Since certain operations require less energy than 

others, lower power operations can be substituted to minimise power consumption [21]. 

Another means to reduce power consumption is at the architectural level. This approach min-

imises the power consumption resulting from the structure of the architecture. Compared to 

the previous two hierarchies, where the power saving is achieved at a larger scale, this ap-

proach reduces power consumption at the specific module that is being implemented. Several 

techniques that are available at this level are parallelism [22], pipelining [23], low power data 
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representation [5] and clock gating [24, 25]. 

At the logic and circuit level, designers have greater control over final circuit performance. 

One of the important decisions is the type of logic implementation. Since the amount of 

capacitance depends on the total number of transistors, the decision on logic implementation 

greatly affects the total power consumption. In CMOS circuits, the inputs are connected to 

the transistor gates, which results in high input capacitance due to gate, drain and source 

capacitance. In contrast, complementary pass logic circuits (CPL) [26] have lower input 

capacitance since the input is connected through the drain or source and fewer transistors are 

used to implement important logic. The result in [27] shows that CPL can give 30% power 

reduction. Other methods such as logic optimisation [5], transistor sizing [28] and power 

aware placement and routing can be used to minimize power at the circuit level. 

At the technology level, technology scaling has been shown to be very effective in reducing 

overall power during the last four decades. This technique scales the voltage and feature 

size according to the constant-field scaling law [29]. This approach results in improvements 

in power consumption, chip density and circuit performance. The technology reduces in 

scale by a factor of two every three years. However, this method is limited by how much 

lower threshold voltage can be scaled without causing serious leakage current [30]. Apart 

from technology scaling, other technology improvement, such as Silicon on Insulator (SOI), 

reduces the parasitic capacitance in the circuit by 30% compared to CMOS technology [31]. 
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2.5 Power Estimation Techniques 

Power estimation is important since it helps designers identify the main power bottlenecks 

so that the appropriate corrective measures can be taken in the early design stages. Power 

estimation can be performed at several stages of the design: algorithm, architecture, gate level 

and circuit level. The power estimation accuracy at higher design levels is less accurate than 

when the design abstraction is closer to the silicon implementation. Most power estimations 

trade off accuracy for improvements in run time and capacity. 

At the behavioural level, the power estimation depends on the execution of the algorithm 

since it lacks hardware structure. In information-theoretic models, measures such as entropy 

are used to estimate power consumption [32]. Higher switching activity results from higher 

entropy. Complexity based model [33] estimates the power based on circuit complexity pa-

rameters, such as amount and type of arithmetic, number of states and Boolean expressions. 

At the architectural level or register transistor level (RTL), the design has been divided into 

sub blocks and each functional unit has been identified. Thus estimating power consumption 

at this level is crucial since it can be used to gain insight into which modules consume the most 

power. The power estimation tool utilises lines of code to understand the design structure and 

estimate the power. Several power estimation methods are available at this level. In the 

gate count approach, the consumed power is estimated based on the equivalent gate count 

[34]. Another technique is the power factor approximation method [35] which is based on 

previously characterised functional blocks. Estimating tools such as WattWatcher claim to be 

within 20% to 25% of actual silicon power requirements at a good execution speed [36]. 
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At the gate level, the design are represented by technology dependent logic gates. The proba-

bility method calculates power using the input probability where this will be propagated into 

other nodes. The average power is calculated using: 

o 

Pswitching = p21 	Cp1(x) 

where C, represents the total capacitance load and Pt (xi) represents the transition probability 

at node x. This approach has the advantage of being test pattern independent, and is fast since 

it only requires a single analysis to be run. While this method is suitable for combinational 

circuits, it is difficult to apply it to sequential circuits [37]. Furthermore, this method depends 

on a simplified delay model. Better accuracy can be achieved, at the expense of computing 

time, by considering the correlation among the internal nodes. 

In the event driven simulation method, the average power is calculated based on the number 

of transitions that occur and the amount of power consumed per transition [38]. The accu-

racy of this technique depends strongly on how accurately the technology library has been 

characterised for power consumption. Thus, the library must be precharacterised for static 

and dynamic power at various input slopes and output loads. Typically, the calculation is 

done using a circuit simulator such as SPICE. This provides a convenient method and can be 

used on any design and technology that has a precharacterised library for power. While this 

approach can give better accuracy compared to the probability method, the result depends 

on the given input test pattern. Thus, the input must be chosen to match the closest real 

world implementation. Furthermore, this method requires longer execution times especially 

for large circuits. 
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For highest power estimation accuracy, a circuit level simulator, such as SPICE, provides the 

best approach. In this method, the actual physical device model, such as transistor, capacitor 

or resistor, is used during the simulation. Since the actual physical model is used, this method 

can accurately calculate non-linear behaviour that is often missed by the higher level power 

approximation techniques. It also calculates the actual leakage, short circuit and dynamic 

power. But while this method provides the best accuracy and is easy to use for smaller 

circuits, it is very time consuming for larger circuits. Furthermore, the power dissipation 

result depends on input test pattern. 

2.6 Design Flow 

The design flow shown in Figure 2.4 is adopted throughout this thesis. In this work, the design 

starts from the algorithm specification and continues up to the place and route (PNR) stage. 

The algorithm is validated using Matlab since it provides a good environment for image and 

video processing. It is more convenient to explore various solutions at the algorithm stage 

since it can be modified and verified quickly. 

Once the algorithm is validated, test benches are created from the algorithm simulation to 

assist during hardware verification. This test bench is sometimes called the golden test bench 

since it is used as a reference throughout the design flow. This is important to ensure that the 

design performs correctly at each design stage. 

Transferring from algorithm to hardware requires careful partitions to ensure an efficient 

implementation. Division between data path, memory and control is made at this stage. The 
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hardware is coded using the Verilog language and simulated using Verilog XL from Cadence 

Design System. At this stage, the golden test bench is used to verify the hardware. 

Once the hardware coding is verified, it is mapped onto a technology dependent library using 

Design Compiler, a logic synthesis tool from Synopsys inc. In this work, the UMC 0.13jim 

CMOS library, which consists of 557 cells and a memory compiler for 1-port, 2-port, and 

dual-port memories [39], is used. The gate level netlist is verified using the golden test bench 

and the switching activity is extracted. After the post synthesis simulation, the switching 

activity is used by the Power Compiler to calculate the power consumption. 

While post-synthesis gate level power evaluation can give good power estimation, the inter-

connect capacitances are based on the wire load models provided by the technology library. 

For more accurate interconnect capacitance estimation, the post layout data are obtained. Sil-

icon Ensemble, an automatic PNR tool, is used for routing the verified gate level netlist. The 

output is a netlist with more accurate interconnect capacitance extracted from the layout. 

Throughout the design process, power consumption can be monitored at different design 

phases, such as after synthesis or after PNR. For fast comparison of different architectures, 

the post synthesis power estimates are used. For more accurate comparison in the final stage 

of the design, the power estimation is based on post-layout netlist. 

As discussed in the previous section, power estimator provides a convenient way to estimate 

total power consumption of a design. However, for an event-driven power calculator such as 

the Power Compiler used in this work, the following factors affect its accuracy: 

1. testbench dependency 
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cell library accuracy 

assumption of constant operating environment such as voltage supply, temperature, fabri-

cation process and electrically noiseless environment 

While designers can tackle problem (1) by using a wide range of testbenches that reflect 

real world implementation, factors (2) and (3) are highly dependent on the accuracy of the 

technology library provided by silicon vendors, and the actual operating conditions when 

the chip is used. Despite these shortcomings, these tools provide very useful input for low 

power design. This is because the information provided by the power estimation tools allows 

designers to make power comparison between different architectures and offers good insight 

into how different architectures contribute to total power consumption. Furthermore, these 

tools give designers good estimation of the final power consumption with claimed accuracy 

of 5% to 17% of silicon results [40]. 

2.7 Summary 

This chapter discussed the main sources of power dissipation in CMOS circuits and the ex-

isting solutions to minimise the problem. Throughout the history of electronics, the rapid 

advancement in human knowledge and creativity always pushes the existing technology to 

its maximum limit. This phenomenon has been happening to CMOS technology and power 

consumption has become the main problem in today's multi-million transistor designs. The 

main sources of power consumption in CMOS circuits are leakage, short circuit and switching 

power. 
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Many techniques have been proposed to reduce this power. This chapter reviewed some of 

the popular methods that have been shown to be effective in mininlising CMOS switching 

power. The low power optimisation techniques can be performed at different levels of design 

abstraction such as algorithm, architecture, logic and technology. The sooner the problem 

is tackled during the design stages, the greater the power saving impact. Power estimation 

techniques were also reviewed in this chapter since they are crucial to determine the main 

bottlenecks in the design. In power estimation, accuracy is often traded off for faster run time. 

Finally, this chapter discussed the design flow that is used to evaluate power consumption 

throughout the thesis. 
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Chapter 3 

Video Compression 

3.1 Introduction 

Digital multimedia applications have shown significant growth in the last few years. From 

personal computers, the application has become increasingly popular in mobile terminals 

such as mobile phones and personal digital assistance (PDA). One of the examples is mobile 

multimedia services (MMS) which have been widely adopted to send a short video message. 

This trend will advance further in the next generation wireless communication as video com-

munication and wireless video distribution become widely available to the consumer market. 

Video compression plays an important role in ensuring the success of today's video communi-

cation. It allows raw video data to be transmitted in current available transmission bandwidth 

or stored in minimal storage capacity. The success of video compression has allowed many 

other high quality video base applications to be widely available to the consumer such as 

video streaming, video broadcasting and video content distribution. It can be found in many 

electronics devices such as digital camcorders and DVD players. 

This chapter presents an overview of video compression systems. While many video com-

pression standards have been developed over the last two decades, the important principles 

and algorithms, which are similar among these standards, are highlighted in this chapter. The 

latest video coding standard, H.264, is reviewed and its impact on software and hardware 
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computational load is discussed to justify the requirement for a low power design. Since per-

formance comparison between different algorithms is important to determine their efficiency, 

this chapter discusses benchmarking techniques and data that are widely used by the video 

coding community. 

This chapter is organised as follows. Section 3.2 describes the typical raw video data and 

various formats used in video coding. The main building blocks for video compression are 

described in Section 3.3. Sections 3.4 and 3.5 describe new features in H.264 and how they 

affect the computational cost. Section 3.6 discusses benchmarking methods to compare video 

coding algorithms. Finally, Section 3.7 summarises the chapter. 

3.2 Video Data 

The basic element of video data is a series of still pictures that are captured at a specific time 

interval. Figure 3.1 shows a typical video camera system. When the picture is captured by a 

digital video camera, the source light falls onto a light sensor, such as a charge-coupled device 

(CCD) which is made up of tiny light-sensitive semiconductor diodes arranged in 2D. Each 

diode converts the light into an electrical signal recording the level of light intensity. This 

diode forms the basic unit of a picture which is called a picture element or pixel as shown in 

Figure 3.2 [41]. The quality of the picture depends on the number of sensors available. The 

denser the sensors are, the better the picture is, because more light can be captured per unit 

length. The pixel data is then stored into memory or displayed on screen. 

The raw video data is differentiated by its frame's size and rate. The frame size is determined 
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Typical 
frame size 

QCIF CIF 	I 4CIF VGA 
176 >< 144 352 >< 288 704 >< 576 1 640 >< 480 

Typical frame rate (fps) 1 	 7.5,15,30,60 

Table 3.1: Typical frame size and rates 

by total number of pixels, while the frame rate is the frequency at which the picture is captured 

(often expressed in frames per second, fps). The higher the frame rate, the smoother the object 

transition will be when perceived by the viewer. Some typical frame sizes and rates are shown 

in Table 3.1. 

The original video colour is represented by red, blue and green (RGB). The combinations of 

these colours produce many other colours. In RGB format, all three colour components have 

equal importance. Thus, all three components need to be stored using the same resolution. 

To reduce the amount of memory needed to store these colours, YUV format is introduced 

(also known as YCbCr). This format exploits the human visual system (HVS) which is more 

sensitive to brightness (luminance or lurna) than to the colour component (chroma). It is 

more efficient to separate luminance from chroma, then represent the luminance using higher 

resolution than chroma. Thus, this format has the advantage of reducing the amount of stored 

data compared to the RGB format. 

The overall brightness or luminance signal (Y) is achieved by adding the weighted R, C, and 

B colours using different factors. The colour components consist of two parts: U and V. The 

U signal is obtained by subtracting Y from B, followed by scaling, while the V is created 

by subtracting Y from R followed by scaling but using a different factor. Using the ITU-R 

recommendation BT.601, the conversion from RGB to YUV and YUV to RGB is given as 

follows [42]: 
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RCB to YUV: 

Y = 0.299R + 0.587C + 0.114B 	 (3.1) 

U = 0.564(B Y) 	 (3.2) 

V = 0.713(R - Y) 	 (3.3) 

YUV to RCB: 

R==Y+1.402V 	 (3.4) 

C = Y - 0.344U - 0.714V 	 (3.5) 

B = Y + 1.772U 
	

(3.6) 

Several types of YUV formats are normally used depending on the resolution of the chroma 

per frame. Table 3.2 summarizes the existing YUV formats. The Hor and Ver columns show 

the ratio of chroma with respect to the luminance [43]. In this thesis, YUV 4:2:0 is used with 
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LYUV I Hor(%)] Ver(%) 

4:4:4 100 	100 
4:2:2 50 100 
4:2:0 50 50 

Table 3.2: YUV Format 

8 bits per pixel since it is widely used in mobile video applications while delivering good 

picture quality. In this format, U and V each have half the horizontal and vertical resolution 

of Y. Thus this format requires half of the sample compared to RCB. 

3.3 Video Compression 

A five minutes video clip with appropriate size for a hand held mobile terminal (YUV420, 

CIF@15fps) requires about 648 Megabytes of data requiring a transfer rate of 18.2 MBits/s. 

This obviously shows that storing and transmitting raw video data is almost impractical using 

current devices. Thus, this data needs to be compressed before it can be transmitted through 

a wireless channel. 

Video coding reduces the raw video data by exploiting the temporal and spatial relationship of 

video data. When the frame rate is sufficiently high, the data between neighbouring frames 

are highly correlated and have very small differences. This makes it feasible to compress 

video data by removing the redundancy between frames. The compressed video must be 

decodable and capable of handling any error during storage or transmission. 

With the wide use of video applications, standardizing the video coding method is crucial 

to ensure interoperability between different devices and platforms [2]. Thus, video coding 
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Figure 3.3: Video coding standard history f43J 

standards have been introduced to the industry to allow a more efficient way to exchange 

video files between different parties. This permits various attractive applications and services 

to be offered to consumers. Furthermore, with wide acceptance of the standards, large scale 

production will follow which guarantees reduction in cost. 

Video coding standards have seen a great improvement since its introduction in the last two 

decades. There are two main bodies actively involved in developing these standards: Motion 

Picture Expert Group (MPEG) and Video Coding Expert Group (VCEG). Figure 3.3 shows 

various video coding standards that have been introduced by these organisations. 

MPEG is part of a joint technical committee known as ISO/IEC which is responsible to de-

velop standards such as MPEG 1, MPEG2, MPEG4, MPEG7 and MPEG21. The main objec-

tive of this group is to develop the video compression algorithm for commercialization and 

storage of digital video. On the other hand, VCEG is part of the International Telecommuni-

cation Union (ITU) which is actively involved in developing standards and recommendations 

related to video communication over telecommunication and computer networks. This group 
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has developed H.261, H.263, H.263+, and H.263++, and was also responsible for the initial 

development of the H.26L standard which started in 1999 

Due to their successful joint-venture during the development of MPEG2, the MPEG and 

VCEG combined their efforts to finalise H.26L. In 2003, the standard was officially accepted 

as an international standard which is also known as MPEG-4 Part 10 'Advance Video Coding' 

(AVC) by ISO/JEC and H.264 Recommendation by ITU. 

In contrast to proprietary standards, such as Windows Media Video (WMV) by Microsoft and 

Real Video by RealNetworks, the MPEG standard is an open standard which allows interested 

parties to study it and adapt their software/hardware to make it conform to the standard. 

The official standard document purposely describes only the decoding part which must be 

strictly followed. Since the encoding algorithm is not part of the standard, designers have 

greater flexibility to determine the best implementation for the encoder. This allows a large 

degree of freedom and encourages industrial players to compete in developing better encoder 

performance. 

Typically, most popular standards adopt hybrid methods that combine motion prediction and 

transform coding to remove redundancy in frames. These approaches are fully exploited 

in major video coding standards such as those developed by MPEG and VCEG. Figure 3.4 

shows typical hybrid coding functional blocks for the coder and decoder. The main compo-

nents are motion estimation (ME), motion compensation (MC), discrete cosine transform 

(DCT), inverse DCT (IDCT), quantisation (Q), inverse quantisation (IQ), entropy coding 

(EC) and deblocking filter (DFIR). For ease of computation and data processing, each frame 

is divided into 16x16 pixel sections known as macroblocks (MB). Each macroblock is pro- 
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Figure 3.4: Generic video encoder-decoder block diagram 
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Figure 3.5: MB raster scan 

cessed one at a time in raster scan order starting from the top left down to the bottom right 

as shown in Figure 3.5. The operation of each coding module is described in the following 

sections. 

3.3.1 Motion Prediction 

In a stream of frame sequences, each consecutive frame is almost identical and the difference 

between neighbouring frames is usually small. The main purpose of motion prediction is 

to remove temporal redundancy between frames. Compared to encoding the actual frame, 

encoding the difference between frames is more efficient since it contains less information 

than the original frame. 
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While directly subtracting the current frame and the neighbouring frames gives us the dif-

ference between these frames, the residues will be large if the motion in the current frame 

is high. To minimise this, the current frame is first predicted using the previously encoded 

frame as the reference. Then, the predicted frame is subtracted from the current frame to 

generate the residue. 

One of the popular motion prediction schemes is block base motion estimation which has 

been widely adopted by the industry due to its simplicity and ease of implementation. In this 

method, each MB is predicted by finding the closest matching MB in the previously encoded 

frame. To limit searching time, this search is done within a defined search range of p pixels 

as shown in Figure 3.6. The location of the predicted MB with respect to the current MB is 

taken as the motion vector (MV). The best matched candidate is subtracted from the current 

MB to give the residue. These MVs and residues are the main output of the ME and can be 

used to reconstruct the predicted frame. 

Finding the best match in motion estimation is an important problem since it will affect the 

overall performance of the video compression by influencing computation time, compression 

efficiency and power consumption. The prediction result is highly dependent on several fac-

tors, such as the matching criteria used during the search, the number of candidates involved 

in the comparison and the block size used during the search. One of the popular searching 

techniques is the full-search algorithm. In this technique, all possible candidates in the search 

area are evaluated. The most common matching criteria is sum of absolute difference (SAD), 
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Search Area 

Reference Frame 

Search range = p 

Figure 3.6: Search area 

given as follows [44]: 

M-1 N—i 

SAD(i,j) = 	C(k,l) - R(i+k,,j+l) 	 (3.7) 
k=0 1=0 

where M x N is the macrobick size, C (Ic, 1) is the current macroblock pixel at location 

(Ic, 1) and R (i + Ic, , j + 1) is the candidate macroblock pixel located in the search window 

within the previously encoded frame (reference frame) with (i, j) is the motion displacement 

in pixels. 

For a macroblock of size 1\i >< N and search range of p, the total number of search locations 

is (2p + 1)2; for frame size T4 >< H and frame rate J fps, the total SAD computation is: 
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7W H"\ 
j  (—x—l(2p+1) 2 (MN) 	 (3.8) 

\M N) 

This is equivalent to 3.3 x iO SAD computations per second for J = 30, W = 352, H = 288, 

M = N = 16 and p 	16. This can result in a very high computational load which can 

constitute a significant amount of the encoding process [45]. 

3.3.2 Transform Coding 

While motion prediction exploits the correlation between neighbouring frames, transform 

coding exploits the correlation between neighbouring pixels. In this method, the data in the 

2D spatial domain is transformed into the 2D frequency domain for more compact represen-

tation as shown in Figure 3.7. In this way, the image is represented using only a few byte of 

big values and the rest could be relatively smaller values. This translates to less energy when 

transmitted [46]. Since the high frequency domain is not visible to the human eye, this data 

can be removed while still maintaining overall picture quality. 

One of the popular transform coding schemes that is widely used is discrete cosine transform 

(DCT) [47]. In this technique, the 2D data is transformed using the 2D-DCT as shown in 

Equation 3.9 where N x N is the block size, X is the 2-D input image sample where i,j 

are the spatial coordinates in the data sample and Y is the coefficient matrix where x,y are 

the coordinates in the transform domain. C, and C arewhen x,y equal 0 and 

otherwise [42]. The resultant transform is in the 2D frequency spectrum, with low frequency 

and high frequency separated. The transform coefficient Y at the top-left corner of the 
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Figure 3.7: Transj'brrn coding (a) image data (b) DCT coefficient values 

transform block is called DC coefficient because it contains the lowest frequency component. 

The magnitudes of low and high frequency components depend on the type of original spatial 

data. For a homogeneous plane, most of the frequency is concentrated at the lower frequency 

compared to objects with higher detail. The high frequency spectrum is normally quantised 

to reduce the number of generated bits. Equation 3.10 shows the equivalent inverse 2D-DCT. 

N-i N-i 
(2j+1)y 	(2i+1)x 

YXY =  cx'Jc 	2NCos  
2N 	

(39) 
i=O j=O 

N-i N-i 
(2j+1)y 	(21+1)x7 

2N 	2N 	
(3.10) 

x=O Y=O 

3.3.3 Entropy Coding 

Unlike the previous two methods where images are treated as 2D data, entropy coding pro-

cesses the data as 1D. One of the main inputs to the entropy coder is the set of quantised 
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Figure 3.8: Zig-zag scanning of coefficient data 

coefficients from the transform coder. To maximise the compression ratio, this data set is 

zigzag scanned from the low frequency toward the higher frequency as shown in Figure 3.8. 

This scanning ensures that there are more run zeros in the data string. 

The scanned data is then mapped into a codeword using variable length coding such as Huff-

man coding or arithmetic coding [43]. This method utilises data probability; frequently oc-

curring data is assigned with a shorter codeword, while less common data is assigned with a 

longer codeword. This permits the final data to be much smaller than the original. In addition 

to transform coefficients, other information, such as motion vector and encoder parameters, 

is also entropy coded. 

3.3.4 Rate Control and Quantisation 

During motion compensation, the amount of residue varies depending on the type of im-

age and motion. For high motion frames, the generated residue is typically higher than the 

residue of the lower motion sequence, and vice versa. Thus, the generated bitstream may 

vary depending on the characteristics of the input sequences. 

The variation in generated bitrates can cause problems during transmitting or storing the data. 
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To ensure the data rate produced by the encoder meets the specified bitrates, the generated 

bitstream is stored into a first-in first-out (FIFO) buffer from which it is emptied at the targeted 

bitrates. At the decoder, another FIFO is filled at constant bitrates, and its content is output at 

a variable bit rate. 

The FIFO content at the encoder can over-flow or under-flow since the rate of the generated 

bitstream can vary. Thus, a rate-control mechanism is important to prevent this from hap-

pening. One popular way to do this is using the quantiser to regulate the data input into the 

FIFO 

During encoding, the FIFO content is monitored and the condition of the buffer will be fed 

back to the quantiser. In the case where the rate of data input into the FIFO is higher than 

the rate of the FIFO being emptied, the buffer can over-flow; to prevent this, the quantiser 

applies a higher quantisation value which causes more transform coefficients to be quantized 

into zeros. On the other hand, if the amount of data input into the FIFO is less than the rate 

of the FIFO being emptied, the buffer will underfiow; to overcome this, a smaller quantiser 

value is used which causes less data to be removed. 

3.3.5 Deblocking Filter 

The data removed by the quantiser is non-recoverable, i.e. lossy. As a result, the image 

for a highly quantised MB tends to look blocky when reconstructed because the MB edges 

change abruptly compared to the original picture. Deblocking filters reduce the blocky effect 

by smoothing these edges using a filter. The filter smoothes the affected area by interpolating 

using the neighbouring pixels. 
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However, some MB edges exist originally due to object edges. Thus, the filter should be able 

to distinguish between blocking artefacts and real edges. To keep the original object edges 

from being filtered, an adaptive filter is used where the MB encoder parameter is used as a 

guide to differentiate between blocky artefacts and actual object edges [48]. 

3.4 H.264 Video Compression Standard 

H.264 standard was officially releases in 2003 with a wide range of targeted video appli-

cations such as video conferencing, video streaming, video storing and video broadcasting. 

Since then, it has been getting wide attention from the industry because it is capable of achiev-

ing 50% compression improvement compared to its predecessors (60% compared to MPEG2 

bitrate, 40% compared to MPEG4 ASP bitrate). There are two main improvements over the 

previous standard, prediction capability and coding efficiency [49]. The second release of 

H.264 was in 2005 which included support for increased pixel depth and higher color reso-

lution. Detailed information, and the algorithm used during the development of the standard, 

are publicly available in [50] and [51]. 

H.264 defines several profiles such as Baseline, Main, Extended and High. In addition, sev-

eral levels are defined for each profile. These parameters directly affect the computational 

load and hardware resources for the codec. The summary of each profile and level are given 

in Table 3.3 and Table 3.4, respectively. The comparison between H.264 with other standards 

is given in Table 3.5. 

The H.264 standard still adopted a hybrid approach with differences in the detailed implemen- 
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Profile I 	 Application 

Baseline Video telephony, Mobile video 
Extended Video streaming 

Main Video broadcasting, Entertainment 
High HDTV application 

Table 3.3: 1-1.264 Profiles 

Level v 
Typical 

Frame Size 
Typical 

Frame Rate 
Maximum 

Bitrates (Mbs) 
Maximum 

Reference Frame 

1.0 QCIF 15 64 4 

1.1 
QCIF 30 

192 
OF 7.5 2 

1.2 CIF 15 384 6 

1.3 CIF 30 768 6 

2 CIF 30 2000 6 

Table 3.4: H.264 Level and the corresponding picture type, frame rate and bitrates [52] [53] 

Modules MPEG-2 MPEG-4 ASP H.264 Baseline profile 

Motion estimation 

-Block size 16x16 16x16,8x8 16x16, 16x8,8x16,8x8,8x4,4x8 and 4x4 

- Quarter-pel precision No Yes Yes 

- Multiple reference frame Up to 2 Up to 2 Yes (5 reference frame) 

Intraprediction DC AC/DC Yes (4x4 bik: 9 modes, 16x16 bik: 4 modes) 

Transform 8x8 DCT 8x8 DCT 4x4 Integer transform 

Entropy coding VLC VLC VLC and CAVLC 

In-loop deblocking filter No No Yes 

Table 3.5: H264 comparison with other standards [541 
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Module Improvements 

Motion 
Estimation 

variable block-size motion compensation with small block sizes 
quarter-sample accurate motion compensation 
multiple reference picture motion compensation 

Transform 
Coding 

small block-size transform 
short word-length transform 
exact match inverse transform 

Spatial prediction directional spatial prediction 
Deblocking filter in-the-loop deblocking filter 
Entropy coding arithmetic entropy coding 

context-adaptive entropy coding 

Table 3.6: H.264 improvement on each module 

tation of each module. Apart from the main functional blocks, as discussed in the previous 

section, additional functional blocks, such as spatial prediction and deblocking filters, are 

included as part of the standard. Table 3.6 shows some of the improvement of H.264 for each 

functional module [55] [52] [53]. 

Figure 3.9 illustrates the main functional blocks of H.264. The encoder consists of motion 

prediction, spatial prediction, integer transform and quantiser, entropy coder, and deblocking 

filter. The main function of the encoder is to encode the current MB into a compact bitstream 

so that it can be decoded by the decoder. 

In H.264, the encoder first predicts the current MB using both motion estimation and spatial 

prediction. The predicted MB that results in the lowest cost will be selected. The residue 

of the predicted MB will then be calculated by subtracting the current MB and the predicted 

MB, before it is transformed by the integer transform. The transform coefficient and motion 

vector are coded using the entropy coder to generate a compact bitstream. The encoder also 

reconstructs the current MB using information from transform coefficients, and filter these 

before storing the MB into the reference frame buffer for future frame prediction. 
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(a) 

(b) 

Figure 3.9: H.264 block diagram (a) encoder (b) decoder 
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The H.264 decoder functions as an inverse operator of the encoder. It first decodes the bit-

stream which consist of, among others, MB information and transform coefficient. The co-

efficient is inversely transformed to recover the MB residue. Based on the decoded MB 

information, the decoder generates the predicted MB using either motion compensation or 

spatial prediction. The current MB is recovered by adding the predicted MB and the MB 

residue. As in the encoder, the current MB is filtered and stored into the reference frame 

buffer. 

3.5 H.264 Computational Load 

During the development of a video compression standard, the algorithm is developed with 

the main focus on the improvement of PSNR, visual appearance and bitrates [56]. When 

the standard is approved, the document that describes the decoding part is released together 

with the accompanying software model. The main objectives of the reference software are to 

verify the H.264 algorithm and to allow various parties to benchmark the standard capabilities 

with other video coding standards. 

Since the target platform is unknown., the software model is not optimised for hardware 

implementation. Thus, complexity analysis of the algorithm is important during the early 

stages of hardware development for multimedia systems. The main goals are [56]: 

to assess the performance and implementation cost of the new multimedia algorithm 

to provide feedback for hardware system development 

to guide complexity reduction during early algorithmic development 
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As discussed in the previous section, H.264 improvement comes at the expense of an increase 

in computational complexity. The reference software for H.264 [51] shows ten times more 

simulation time compared to the previous MPEG-4 model [54]. Therefore, investigation of 

the computational requirement for each module is important to identify the main bottleneck 

in the algorithm. The most time consuming operations will be performed using hardware 

acceleration to increase the throughput. 

Two approaches can be used to perform computational load analysis, namely the static and 

dynamic methods. The static approach measures computational load by manually counting 

the number of operations, memory accesses and address calculations needed for the algorithm 

[57]. In the dynamic method, the algorithm is simulated and the run time for the operation is 

monitored using software-only or hardware-assisted techniques [44]. 

In the software-only collection method, the run time of each function is monitored. The 

computational complexity is assumed to be proportional to the simulation time. The functions 

that consume the largest portion of simulation time are identified as the main bottleneck. This 

method normally utilises the program compiler utility, such as the GNU profiling tool (i.e. 

gprof), to monitor the runtime of each function. While this method provides the easiest 

way to examine algorithm complexity, the result can be affected by other factors such as the 

operating system, memory usage, etc. This method is used to profile the H.263+ algorithm in 

[58] 

In the hardware-assisted method, the computational complexity information is obtained by 

running the software on a specific platform such as RISC processor [54]. The instruction- 

level information, such as arithmetic, control and data transfers, are profiled. For arithmetic, 
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Functions Arithmetic Controlling Data transfer 

MIPS % MIPS MIPS Mbytes/s 

Integer-pci ME 95,491.9 78.31 21,915.1 55.37 116,830.8 365,380.7 77.53 

Fractional-peiME 21,396.6 17.55 14,093.2 35.61 30,084.9 85,045.7 18.04 

Fractional-pci interpolation 558.0 0.46 586.6 1.48 729.7 1067.6 0.23 

Lagrangian mode decision 674.6 0.55 431.4 1.09 880.7 2642.6 0.56 

Intra prediction 538.0 0.44 288.2 0.73 585.8 2141.8 0.45 

Variable length coding 35.4 0.03 36.8 0.09 44.2 154.9 0.03 

Transform and quantization 3223.9 2.64 2178.6 5.50 4269.0 14,753.4 3.13 

Deblocking 29.5 0.02 47.4 0.12 44.2 112.6 0.02 

Total 121,948.1 100.00 39,577.3 100.00 153,469.3 471,299.3 100.0 

Table 3.7: Computational complexity for H. 264 Baseline profile [54] 

specific operations such as multiplication, addition, subtraction, shift , or division are also 

monitored in detail [59]. 

Table 3.7 shows the instruction level analysis of H.264 on an Ultra Sparc II processor (Base-

line profile, 30 CIF fps, 5 reference frames, +16-Pel search range, and quantiser parameter 

(QP) 20) [54]. From the table, the 1-1.264 encoder required more than 300 Giga instruc-

tions per second (GIPS) and data transfer greater than 460 GBytes/s. The integer-pel motion 

estimation consumes 78% and 77% of the total arithmetic and data transfer operations, re-

spectively, of the H.264 system. In order to accelerate this computation, dedicated hardware 

is crucial to perform this computation-intensive part and minimise the power consumption. 

3.6 Video Quality Measures 

In video compression, the quality of decoded video is an important parameter to be con-

sidered in addition to the compression ratio. While the compression ratio can be directly 

calculated from the output bitstream, video quality measures the difference between the re- 
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constructed video and the original video. This comparison can be quantified in two ways, 

namely subjective and objective measures. 

Subjective quality utilises human observation to decide the quality of a video sequence. In 

this method, several videos are shown to a group of people (20-25 people) under certain 

settings, and scores are given by every individual in the group. At the end, the collective 

score is taken as the final result [2]. One such example is the single stimulus continuous 

quality scale technique (SSCQS) [60]. In this method, time varying picture quality of the 

processed video, without references, is evaluated by the subjects. The video is divided into 

10 second segments and for each segment, five scores can be given: bad (1 - 20), poor (21 - 

40), fair (41 - 60), good (61 - 80) and excellent (81 - 100). The mean opinion score is taken 

as the video quality. 

In objective quality measures, the video quality is compared using mathematical formulae 

based on mean squared error (MSE). The peak signal to noise ratio (PSNR) between the 

original frames and reconstructed frames is calculated as: 

PSNR = 10log10 PMAX2
MSE 

 

where PMAX is the maximum possible pixel value of the image data. From the equation, 

the higher the PSNR, the better the video quality. 

The subjective quality test can yield a good result since it directly uses human viewing and 

perception expectations which are close to the real world. However, there are several factors 

that affect subjective quality results [2]: 
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the importance of distortion to the viewer (e.g. the face region is usually more important 

than background) 

the viewer's expectation/familiarity (the more familiar the user is with higher quality 

video, the higher sensitivity to the subjective quality) 

the viewer's expertise level (general audiences normally prefer blocky images whereas 

video coding expert audiences prefer smooth images) 

the frame size (distortion in larger frame sizes is more obvious than in smaller frame 

size) 

Nevertheless, the subjective measure is more reliable than the objective measure. This is 

because the objective measure does not always correlate well with perceived video quality. 

However, subjective quality experimentation is time consuming and expensive. Objective 

quality testing is much simpler and can give faster results that make it more popular among 

video coding community. Furthermore, for higher PSNR, the subjective quality can be better, 

but not worse [2]. 

Since there is no standard way to measure the picture quality, PSNR value is used as a measure 

throughout this thesis. This helps in comparing the results in this thesis with other existing 

work in the literature. In cases where accuracy is important, subjective quality will be used 

as the final metric. 

In order to create a meaningful comparison for different video coding algorithms, MPEG 

has established a set of test sequences to standardize benchmarking. By using the same 

test inputs, the performance of different coding can be compared more fairly. These test 

47 



Video Compression 

Sequence class Content complexity 

A Low spatial detail and low amount of movement 
B Medium spatial detail and low amount of movement or vice versa 
C High spatial detail and medium amount of movement or vice versa 
D Stereoscopic 
E Hybrid natural and synthetic 

Table 3.8: MPEG video sequence categories 

Name Class Total Frm Description Application 

Akiyo A 300 Head & Body Live news broadcasting 
Hall A 300 Room Security camera 

Container A 300 Outdoor (sea & sky) Event recording 
Foreman B 300 Head & sholder + shaky camera Videophone 

Coastguard B 300 Outdoor (sea + tree) Recording 
Silent B 300 Head & Body + still camera Video conferencing 

Tabletennis C 300 Zooming + change in camera Sport 
Mobile C 300 In door + camera slow movement Indoor recording 
Stefan C 300 outdoor + fast camera movement Sport 

Table 3.9: MPEG video sequences description 

sequences contain various scenes which are typical in video communication applications. 

These video sequences are divided into 5 categories (A, B, C, D and E) as shown in Table 3.8 

[61]. The classification is based on the level of spatial detail and the amount of movement in 

the video sequences. 

In this thesis, video sequences from classes A, B, and C, which represent typical scenes 

in mobile communication, are used. These video sequence descriptions are summarised as 

shown in Table 3.9 and the snapshot of each video sequence is shown in Figure 3.10. 
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(g) Tabictennis 	 (h) Mobile 	 (i) Stefan 

Figure 3.10: MPEG video sequences snapshots 
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3.7 Summary 

This chapter has introduced video coding principles and associated algorithms. Raw video 

data that are used as the input for the compression engine were first presented. Standard-

ization of coding is crucial for ensuring the wide spread use of this application. The history 

of video coding standards by the two main organisations, namely MPEG and VCEG, was 

reviewed. The standards have evolved over the last two decades and a lot of improvement has 

been made to increase the compression efficiency. These standards share common processing 

blocks which are fully utilised in today's video; these important blocks were reviewed in this 

chapter. 

The latest video coding standard, H.264, offers superior performance compared to its prede-

cessor but with an increase in computational load. The main feature that contributes toward 

this improvement was reviewed and the main bottleneck for low power design was discussed. 

Comparing generated video between different coding algorithms is indispensable in video 

coding research. Two possible methods, the subjective and objective quality tests for per-

forming fair comparison between different video outputs, were discussed. Finally, the stan-

dardised set of test sequences was discussed which is important to benchmarking different 

video algorithms. 
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Chapter 4 

Low Power Works on Video Compression 

4.1 Introduction 

Current limitation in battery life poses a critical challenge to mobile devices. On average, 

current mobile devices can play a short video clip before the battery runs out. This seriously 

limits the user's experience and could be a major drawback in developing more attractive 

applications . Before real-time mobile video communication can be widely accepted, these 

problems must be addressed seriously by the industry 62J[63]. 

Due to the higher level of computation, much work has been dedicated to reduce the compu-

tational power used by video codec. Typically, the encoder consumes more power compared 

to the decoder. In this chapter, the existing techniques to minimise power in video codecs 

will be reviewed. In general, the existing techniques exploit the unique features of video data 

and algorithms such as: 

High correlation between neighbouring pixels 

Asymmetric data switching 

Uniform and repetitive memory access 

Repetitive computation/looping 
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This chapter presents an overview of existing techniques for low-power MPEG-4 design. The 

low-power techniques used in motion estimation and transform coding are highlighted since 

these units contribute significant power to the MPEG-4 hardware. Tackling power consump-

tion at a system level is also explained, since it can provide significant power reduction to 

the overall system. Video coding requires a high volume of computation and data transfer. 

Additionally, reducing power at the memory and datapath is also discussed. 

This chapter is organised as follows: Sections 4.2 and 4.3 discuss the low power techniques 

for ME and transform coding, Section 4.4 focuses on minimizing MPEG-4 power at the 

system level, and Section 4.5 describes the memory power reduction techniques. Finally, 

Section 4.7 concludes this chapter. 

4.2 Low Power Motion Estimation 

Minimising power in a motion estimation block/unit involves reducing: 

the number of candidates 

the matching criteria complexity 

the pixel resolution 

Reducing the number of candidates results in many fast algorithms such as three step search 

(3SS) [64], 2-D Log Search [65] and New Three Step Search (NTSS) [66]. These methods 

assume that the matching error increases monotonical as the search move away from the best 

location [65]. Since it only checks a few points, it has a tendency to find local minima. 
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In most video sequences, the majority of the MV lies around the search origin (0,0). This 

characteristic is utilised to reduce the search candidates used in Diamond Search (DS) [67] 

and Spiral Search [68]. In this technique, the search starts from the centre location and moves 

toward the minimum matching error position. 

Researchers in [69] utilise a hierarchical search where the candidate is found at several frame 

resolutions with an increase in frame resolution after each step. The first search is done at 

the lowest frame resolution (coarse level) which requires less data compared to full frame 

resolution. The search is refined at a higher frame resolution centred around the result of the 

previous search [70][69]. 

Since the neighbouring MB normally moves in a similar direction, its motion can be predicted 

using these MBs. A motion adaptive search (MAS) [71] for fast motion estimation uses these 

spatially adjacent MBs (left, top and top-right neighbours) to predict the current block MV 

and adjust the search range and strategy. The prediction is then refined using DS with the 

predicted MV as the search centre. To improve the motion prediction, a prediction motion 

vector field adaptive search technique (PMVFAST) combines the general predictive selection, 

where MB in the previous frame is also used in MV prediction. The search is terminated once 

the calculated minimum distortion exceeds the threshold values. This technique works four 

times faster and 0.73dB higher than DS [72]. [73] proposes fast elimination of impossible 

motion vectors for full search algorithms. Three main properties are utilised in this technique: 

sub-block based matching, predetermined dithering order of matching scan, and complexity-

based block matching. 30% computation reduction is achieved compared to conventional fast 

full-search algorithm. 
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4.3 Low Power Transform Coding 

Since transform coding consumes a significant amount of computational resources, various 

methods have been introduced to lower the power consumption. [46] minimises the power 

consumption in distributed arithmetic-based DCT (DA) by dynamically reducing the coeffi-

cient precision to the minimum required level, depending on the quantisation value. This 

eliminates unnecessary high-precision computations and allows unused subsystems to be 

turned off. [74] exploits the MSB of locally correlated pixels in DA. Since these bits rep-

resent the DC offset value of the DCT coefficient, it does not contain significant information 

in computing a high frequency coefficient. Removing the common MSB shows up to 55% 

power reduction. Since most of the DCT coefficients will be quantised to zero, [75] uses this 

characteristic to shut down any circuit that results in a zero coefficient. 

Reference [76] proposed reconfiguring asynchronous datapaths by adapting the structure to 

their computational requirements. Since the number of non-zeros is varied and normally 

consists of a small fraction of the coefficient, the unused datapath is disabled. [77] minimises 

the power consumption by trading off between accuracy and power consumption. It has been 

shown that removing the first 25% of the DCT coefficient does not significantly affect the 

output signal quality. 55% savings in energy is obtained by exploiting this characteristic. 

4.4 Low Power MPEG-4 System 

Rate control (RC) is important in video codecs, where it controls the generated bitstream and 

output picture quality. However, the software base RC using rate-distortion (RD), as in H.264 

54 



Low Power Works onVideo Compression 

references software, is very expensive to be implemented in hardware. In this approach, the 

RD cost for all motion prediction errors are precalculated before the final decision is made. 

This involves re-accessing the same pixels to calculate different prediction modes. To over-

come this problem, [78] introduced a model-base RC. This method predicts RD parameters 

without accessing the current input frame. This is accomplished by using the MAD based on 

calculated motion prediction errors of the last encoded frame. This prediction is valid as long 

as the neighbouring frame is closely correlated with the current frame. 

The work in [79] exploits the context variation and human perceptual tolerance to reduce 

power consumption in video codec implemented on an adaptive Soc architecture. The hard-

ware is configured at run-time through an adaptive interconnect that can dynamically recon-

figure the hardware to select one of three ME cores: full, spiral, and three-step search. The 

power reduction is achieved by balancing the interconnect reconfiguration while the idle core 

is turned off. The author claims that the dynamic configuration requires less than 10% over-

head from interconnect bandwidth and power consumption. 

In contrast to low power design where video quality/bitrates are often traded off for power, 

power-aware design attempts to achieve maximum video coding gain under certain power 

dissipation constraints [80]. To facilitate this, the encoder is tuned on a scalable architecture 

to achieve the desired performance target [81] [82] [83][84]. Other general low power meth-

ods are widely being used to minimise power at the MPEG-4 system level, such as dynamic 

voltage/frequency scaling [85][86][87]. 
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4.5 Low Power Memory for Video Compression 

Video compression is a memory-intensive operation. in many applications, the frame buffer 

is located off-chip due to its large size to store the encoded frames. Accessing the off-chip 

memory during the motion prediction requires a large amount of power. This is because the 

capacitance for the off-chip buses are several orders of magnitude larger than the on-chip 

busses. In order to reduce the memory bandwidth for video compression, much research has 

focused on optimising the memory data transfer. 

[88] investigates the trade-off in memory hierarchy to reduce data access and power from 

the main memory. However, this introduces extra memory transfer, increases the area and 

interconnects. The advantage of using the hierarchy memory is gained if the power saved by 

using smaller memory exceeds the power consumed by the additional memory transfer. [89] 

split the memory hierarchy into five categories by size: frame memory, buffer memory, search 

memory, MB buffer, and block size buffer. [90] divides the ME memory into four categories, 

depending on its reusability. The memory can be reused at the candidate and search-area 

levels by reusing its neighbouring strip of candidates or search areas. The data reuse reduces 

the bandwidth at the expense of additional memory area. [88] reduces the power consumption 

by using custom memory organisation that exploits the temporal location in memory access. 

In this approach, the frequently accessed data is placed into smaller memory in a short period 

of time. This reduces the burden of requiring much larger memory. [9 1] studies the possibility 

of optimising the data transfer and storage for data-dominated applications since these two 

parameters contribute significantly toward codec power consumption. 

The asymmetric characteristic of the video data has been exploited to minimise power in the 
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memory circuit. In [92], Adaptive Bit Compression exploits the fixed pattern of the frame 

memory access characteristic. This method divides the pixel bits into MSBs and LSBs. Since 

the frame is accessed MB by MB, each neighbouring pixel in MB is highly correlated, and it 

is not necessary to activate the whole bit during each memory access. In this method, if the 

neighbouring pixel's MSBs are the same, it stores only the LSB. Otherwise, all bits will be 

stored. This method requires an additional bit to indicate whether or not the bit is compressed. 

Another important component in video compression is the address generator. Since stan-

dard video processing employs hierarchy layer processing, an efficient addressing method 

for frame pixels is proposed by [93]. In this method, a bit-allocation addressing technique is 

examined. The result shows that this technique reduces the I/O complexity and shortens the 

access time. 

In a general purpose DSP processor, almost half of all DSP cycles consumed by memory wait 

cycles are due to massive access to external memory. Since the access speed of the external 

memory is slower than the DSP, performance degradation in the processor will result. To 

overcome this problem, [94] introduces a software-based DMA queue. In this technique, 

the codec can request DMA transfer. As a result, the DSP can simultaneously execute video 

codec operations and data transfer between DSP internal and external memory. Since the data 

is ready before it is needed, it avoids the waiting cycle. 
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4.6 Further Discussion 

As discussed in Chapter 3, the latest video coding standard, H.264, improves the compres-

sion efficiency and picture quality. However, these advantages come with an increase in 

computational complexity compared with previous video compression standards. In Section 

3.5, motion estimation required significant processor computation time (>75%) compared to 

other operations, and this translates to higher power consumption. With the introduction of 

variable block sizes and multiple reference frames into the motion estimation, the compu-

tation and memory bandwidths for this module increase significantly. Thus, minimising the 

power consumption for this module is crucial. 

Several low power techniques for motion estimation have been discussed in Chapter 4. How-

ever, the existing techniques focus on fixed block size motion estimation. Implementing these 

techniques directly into variable block size motion estimation will not result in optimal per-

formance in terms of prediction quality [95]. Thus, a low power solution for variable block 

size motion estimation is important to ensure that power is minimised during motion predic-

tion. 

Furthermore, multiple reference frames introduced in H.264 result in high memory bandwidth 

on off-chip buses. This will cause high power consumption on these buses. Section 4.5 

has described the existing techniques to minimise power due to high data transfer. Since 

these techniques are targeted for single frame transfer, these techniques do not exploit the 

correlation that exists between frames to reduce the power consumption. 

To solve the problems arising from these two new features in H.264, the rest of the chapters 
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will investigate the effects of variable block size and multiple reference frame transfer on the 

power consumption by motion estimation. Then, a solution to minimise the power consump-

tion due to these features will be proposed for the motion estimation hardware and off-chip 

bus communication that consume the largest amount of power in H.264 system. 

4.7 Summary 

This chapter has presented existing techniques for designing low power hardware for the 

MPEG-4 system. The chapter began with a description of techniques used to minimise power 

for the main MPEG module, such as motion estimation and transform coding. At the system 

level, techniques that show effective power reduction such as simplified rate control, adaptive 

hardware, and power-aware system were described. Memory was shown to be an important 

component in MPEG systems. The techniques to minimise power at the memory level were 

also highlighted in this chapter. Finally, the directions for the rest of the chapters are also 

discussed. 
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Chapter 5 

Low Computation and Memory Access 
for Variable Block Size Motion 

Estimation using Pixel Truncation 

5.1 Introduction 

Motion estimation (ME) has been identified as the main source of power consumption in 

video encoders. As discussed in Section 3.5, motion estimation consumes more than 75% of 

arithmetic and data transfer operations in H.264 system. This due to the high computational 

load needed to predict the current frame. Thus, minimising the power consumption for this 

module is crucial. From Equation (3.7), the power consumption in motion estimation is 

affected by the number of candidates and the total computation to calculate the matching 

cost. Thus, the power can be reduced by minimising these parameters. 

Pixel truncation can be used to reduce the computational load by allowing us to disable the 

hardware that processes the truncated bits. While previous studies focused on fixed-block-

size motion estimation (16x16 pixels), very little work has been done to study the effect of 

pixel truncation for smaller block sizes. The latest MPEG-4 standard, MPEG-4 AVC/H.264, 

allows variable block size for motion estimation (VBSME). [4] defines 16x16, 16x8, 8x16. 

8x8, 8x4, 4x8 and 4x4 block sizes. At smaller block partitions, a better prediction is achieved 

for objects with complex motion. 
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In this chapter, a low-power method for motion estimation using pixel truncation for smaller 

block sizes is presented. The search is performed in two modes: (1) truncation mode; and (2) 

refinement mode. This method reduces the computational cost and memory access without 

significantly degrading the prediction accuracy. 

The rest of this chapter is organised as follows. The existing techniques of low resolution ME 

are reviewed in Section 5.2. Section 5.3 investigates the effect of pixel truncation on variable 

block size motion estimation. Section 5.4 outlines the proposed two step search for VBSME. 

The experimental results are discussed in Section 5.5. Finally, Section 5.6 concludes this 

chapter. 

5.2 Low Resolution Motion Estimation 

In low resolution ME, the bit size and computational cost are normally tackled simultane-

ously. [96] introduced a one-bit transform (113T) to reduce the computational cost. In this 

method, the original image is filtered using a band-pass filter. The output image is represented 

by one bit and the ME is carried out at this frame plane. To improve the frame prediction, [97] 

proposes a two-bit transform (213T) where the original image is converted into two bits using 

the threshold value derived from the local image standard deviation. More than 0.2 dB im-

provement is achieved with this method as compared to 1BT. [98] proposes a low resolution 

quantised ME (LRQME) where the pixel is transformed to two bits using an adaptive quan-

tiser. To produce the two bit image, three quantisation thresholds are calculated according to 
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the current MB pixel mean as: 

Ill-i N-i 

t3  = 	= 2MN ii:i: p(i,j) - 
	 (5.1) 

i0 j=0 

t2  = 0 
	

(5.2) 

where p(i, J ) is the pixel value of the current MB, M x N is the MB size and p is the average 

value of current MB pixel calculated as follows: 

Al-i N-i 

(5.3) 

z=0 g=0 

In motion estimation, pixel truncation has been used to reduce the computational load for 

the matching calculation unit [99]. [100] proposes adaptive pixel truncation during ME. The 

pixel's least significant bits (LSB) are adaptively truncated depending on the quantisation pa-

rameter (QP). This direct quantise provides a trade-off between PSNR and power. Truncating 

the pixel's most significant bits (MSB) was discussed in [101]. 

In low resolution ME, most methods focus on reducing the power by minimising the compu-

tational load. However, memory access is not taken into account. This is because the original 

pixel needs to be accessed before it is transformed into low resolution. In some cases, where 

the PSNR is dropped due to truncation error, a second search is done at full resolution. This 

increases the memory access and thus increases the power consumption. On the other hand, 

while direct pixel truncation has the potential to reduce memory access, it is often at the 
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expense of a decrease in PSNR in some motion types. 

Truncating pixels at a 1 6x 16 block size results in acceptable performance, as shown in the 

literature [100]. However, at smaller block sizes, the number of pixels involved during motion 

prediction is reduced. Due to the truncation error, there is a tendency for smaller blocks to 

yield matched candidates which could lead to the wrong motion vector. Thus, truncating 

pixels using smaller blocks results in poor prediction. 

5.3 	The Effect of Pixel Truncation for VBSME 

For video applications, data is highly correlated, and the switching activity is distributed 

non-uniformly. Figure 5.1 shows the switching activity profile for typical input data for a 

motion estimation. The switching activity is calculated using Matlab with four different 

frame sequences which represent a sequence from low motion to high motion. The pixels 

are scanned in a block-based manner which is typical in video application. The switching 

activity is calculated using five frames from each sequence with 8-bit data size per pixel. As 

shown in Figure 5. 1, since the less significant bits (LSB) of a data word experience a higher 

switching activity, significant power reduction can be achieved by truncating these bits. 

Figure 5.2 shows the equivalent total switching activity for all bit positions as the number of 

truncated LSBs increases. In general, about 50% reduction in switching activity is obtained if 

up to 3 LSBs are truncated. Further reduction can be achieved if the number of truncated bits 

(NTB) is increased. For example, if NTB is set to 6, the switching activity could be reduced 

by 80-90%. This makes pixel truncation attractive to minimise power in motion estimation. 
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Figure 5.1: Bit switching activity/or video data. 

1.0 

akiyo 

foreman 

--)-- table 

0.8 	' \\ 	
\ - -— grasses 

A 	\ \ 

\ 
C) 
C 
E 	0.6 

' \ 

o 
A . x 

I " " 
Cl) 

 

\ 
CO A 

- 	0.4-  
ci) \ 

E 
A 
\\ 	Cl 

>)' 
o N 

0.2 
N 	

A 

NG 
'... 

A 

0.0 -L - 	-- -- 
0 	1 2 	3 	4 5 6 	7 	8 

Number of Truncated LSB 

Figure 5.2: Total switching activity vs. number of truncatedLSBs. 



Low Computation and Memory Access for Variable Block Size Motion Estimation using 
Pixel Truncation 

[Tock size NTB 

16x16 
_0% 

4 0.2% 

8x8 
0 0% 
4 5% 

4x4 
0 0% 
4 12% 

Table 5.1: Percentage of matched candidates with SAD = 0 during motion estimation using 
Foreman sequence (search range, p = +8). 

Table 5.1 shows the percentage of matched candidates with SAD = 0 during motion estima-

tion using five Foreman sequences. For 16x 16 block size with NTB = 4, the percentage of 

candidates with SAD = 0 is close to the untruncated bit (NTB = 0). This shows that for 

16x 16 block size, the truncated pixel is more likely to have the same matched candidate as in 

the untruncated pixel. However, for 4x4 block with NTB = 4, the percentage of candidates 

with SAD = 0 is 12% compared to 0% for NTB = 0. This shows that there are more 

matched candidates using truncated pixel for 4x4 block size which could lead to incorrect 

motion vectors. 

To illustrate the effect of pixel truncation on variable block size motion estimation, the av-

erage peak signal-to-noise ratio (PSNR) is calculated for 50 predicted frames of a Foreman 

sequence (QCIF@30fps) as shown in Table 5.2. The frames are predicted using full search 

algorithm at different block sizes and NTB. Frames with three different NIB are shown in 

Figure 5.3. From Table 5.2, for full pixel resolution (NTB = 0), the prediction accuracy 

improves as the block size decreases. This is reflected by a higher PSNR for prediction using 

a 4x4 block compared to a 16x 16 block. 

For NTB = 4, a small PSNR drop is observed for a block size of 16x 16 (0.08 dB) compared 
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NTB 
Block size 	____ _____ 

16x16 diff 8x8 diff 4x4 diJ 

0 33.11 0 34.89 0 36.82 0 

2 33.12 0.01 34.85 -0.03 36.75 -0.07 

4 33.03 -0.08 34.35 -0.54 34.66 -2.16 

6 31.79 -1.33 30.29 -4.60 27.46 -936 

Table 5.2: A verage fit/I search PSNR for various NTB using SAD as matching criteria (search 
range, p = ±8) 

to untruncated pixels. The PSNR drop for prediction using smaller block sizes is higher with 

0.54 dB and 2.16 dB drops for frames with block sizes 8x8 and 4x4, respectively. 

As the NTB is increased to 6, the PSNR drop for the smaller blocks increases rapidly. The 

PSNR drop for the 16x16 block size is 1.33 dB. However, for 8x8 and 4x4 block sizes, the 

PSNR drop increases to 4.6 dB and 9.36 dB, respectively. This shows that pixel truncation 

is not suitable for smaller block sizes. In the H.264 standard, substantial improvement in 

motion prediction is gained by using smaller blocks. Therefore, it is important to improve the 

PSNR gain especially for smaller block partitions. 

5.4 Two-Step Algorithm 

In this chapter, a method of pixel truncation for variable block size motion estimation is 

proposed. This method is based on the following observations: 

1. Truncating pixels for larger block sizes can result in better motion prediction compared 

to smaller block sizes, 

2. At higher pixel resolutions, smaller block sizes can result in better prediction compared 
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II T=8'bl 100_0000 
II Truncating the search window pixel, Y. 

Yt  = BITAND(Y, T) 
II Truncating the current MB pixel, X. 

Xt  = BITAND(X, T) 
I/Initialise my and min-cost 
rnv 	= 0, mv,, = 0, Cost min COSt max 
/1 Scanning the search windows and find the best match using block size N =8 
For i1 = —Pi, P1 

For j1 = —Pi, P1 
cost = 'i' [MATCH, (XL  (m, n), Y (i 1  + rn,j1  + n))] 

If(cost < COStm jn ) 
COStmjn = cost, MV x  = i1, TflV, = 3i 

End of  
End of i 
II Refining the search result using full pixel for variable block size 
COStmjrj  = COSt a ax 

For i2 = -P2, P2 

For J2 = P2,P2 

cost 	jii [MATCH2(Xt (m,n), Y(i2  + m, j2  + 77))] 

If(cost < cost 'mmmi) 

Costmin = cost, mv = 7*1 2, mv, = 32 

End of j 
End of i 

Figure 5.4: Pixel truncation algorithm using two step approach 

to the larger block sizes. 

To avoid having large motion vector errors with smaller blocks, motion prediction is im-

plemented in two steps. In the first search, the prediction is performed using pixels with 

NTB = 6 at 8x8 block size. Then, the result of the first search is refined using full pixel 

resolution (8 bit) in a smaller search area. The algorithm is summarised in Figure 5.4. 

Figure 5.5 shows the simulation results using truncated pixels with several matching criteria. 

Matlab is used to model the full search motion estimation, and the simulation is done over 

50 Foreman sequences. Two error-based matching criteria and two Boolean-based matching 
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criteria are compared against SAD, namely MinMax [102], mean removed MAD (MRMAD) 

[103], binary XOR (BXOR) [104] and difference pixel count (DPC) [98], respectively. From 

the figure, at high NTB, error-base matching criteria gives a poor result compared to the 

Boolean-based matching criteria. This is because, at high number of truncated bit, the pixel 

accuracy is reduced and leads to inaccurate calculation of the matching cost. 

The combination of NTB = 6 and DPC gives a good trade-off between PSNR and the 

computational load. Simulation results using different frame sequences as shown in Figure 

5.6, verify this. Boolean-based matching criteria are based on the similarity between pixels' 

bit positions. In 8 bit pixels, the MSB represents the main feature of the object, while the LSB 

carries the detailed information of the object. Thus, removing the LSB does not significantly 

affect the object's features. Thus, Boolean-based matching criteria can find a better match 

than error-based matching criteria at higher number of truncated bit. However, increasing the 

NTB up to 7 reduces the MSB information. This results in inadequate information during 

motion prediction. As a result, the prediction quality degrades significantly at NTB = 7 as 

shown in Figure 5.6. 

At highly truncated bits, 16x 16 block size is more error-prone since it has more data compared 

to the smaller block size. However, for complex motion, the motion vector for a smaller block 

size, especially a 4x4 block, is not necessarily close to that of a 16x 16 block. Since the block 

with smaller size difference tends to move in a similar direction, the 8x8 block is used in the 

first search. This allows us to get better predictions for either the smaller block (8x4,4x8 and 

4x4) or the larger block (16x8, 8x16, 16x16) from the 8x8 motion vector. 
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Figure 5.5: Average PSNR vs. NTB fbr different  block matching criteria using 8x8 block size 
(50 Foreman frame sequences, QCIF@30fps, search range, p=[-8,7]). 

1.00 i 

M 
Z 
C,, 0.96 
U- 

'0 
Ia) 

CU 

094 
0 

Iz 

	

0.92 	
—s-- stefan 

-- mobile 

- -- table 

	

0.90 	 - 

4 	 5 	 6 	 7 

No of Truncated LSB 

Figure 5.6: Normalised PSNR vs. NTB using DPC as matching criteria on 8x8 block size 
('Steftin, Mobile and Table Tennis sequences, 50 frames each , QCIF@30fps, 
search range, p=[-8,7]). 

70 



Low Computation and Memory Access for Variable Block Size Motion Estimation using 
Pixel Truncation 

Total number of memory access 
11 Cony. Full Search 11 Proposed 2-StepJ 

1st search (2p)2  x q x 8bit (2p)2  x q x 2bit 
2nd search - (2)2  x q x Shit 

Total 	1132p2q 	11 	16pq 

Total number of matching computation 
Full Search 	Proposed 2-Step 

1st search (2p) 2  >< rx 1 (2p)2  x r 	0.25 
2nd search - (2)2  x r x 1 

Total 	
if 	

4p21' 	112p2r 

Table 5.3: Total number of memory access and matching computation for conventional full 
search and the proposed two-step search (p represents the search range; q and 
r are the numbers of memory access and matching computation per candidate, 
respectively) 

In the second step, full-pixel resolution is performed to refine the result obtained from the 

first search. To ensure that the overall computation cost does not exceed the conventional full 

search computation, the second search is done at a quarter of the size of the first search area. 

Increasing the refinement area will not only increase the total computation, but also increase 

the memory access, as shown in Table 5.3. 

The second search range, P2,  is defined using the motion vector information from the first 

search, as follows: 

Determine the minimum and maximum motion vector for all four 8x8 block partitions 

(horizontally and vertically) obtained in the first search 

The centre of the rectangular area which is defined by (1) will be the centre for the 

second search 

3. The second search area with range P2 	is defined around this centre 
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Figure 5.7 illustrates the method used to determine the second search area. Blocks A, B, C 

and D are the 8x8 partitions for a macroblock, as shown in Figure 5.7. After the first search, 

each partition A, B, C and D has its own motion vector, mVA, TflVB, rnvc and IflVD respec-

tively. Let rnvx and mvy represent their horizontal and vertical motion vector components 

respectively. Thus, 'rnVXA and rnvyA  represent the horizontal and vertical components, re-

spectively, of the motion vector for block A;invxB and IT1VYB represent the horizontal and 

vertical components, respectively, of the motion vector for block B, and so on. The minimum 

and maximum motion vector of each component is represented by: 

mvx1  = mm {mvxA, mVXB, rnvx, m'vxD} 	 (5.4) 

?ThVXmax  = max {TflVXA, fl)XB, mvx, mvxD} 	 (5.5) 

mVym jn  = Tnin {mvyA, mVYB, rnvyc , ?TtVYD} 	 (5.6) 

mvyiiax  = max {mvyA, rnVYB, VYc, mvyD} 	 (5.7) 

The second search centre is defined as: 

/ mVxmjn+ mVx.max mvy,flT+ lflVYrnax) 	 (5.8) 
2 	' 	2 
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Pi 

Figure 5.7: Defining the second search area for the proposed iwo-step algorithm. 

with search range, P2 = 2PI• 

5.5 	Results and Discussion 

Tables 5.4 and 5.5 show the PSNR difference using the proposed method against the conven-

tional full-search ME. The comparison is done for the frames predicted using 16x 16, 8x8 and 

4x4 partitions. Other block sizes are not included for simplicity. The difference is calculated 

based on the average PSNR of 85 frames. Different frame sequences that represent various 

types of motion from low to high are used in this experiment: Akiyo, Mobile, Foreman and 

Stefan. Both QCIF and CIF frame resolutions are considered, which represent the typical 

frame size for mobile devices. The search range, p1=[-8,7] and p[-1615]  is defined for 

QCIF and CIF, respectively. 
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16x16 

Akiyo Mobile Foreman Stefan 

fsp4 0 0 0.12 0.22 

2step16 0 0.01 0.08 0.03 

2step8 0 0 0.07 0.03 

Akiyo Mobile Foreman Stefan 

fs_p4 0 0.02 0.3 0.41 

2stepl6 0 0.03 0.23 0.13 

2step8 0 0.02 0.19 0.11 

4x4  

Akiyo Mobile Foreman Stefan 

fs_p4 0.06 0.16 0.54 0.58 

2step16 0.06 0.17 0.47 0.31 

2step8 0.05 0.14 0.44 0.27 

Table 5.4: PSNR drop (in dB)against conventional/till search SAD QCJF@30fps, Pi  1-8, 7J 

16x16  

Mobile Foreman Stefan 

fs_p8 0.04 0.14 0.29 

2step16 0.04 0.25 0.04 

2step8 0.11 0.12 0.04 

8x8  

Mobile Foreman Stefan 

fsp8 0.12 0.24 0.44 

2step16 0.12 0.39 0.21 

2step8 0.20 0.21 0.09 

4x4 	 1 

Mobile Foreman Stefan 

fsp8 0.38 0.44 0.58 

2stepl6 0.37 0.59 0.44 

2step8 0.40 0.39 0.32 

Table 5.5: PSNR drop (in dB) against conventional jiiii search using SAD for CIF@30fps, 

p=[-l6' 15] 
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Total number of memory access 

[ 	fsp4 or fsp8 	2stepl6 

1st search (2 2) 	q x 8bit 11 (2p) 2  x q x 2b it 

2nd search [[ - (2?)2  x q >< 8bitj 

Total 	
f 	

8p2q 	I 	16p2  

Total number of matching computation 
fsp4 or fsp8 2step16 

1st search (2) 	x r x 1 
1 

(2p) 2  x r 	0.25] 

2nd search - (2)2  x r x 1 

Total p2r 	] 2p2IT'  

Table 5.6: Total number of memory access and matching computaiionfor,fs-p4, fp8, and 
2stepl6 (p represents the search range; q andr are the numbers of memory access 
and matching computation per candidate, respectively) 

2step8 represents the proposed 2-step search using the 8x8 block partition. For comparison, 

the results for the 2-step search are included where the first search is done using 1 6x 16 par-

titions (2stepl6). The result of the first search is used as the centre for the second search. 

fs_p4 and fs_p8 represent the conventional full-search ME with a search range equivalent to 

p1 for QCIF and CIF, respectively. The total number of memory access and computation 

for 2stepl6, fs_p4, and fsp8 are shown in Figure 5.6. 

From Tables 5.4 and 5.5, the proposed method is able to achieve a good prediction with 

a smaller PSNR drop compared to the other method. For a low-motion sequence such as 

Akiyo, the PSNR drop for QCIF is below 0.05dB. The PSNR drop increases slightly for a 

high-motion sequence such as Stefan. This is due to the prediction error and search range 

limitation during the first and second searches, respectively. 

The smaller PSNR drop for 2Step8 compared to 2Step 16 shows that the first search using 8x8 

partition gives a good approximation compared to 16x16 block size. In the 8x8 partitions, 
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more information for the macroblock motion is obtained, and this additional information is 

important when determining the second search range for the high-motion sequence. 

In addition, the PSNR drop varies depending on the level of detail of the frame. For a frame 

sequence with high detail, such as Mobile, the first search with NTB = 6 contains more 

information for the macroblock feature. Thus, it can obtain a better match, which is reflected 

by the lower PSNR drop. For a frame with less object detail, the PSNR drop is slightly 

higher. The same explanation is applicable for the higher PSNR drop for OF compared to 

QCIF frame resolution. This is because the macroblock content for the CIF frame is more 

sparse compared to the QCIF macroblock. 

The reduction in the search range in the refinement stage does affect the prediction for the 

4x4 block partition. This is expected, since in 2step8, the full pixel resolution is done at 1 of 

the conventional full-search area. Thus, the reduction in computation comes at the expense of 

decreasing the prediction accuracy. However, compared to the direct reduction of the search 

range, the proposed method gives a higher PSNR as opposed to the fsp4 and fs_p8 for the 

QCIF and OF frames, respectively. 

In all frame sequences tested, the proposed method gives good PSNR compared to the con-

ventional full search with PSNR drop < 0.5dB. Furthermore, the proposed method can yield 

a better uniform motion vector for the 4x4 partitions which is required to reduce the overall 

bitrates. 

Table 5.7 shows the average PSNR drop for several existing motion estimation techniques 

discussed in Section 5.2. In 213T, frames are converted from 8bit to 2bit using the threshold 

value derived from the local image standard deviation. The motion estimation is performed 
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1 Conventional Full Search [44] 1 2BT [97] 1 LRQME [98] 1 Proposed 2-Step Algo. 

Low resolution No Yes Yes Yes 

High resolution Yes No Yes Yes 

Block Size: 16x16 0.0 0.7 0.8 0.1 

Block Size: 8x8 0.0 1.3 - 0.2 

Block Size: 4x4 0.0 3.0 - 0.4 

Table 5.7: Average PSNR drop (dB)Jbr several motion estimation techniques. 

based on the transformed two-bit image. LRQME transforms the eight-bit pixel to two bits 

using an adaptive quantiser. The result of the motion estimation obtained using the low-

resolution image is refined at higher pixel resolution using 16x16 block size. As shown in 

Table 5.7, the proposed method shows superior performance compared to other techniques 

for 16x16 to 4x4 block sizes. 

To evaluate the effectiveness of the proposed method within H.264 software toward gener-

ating the final bit rates, the existing H.264 reference software (version JM8.6 for baseline 

profile) is modified to include the proposed algorithm. The existing full search motion esti-

mation algorithm is replaced with the two-step method. The simulations were done with rate 

control off, QP = 120, 25, 30, 35, 401, 85 frames, QCIF and OF frame format at 30fps. Both 

the conventional and the proposed method were compared. 

Figure 5.8 and 5.9 show the PSNR versus bitrates graphs simulated using the modified H.264 

reference software. Two video sequences (Foreman and Stefan), which represent medium and 

high motion sequence, are shown. The graphs show that the proposed method can achieve 

good performance, with PSNR drop less than 0.5 dB. 
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PSNR vs Bitrate for Stefan QCIF@30fps 
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Figure 5.8: PSNR vs. Bitrate using the proposed 2-Step inethodfor QCIF@3Ofps. 
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PSNR vs Bitrate for Stefan CIF@30fps 
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Figure 5.9: PSNR vs. Bitrate using the proposed 2-Step method for cIF@3Ofps. 
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5.6 Summary 

This chapter has presented a method to reduce the computational cost and memory access 

for variable-block-size motion estimation using pixel truncation. Previous work has shown 

that pixel truncation provides an acceptable performance for motion prediction using a 16x 16 

block size. However, for motion prediction using smaller block sizes, pixel truncation re-

duces the motion prediction accuracy. In this chapter, a two-step search to improve the frame 

prediction using pixel truncation was proposed. The proposed method reduces the total com-

putation and memory access by 50% compared with the conventional full search method with 

PSNR drop less than 0.5 dB. 
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Chapter 6 
Energy Efficient Motion Estimation 

Architecture for 11.264 VBSME using 
The Two-Step Algorithm 

6.1 Introduction 

Motion estimation plays an important role in video coding. As discussed in Section 3.5, ME 

takes a significant amount of computation in H.264 hardware (>75%). Thus, minimising the 

power in ME is important. In this standard, the variable block size and multiple reference 

frames are introduced, making the hardware more complex than before. While the conven-

tional hardware supports a fixed block size, the hardware needs to be modified to support 

variable block size with multiple reference frames. 

In real time implementation, the motion estimation computational load varies depending on 

the picture type. To optimise the power, the ME computational load should be matched with 

the computational demand. In addition, while minimising the average power is required, the 

actual total energy consumed will determine the actual efficiency of the hardware. This factor 

is important for battery operated devices and other consumer electronics. 

This chapter presents a new design methodology for motion estimation using pixel trunca-

tion. Three energy saving architectures are also proposed based on this methodology for 

the implementation of the H.264 standard. Energy saving is achieved utilising the two-step 

algorithm proposed in Chapter 5. 
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The rest of the chapter is organised as follows. Section 6.2 reviews the existing motion 

estimation architectures. Section 6.3 analyses the proposed architecture. The results are 

discussed in Section 6.4. Finally, Section 6.5 concludes the paper. 

6.2 Motion Estimation Implementation 

Motion estimation can be realised in several ways, such as by using a general purpose proces-

sor, DSP processor or dedicated application specific integrated circuit (ASIC). The general 

purpose processor offers the highest flexibility since it is programmable to different ME al-

gorithms. The DSP processor produces better performance compared to the general purpose 

processor, but has reduced flexibility because it requires a specific processor to execute the 

instruction. With dedicated ASIC, the highest performance is gained since the hardware is 

fully optimised for the specific ME algorithm. It can achieve the lowest power consumption 

and area compared to the other implementations. 

In software based implementation, the instructions are operated in sequence. The ME com-

plexity is determined by the number of required operations. Thus, many fast algorithms have 

been introduced to reduce the number of operations by minimising the total number of eval-

uated candidates such as in 3SS, 2D-Log and DS, as reviewed in Section 4.2. In this method, 

the search is done in a certain search pattern and several iterations are required before the final 

result is obtained. This method is widely adopted in software based implementation because 

it does not have any restrictions in terms of data access and control. 

However, this approach is not efficient for dedicated hardware implementation since it causes 
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non-regular data access and requires complex control. Furthermore, hardware resources are 

limited and the operation is restricted by the allocated number of clock cycles. For high 

hardware utilisation, the data must be accessed before the operation is started. Thus, it is best 

to reuse the already accessed data [105][106]. 

With the H.264 standard, the multiple reference frame and variable block size increases the 

computational load. Therefore, dedicated hardware is commonly used to accelerate the ME 

computation. In contrast to the general purpose processor approach, dedicated hardware faces 

different challenges. The number of operations alone is not enough to use as a comparison 

for hardware efficiency. In general, the ME hardware design criteria should also consider 

the following factors [44]: silicon area, throughput, memory access, memory bitwidth, and 

latency. 

6.2.1 General Motion Estimation Architecture 

A motion estimation architecture consists of control units, address generation, pixel buffers 

and processing elements (PE). Figure 6.1 shows a typical ME architecture. Typically, the 

current MB and search area pixels are stored in buffers (SRAM). During motion prediction, 

the pixel is read from the current frame memory and the reference frame memory into the 

current MB and search area buffers respectively. During the matching process, pixels from the 

current MB and search area buffers are read and loaded into PE. The address generation unit 

calculates the address required to access data from the current MB and search area memories. 

This process continues until all candidates have been evaluated. 

Full search ME can be implemented using a systolic array architecture. This architecture 
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From cur 
frame mei 

From re 
frame n 

ctor 

Figure 6.1: General motion estimation architecture 

consists of a network of processing elements that compute and pass the data throughout the 

system [107]. The PE are an important part of ME, as it determines the overall performance 

of the architecture. Each PE calculates the matching cost of two pixels. The results per 

candidate will be accumulated before the final decision is made. In most designs, the number 

of PE is determined by either macroblock size or search range. 

Since the PEs make up the largest block in the ME, many architectures have been introduced 

to reduce the area. There are two types of popular full search ME: one-dimensional (1D) and 

two-dimensional (2D). The fundamental architectures of 1 D and 2D ME are discussed next, 

since most other architectures are derived from these two approaches. 
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Figure 6.2: One-dimensional motion estimation. 

6.2.2 One-dimensional Motion Estimation (11) ME) 

In this architecture, N PEs are used to calculate the absolute difference, where N is the 

macroblock width. The current MB pixels and the search area pixels are input as shown in 

Figure 6.2 (for N = 3,p = 2) [108]. The absolute difference calculated in each PE is passed 

on and added to the absolute difference in the subsequent PE. The accumulator calculates the 

sum of absolute difference (SAD) until all pixels in the candidate block have been evaluated. 

Once the SAD calculation for each candidate macroblock is complete, the accumulator passes 

the value to the comparator. The comparator stores the minimum calculated SAD during the 

motion prediction. The value will be updated if the calculated candidate block results in 

smaller matching cost compared to the existing value in the comparator. 

In this architecture, each PE compares a pair of pixels for one candidate at a time. The 
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number of PE is determined by the MB width, and each candidate requires an average of N 

clock cycles. The total clock cycle required to evaluate the whole candidate is (2p) 2  x N+N, 

including the initialisation cycle. For N = 16 and p = 8, 4112 clock cycles are required to 

evaluate all candidates. 

This 1D architecture has the advantage of a smaller silicon area as compared to 2D archi-

tecture. The total PE is independent of SA size. However, since the PE does not store any 

current or search area pixels, these pixels need to be accessed continuously, which results in 

high memory bandwidth. 

6.2.3 Two-dimensional Motion Estimation (21) ME) 

The 2D ME architecture has the advantage of high data reuse and lower memory bandwidth. 

In this architecture, the PE is arranged in N x N, as shown in Figure 6.3 (for N :3,p = 2) 

[108]. In contrast to 1D ME, the 2D ME stores the current MB pixel in the PE. The search 

area pixels are input N parallel and propagated to PEs horizontally. At each clock cycle, 

the absolute difference is calculated and accumulated before it is passed to the next PE. The 

accumulators calculate the partial SAD of the respective PE column. The calculated partial 

SAD will be propagated and added to the partial SAD value in the next accumulator. 

N clock cycles are required to initialise the hardware. The next (2p + N) clock cycles output 

the SAD for each candidate row. Thus, this architecture requires 2p x (2p + N) + N clock 

cycles to evaluate all candidates [95]. For N = 16 and p = 8, this is equivalent to 528 clock 

cycles. 
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Figure 6.3: Two-dimensional motion estimation. 

In contrast to ID where each pixel is used once before it is discarded, high data reuse is 

achieved in 2D architecture because the accessed pixel is used to calculate multiple candi-

dates. This architecture is optimum for search patterns where the successive candidates are 

next to each other, such as in full search. 

6.3 Methodology and Hardware Design 

In this section, the conventional ME architecture used in this thesis is first reviewed. Next, the 

architectures needed to support the two-step method as proposed in Section 5.4 are discussed. 

The area and power overhead for the computation and memory unit are also investigated. 

Based on these analyses, three low power ME architectures with different area and power 

efficiencies are proposed. 

The ME architecture based on 2D ME as discussed in [95] is implemented. 2D ME is chosen 
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because it can cope with the high computational needs of the real-time requirements for H.264 

by using a lower clock frequency than 1 D architecture. The search range of p = [-8, 7] is used 

throughout this chapter. 

6.3.1 Computation Unit 

Figure 6.4 (a) shows the functional units in the conventional 2D ME (me-sad) [95]. The 

ME consists of search area (SA) memory, a processing array which contains 256 processing 

elements (PEs), an adder tree, a comparator and a decision unit. The search area memory 

consists of sixteen memory banks where each bank stores 8-bit pixels in a H x .- total word, 

where H and 1/V are the search area window's height and width respectively, and N is the 

macroblock's (MB) width. During motion prediction, 16 pixels are read from the 16 memory 

banks simultaneously. The data in the memory are stored in a ladder-like manner to avoid 

delay during the scanning [106]. 

At each initial search, the current and the first candidate MB are loaded into the processing 

array's registers. Then, the matching cost is calculated for one candidate per clock cycle. 

The 256 absolute-different from the PEs are summed by the adder tree, and outputs the sum 

of absolute-different (SAD) for 41 block partitions. The adder tree reuses the SAD for 4x4 

blocks to calculate a larger block partition. In total, the adder tree calculates 41 partitions per 

clock cycle. 

Throughout the scanning process, the comparator updates the minimum SAD and the re-

spective candidate location for each 41-block partition. Once the scanning is complete, the 

decision unit outputs the best MB partition and its motion vectors. The ME requires 256 
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Figure 6.5: Processing element (PE) to support ('a) SAD and (b) DPC 

clock cycles to scan all candidates. 

For me-sad, the input and output for each of the PE are 8 bits wide as shown in Figure 6.5 

(a). The input for the adder tree is 8 bits wide, and the SAD output is 12 to 16 bits wide, 

depending on the partition size. These data are then input into the comparator, together with 

the current search location information. 

Using a similar architecture to me-sad (Figure 6.4 (a)), DPC based ME (medpc) requires 

2 bits for the current and reference pixel inputs as shown in Figure 6.4 (b). Furthermore, 

the matching cost is calculated using Boolean logic (XOR and OR) rather than arithmetic 

operations as in SAD based PE. These make the overall area for the 256 PEs in me_dpc much 

smaller than me-sad. The reduction in output bitwidth in DPC based PE also reduces the 

bitwidth required for adder tree and comparator unit. The input and output for the adder tree 

is I bit and 5 to 9 bitwidths, respectively. A similar bitwidth is applied to the comparator's 

Ell 
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Modules 
me-sad medpc 

Area Power Area Power 

256 PE 0.90 28.67 0.32 2.31 
Adder-tree 0.13 5.53 0.04 0.99 

Comparator Unit 0.11 1.25 0.09 0.86 
Decision Unit 0.10 0.54 0.07 0.50 

Total 	1J_1.24 36.00 0.52 

Table 6.1: mesad and medpc area (mm') and power (m W) 

input. 

Table 6.1 compares the area mm' and power consumption mW for me-sad and me_dpc com-

putational units. The comparisons are based on synthesis results using 0.13jim CMOS UMC 

technology. The table shows that me_sad's area is dominated by the 256 PE (73%). Thus, 

with the significantly smaller area for 256 PE, the me_dpc will require less area than the 

me-sad. The overall me_dpc requires only 42% of the me-sad area. 

Based on the above analysis, two types of architectures for the ME computation unit that can 

perform both low resolution and full resolution searches are proposed. These are me-split 

and me-combine as shown in Figure 6.6. 

The me-split implements both me-sad and rne_dpc as two separate modules, as shown in 

Figure 6.6 (a). During low resolution search, me-sad is switched off while the me_dpc is used 

to perform the low resolution search. The second step uses the me-sad, while the me_dpc is 

switched off. This architecture allows only the necessary bit size to be used during different 

search modes. While potential power savings is possible, this architecture requires additional 

area for the adder tree, comparator and decision unit to support the low resolution search. 

Due to the functions of the adder tree, the comparator and the decision units are similar for 
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Figure 6.6: Computational unit: (a) me-split (b) me-combine 
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both me-sad and me_dpc, me-combine shares these units during the low resolution search and 

full pixel resolution (Figure 6.6 (b)). This architecture results in a much smaller area com-

pared to me-split. However, higher power consumption is expected during the low resolution 

search because the adder tree, comparator and decision unit operate at higher bit size than 

needed. 

6.3.2 Memory Architecture 

Conventional ME architecture implements the SA memory using single port static random 

access memory (SRAM) with a pixel (8 bits) per word. To implement the two-step search, 

the first two MSBs for each pixel during the first search and 8 bits in the second stage need 

to be accessed. Thus, the pixels need to be stored to allow two reading modes. For this, three 

types of memory architecture are proposed. These are (a) 8bit memory (mem8), (b) 2bit and 

8bit memory (mem28), and (c) 8bit memory with prearranged data and transposed register 

(rnem8pre) as shown in Fig 6.7. 

The mem8 approach stores the data in the same way as in the conventional ME. Eight-bit 

data is accessed during both the low resolution and the refinement stages. However, during 

the low resolution search, the lower 6 bits are not used by the PE. Because the memory is 

accessed during both low resolution and the refinement stage, it results in higher memory 

bandwidth than the conventional ME architecture. 

To overcome the problem in mem8, mem28 uses two types of memory: 2-bit and 8-bit. The 2-

bit memory stores the first two MSBs of each pixel, and the 8-bit memory stores the complete 

full pixel bitwidth. During the low resolution search, the data from the 2-bit memory are 
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Figure 6.7: SA memory arrangement (a) mem8 (b) mem28, ('c) mem8pre 

accessed. This allows only the required bits to be accessed without wasting any power during 

low resolution. In the refinement stage, the 8-bit memory is read into the PEs. Although this 

architecture can potentially reduce memory bandwidth and power consumption, it needs an 

additional area for the 2-bit memory. 

In mem8pre, the data is prearranged before storing them in 8-bit memory. Four pixels are 

grouped together, and then transposed according to their bit position, as shown in Figure 6.8. 

During the low resolution search, only the memory locations that store the first two MSBs of 

the original pixels is read. Thus, the total memory accessed during the low resolution is 1  of 

the conventional full pixel access. 

In full resolution search,four memory locations that contain the first up to eighth bits are read 

in four clock cycles. Delay buffers, as shown in Figure 6.7 (c), realigns these words to match 

the original 8-bit pixel. By prearranging the pixels this way, the same memory size as in the 

conventional full search can be used while retaining the ability to access the first two MSBs, 

94 



Energy Efficient Motion Estimation Architecture for H.264 VBSME using The Two-Step 
Algorithm 

a7 a6 a5 a4 a3 a2 al a  

b7 be b5 b4 b3 b2 b  bO 

c7 Ce c5 c4 c3 c2 ci CO 

V d6 d5 d4 d3 d2 dl dO 

dl d  c  Co b  b  al a  

d3 d2 c3 c2 b3 b2 a3 a2 

d5 d4 c5 c4 b5 b4 a5 a4 

d7 d6 c7 c6 b7 b6 a7 a6 

(a) 

Figure 6.8: Storing 8bit pixel in 8bit memory (a) conventional arrangement (b) mem8pre 

Low Resolution High Resolution 

rnem8 NWH x 8bit x 8bit 

mem28 NWH x 2bit >< Milt 

mem8pre NWH >< 2bit NH >< 8bit 

Table 6.2: Memory bandwidth Jbr different architectures 

as well as the full bit resolution. The drawback of this approach is it needs additional circuitry 

to transpose and re-align the pixels during the motion prediction. 

The estimated bandwidth for the above three memory architectures are shown in Table 6.2. 

In summary, while all three architectures use the same memory bandwidth during high reso-

lution search, , mem28 and mem8pre give 1 memory bandwidth during low resolution search 

compared with mem8. However, the lower memory bandwidth comes at the cost of addi-

tional area overhead. The implementation of these memory configurations will be discussed 

in Section 6.4. 

6.3.3 Overall Architecture 

Based on the discussions in Section 6.3.1 and 6.3.2, three different ME architectures that 

can perform both low resolution and full resolution searches are proposed. By combining 
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different computation and memory units as shown in Figure 6.6 and 6.7, respectively, the 

following architectures are proposed: 

me_split+mem28 (ms-m8) 

mecombine+mem8 (rnc_m8) 

me_combine+mem8pre (mc_m8p) 

In these architectures, both low resolution and full resolution search can be performed. With 

proper configuration, the conventional full search algorithm can be used during normal con-

ditions to ensure a high quality picture at the output. In condition where energy consumption 

is the main concern, the two-step method is used. This allows us to reduce the energy con-

sumption without significantly degrading the output picture quality. 

6.4 Results 

This section presents the synthesised results of the proposed architectures. First, the results 

for the computation unit are presented. Next, the area and power consumption for the pro-

posed memory architectures are analysed. Finally, the results for the overall ME architectures 

that can provide efficient area and power consumption are presented. 

The design was synthesised using the UMC 0.1 3pm CMOS library. Verilog-XL and Power 

Compiler were used to perform functional simulation and power analysis, respectively. Ac- 

tual video data is used to verify the hardware and to obtain the estimated power consumption. 



Energy Efficient Motion Estimation Architecture for H.264 VBSTVJE using The Two-Step 
- Algorithm 

Modules 
me-split me-combine 

H Area 
Power 

Area 
Power 

Low Res. High Res.  Low Res. High Res. 

256 PE 1.17 3.62 24.44 1.063.222 24.39 

Adder-tree 0.18 1.54 6.63 0.13 1.871 6.48 

Comparator Unit 0.20 0.80 1.26 0.11 1.034 1.25 

Decision Unit 0.16 0.50 0.54 0.10 0.543 0.54 

Others 0.04 0.01 1.29 0.07 0.17 1.36 

Total 1.75 6.46 34.16 	]_1.47 6.84 34.02j 

Table 6.3: Computational unit: Area (mm2) and power ('in W) comparison 

Table 6.3 compares the synthesis results for the proposed computation units: me-split and 

me-combine. The power consumption during low resolution and full resolution searches are 

shown in detail. During the motion prediction, the search range Pi = [-8, 7] and P2 = [-4, 3] 

is used during low resolution and full pixel resolution search, respectively. 

From the table, the me-split consumes 6% less power during the low resolution search than 

the me-combine. However, this comes at the cost of an additional 41 % of area on top of the 

existing me-sad. On the other hand, because me-combine shares some modules, it requires 

only 19% additional area compared to me-sad. This shows that, combining the adder tree, 

comparator and decision unit as in me-combine is preferred over me-split. 

Table 6.4 shows the area and power comparison for the proposed memory unit. The reported 

power includes the power consumed by the additional circuit needed by respective memory 

architectures. The SRAM model is generated using a UMC 0.13 memory compiler with 

estimated area and power provided by the datasheet. 

From Table 6.4, it is clear that the mem8pre provided the lowest bandwidth and power com-

pared to the other memory configurations during the low resolution search. This is expected 
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Modules Area 
Power 

ow Res. I High Res.J 

I 	mem8 0.23 4.7 4.7 
mem28 0.39 3.3 4.7 

mem8pre 0.42 2.2 7.5 

Table 6.4: Memory unit. area (mm 2) and power (in W) comparison 

since only of the memory is accessed during the low resolution search. However, it requires 

extra area for the additional circuits needed to arrange the pixels. 

On the other hand, mern8 gives the minimum area compared to the other configurations. 

Because the full pixel bitwidth is accessed in both low and full resolution, it requires higher 

memory bandwidth and uses more power than the others during the low resolution search. 

Table 6.5 shows the total area and power consumption results based on extracted layout for 

the proposed overall ME architectures: ms-m28, rnc_m8, mc_m8p. In order to make a fair 

comparison between these architectures, the total energy needed during each motion predic-

tion is calculated. For the two-step method, this includes energy consumed during both low 

and full resolution search. The energy is calculated as the power consumption multiplied 

by the total time taken to complete the motion prediction. The normalised energy and area 

is shown in Table 6.6. From the table, the architecture mc_m8p consumes the least energy 

compared to the others, and saves 53% compared to conventional ME (me-sad). However, 

because it requires additional area for the DPC based PEs and buffer to arrange the pixels, 

28% area overhead is required to implement this method. 

Compared to other architectures, mc_m8 gives the best trade-off in terms of both area and 

energy efficiency. By using the two-step method, this architecture can save 48% of the en-

ergy compared to conventional ME with 16% additional area required to implement a low 
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Modules Area 
Power 

Low Res. Full Res. 
Logic Mem Total Logic Mem Total 

me-sad 1.77 NA NA NA 45.00 4.7 49.70 

ms_m28 2.56 8.32 3.3 11.62 44.02 4.7 48.72 

mc_m8 2.05 8.79 4.7 13.49 43.72 4.7 48.42 

mc_m8p 2.26 9.80 1.2 10.98 45.74 4.7 50.44 

Table 6.5: ME architecture area ('mm 2) and power (m W) comparison 

Area Energy Area>< Energy 

me-sad 1.00 1.00 1.00 
rns_m28 1.45 0.48 0.70 
mc_m8 1.16 0.52 0.60 

mc_m8p 1.28 0.47 0.61 

Table 6.6: Normalised ME architecture area ('mm2) and power 'mI4') comparison 

resolution search. 

6.5 Summary 

This chapter has presented a methodology for motion estimation based on the two-step algo-

rithm introduced in Chapter 5 for energy efficient design. Based on this methodology, three 

architectures were presented for variable block size motion estimation for H.264. These ar-

chitectures can perform both low resolution search and full resolution search. The results 

show that the proposed architectures are able to save up to 53% energy compared to the 

conventional full search architecture. This makes such architectures attractive for H.264 ap-

plication in future mobile devices. 



Chapter 7 

Interframe Bus Encoding Technique for 
Low Power Video Compression 

7.1 Introduction 

For MPEG-4 video compression, raw video data (pixels) dominate data transfer [109]. Fig 

7.1 shows a typical portable multimedia system. In this system, the digital camera captures a 

sequence of pictures and stores the data into the memory unit or displays it on the display unit. 

Video and audio codec perform the compression on the video and audio data respectively. 

During this process, the data from the memory is accessed repetitively. The compressed 

bitstream is then transmitted or stored into a local storage unit. The central processing unit 

(CPU) manages the operation for the whole system. 

During the compression of five minutes of video (CIF@15 fps), at least 4500 frames are 

transferred from the memory to the video compressor. For frame format YUV420, this is 

equivalent to the transfer of 684 million pixels. These values increase for higher frame rates 

and frame resolutions. 

This high data transfer translates into high power dissipation on the memory-processor busses. 

This is severe for systems with off-chip memory where the bus load is several orders of mag-

nitude higher than the on-chip bus with a typical value of around 1 5pF on each bus wire 

[110]. It has been reported that the off-chip bus consumes 10%-80% of overall power [111]. 
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CPU 	 Camera 	Display J 	Memory _______ External 
In 	 Out 	 controller H H  

Memory 

System bus 

MPEG-4 
Audio 	 Bitstream 

Video 
Codec 	 In/Out 

Codec 

Figure 7.1: Typical video communication system. 

For video communication where pixels are continuously being transferred to and from exter-

nal memory, bus power consumption cannot be neglected. 

This chapter focuses on minimising the power dissipation during pixel transfer from multiple 

frames on an off-chip system bus. The power reduction is achieved by utilizing bus encoding 

to reduce switching activity on the bus. The method focuses on transferring raw video data 

(pixels) between off-chip memory and on-chip memory, which is common in video compres-

sion applications. This method is based on entropy coding to minimize bus transition. The 

existing technique exploits the correlation between neighbouring pixels. In this technique, 

pixels' correlation between two consecutive frames are exploited. 

This chapter is organised as follows. Section 7.2 reviews the existing intrafrarne techniques 

for bus encoding. Section 7.5 discusses the proposed approach to reduce the transition activity 

during memory data transfer. This is followed by the results and performance benchmarking 

of the proposed method in Section 7.6. Finally, Section 7.7 concludes the chapter. 
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Total Reference Frame QCIF CIF 4CIF 

1 0.3 1.24. 
2 0.6 

9:6
1

3 
2.4 

0.9 3.6 4 

4 1.2 4.8 19.2 
5 1.5 5.9 24.0 

Table 7.1: QCIF, CIF and 4CJF frame bufjèr size YUV420 in MByte 

7.2 Bus Encoding 

In an MPEG-4 encoder, the encoded frames are stored in the frame memory. This frame will 

be used for prediction for the next frame. Table 7.1 shows the frame buffer size for QCIF, 

OF and 4CIF frames at different numbers of reference frames. As the frame size and number 

of reference frames increase, the reference buffer increases. With this size of memory, it is 

not practical for on-chip SRAM. 

SDRAM is more popular for frame buffer because it requires a smaller footprint. Since the 

off-chip SDRAM comes with standard sizes, it can be mass produced, which reduces the cost. 

Furthermore, advanced video codecs tend to use more reference frames in their predictions. 

This necessitates even more storage for the frame buffer. 

At the system design level, there are three main parts which significantly affect the power 

consumption: computational units, communication units and storage units [112]. Bus en-

coding falls into the second category, where it reduces the power in system communication 

using the bus system. Bus encoding minimises the amount of power by reducing the number 

of transitions on the bus. This is achieved by transforming the original data (source word) 

into another form (codeword) so that the consecutive transmitted data minimises the total 

transition. 
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[Clk Transmitted Data Unencoded Bus (8 bit) Bus Invert (1+8 bit) 

0 0000 0000 0 0000 0000 

2 95 0101 1111 110100000 

3 228 11100100 011100100 

4 252 1111 1100 0 1111 	1100 

5 19 0001 0011 111101100 

Total Transition 21 	] 10 

Table 7.2: Bus encoding example 

0 	 10 
flriver 

Figure 7.2: Generic bits encoder 

Table 7.2 shows an example of bus encoding implemented on an 8bit bus. Transmitting the 

original data using the unencoded bus results in a total 21 transitions within the given 5 clock 

cycles. Using bus invert [113], an additional bus is introduced, resulting in 9 bits of data. 

This technique reduces the total bus switching to 10, which will translate to a significant total 

power reduction. 

The generic bus encoding is shown in Fig 7.2. It consists of a data source and a receiver. 

The encoder is located close to the source, while the decoder is located close to the receiver. 

Typically, the encoder consists of a register, encoding unit and XOR circuit. Similarly, the 

decoder consists of a register, decoder unit and XOR circuit. The register stores the previous 

sourceword that will be used for the encoder/decoder unit. The XOR translates the binary 

value of the codeword such that '1' will result in transition, while '0' will result in non-

transition. Thus, by using the XOR, the encoding function is simplified to minimise the 
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number of values of '1' in the codeword. 

7.3 Previous Work 

In general, the encoder function can be divided into three categories [114]. These are alge-

braic, permutation and probability. The algebraic function uses arithmetic or Boolean oper-

ations to generate the codeword. Permutation generates the codeword based on certain rules 

and conditions. In the probability method, the codeword is generated based on the statistical 

distribution of the transmitted data. The statistics may be obtained before designing the bus 

encoder or generated online during the transmission. 

There are two types of buses: address and data. Address buses show correlated properties 

because high numbers of patterns in address buses are consecutive. This property has been 

widely exploited to reduce transitions on address buses. Reference [115] proposed sending 

the address in the form of gray code rather than binary form. This technique minimises the 

address bus transition by allowing one transition for every consecutive address. This method 

result up to 50% transition reduction on the address bus. 

Reference [116] introduces zero-transition activity (TO) for address buses. The actual address 

is sent if the address is not consecutive. For consecutive addresses, a signal is sent to inform 

the decoder that the address is sequential. No actual addresses are sent at this stage. Further 

improvement to TO is proposed by [117]. The method removes the need for redundant bits 

from the encoder by XOR-ing the TO equation. 

Compared with the address bus, the data bus shows more random characteristics. For this 
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data, the bus invert [113] provides a robust approach to reduce switching activity. It reduces 

the data transition by sending the inverted input if this will result in fewer bus transitions 

compared with sending the original value. This technique needs extra bits to inform the 

receiver of how to decode the input. For every input, the hamming distance between the 

current input and the bus value will be calculated. The input will be inverted if the hamming 

distance is larger than half of the bus size (including the redundant bit). This method ensures 

that all transferred data have transitions fewer than or equal to half of the total bus width. 

Reference [118] improved the bus invert method by introducing partial bus invert (PBI). This 

method selects a group of bits that will result in minimum transition. 

Reference [119] implements a codebook method. Based on the input, this method finds a 

pattern that will result in minimum hamming distance at the output. This method updates the 

codebook according to the previous input. A generic bus encoding framework is discussed 

in [120]. The method utilises correlation between input data and reduces average transition 

by 36%. Reference [121] proposes an Exact-algorithm by exploiting the joint-probability 

of input data. This method achieves a transition reduction of more than 90%. However, 

this method requires a large circuit area for the mapping table. The mapping table grows 

exponentially as the bus width increases. 

Most of the existing literature includes video data in its analysis. However, since these meth-

ods are geared more toward generic applications, bus encoding for MPEG-4 applications and 

its implementation in hardware has not been studied in depth. Few papers address bus en-

coding for MPEG-4 system such as in [109] where it discussed applying bus invert and gray 

coding for MPEG-4 data. 
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While many approaches can be used to design an encoder or decoder unit, there are certain 

constraints that limit the freedom in designing this circuit, mainly: 

Available bus width: The number of transitions can be reduced if the data can be trans-

mitted in a wider bus, but this increases the pin count. Furthermore, the number of 

available data buses largely depends on the memory data width. 

Codeword decodability: The generated codeword must be able to be decoded correctly 

at the receiver 

Computational latency: Complex algorithms to encode and decode the data can re-

sult in better transition reduction. However, the performance may degrade the overall 

system throughput since more clock cycles are spent in generating the codeword. 

Encoder and decoder overhead: Additional circuitry is required to perform the encod-

ing and decoding operation. The circuit area should be kept to a minimum to ensure 

that the power consumed by the circuit does not exceed the power saving achieved by 

encoding the bus. 

In non-redundant methods, the decoder depends on received data to decode the codeword 

without any additional signals. The decoding information must either be embedded in the 

received data or predefined for each codeword. In redundant methods, an additional bit is 

added on top of the existing bus to signal how the data should be decoded. Figure 7.3 shows 

two cases where bus communication is used. In case (a), the encoded data is stored in the 

memory and shared by Modules A and B. In this case, the redundant bit has to be stored in the 

memory because it is required by both modules to decode the data. In case (b), the redundant 
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Figure 7.3: Bus transmission scenario 

bit can be stored at Module A and only the codeword is stored in the memory, as discussed 

in [122]. Both pieces of information will be read to decode the data. For large amounts of 

data, as in image or video applications, storing the redundant bit as in case (b) will require 

additional large amounts of memory. 

7.4 	Intraframe Decorrelation 

The technique discussed in this section is based on the combination of difference-base-

mapped and value-base-mapped (dbrn-vbm), as discussed in [120]. This method is adopted 

to exploit the pixel correlations widely available in video data. 

In MPEG-4 memory-processor communication, the main data transfer consists of streams of 

pixels representing image sequences. Often, the pixels are scanned in a block-based man-

ner to maintain high correlation between adjacent pixels. Figure 7.4 shows the probability 

distribution of two adjacent pixels' difference. Four different QCIF video sequences (Akiyo, 
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Figure 7.4: Jntrafrarne decorrelation using adjacent pixel. 

Foreman, Table Tennis and Grasses), which represent various motion types from low to high, 

are evaluated. Five frames from each sequence are evaluated, which consists of 190080 pix-

els. The graph shows that, for highly correlated data, the difference between two consecutive 

pixels with smaller magnitude has higher probability than the larger magnitude. Dbm-vbm 

utilises this characteristic to minimize the bus transition. 

In addition, the bus switching activity for image data is non-uniformly and non-stationary as 

shown in Figure 5.1. The distribution depends on the type of video sequences. Frame with 

high texture tend to have more bits with high switching activity, and vice versa. 

Figure 7.5 shows the block diagram describing the dbm-vbm operation. It consists of decor-

relator (dbm) and entropy coder (vbm). The dbm-vbrn technique is summarized as follows. 

First, two adjacent pixels (intrafrarne) are decorrelated using dbm. dbm calculates the rela- 
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Figure 7.5: dbm-vbm bus encoder and decoder 

tive difference between the two pixels. vbm maps the values to patterns that have different 

weights (i.e., total number of is). To reduce the overall transition, it maps the low magni-

tude value to a pattern that has the fewest Is, whereas higher magnitude values are mapped 

to patterns that have more is. At the output, the XOR translate is as transition and Os as 

transition-less. 

The average number of transitions for the dbm-vbrn method depends on its source-word, i.e., 

the decorrelator output. The more the graph is skewed toward zero, the more patterns are 

assigned with less is. Thus, one way to improve the transition reduction is by improving the 

decorrelator. 

7.5 	Interframe Decorrelation 

Video sequences consist of both spatial and temporal redundancy. The existing bus encoding 

techniques utilize spatial redundancy within frame. However, the temporal redundancy is not 

fully exploited to reduce bus transition. 

In the proposed method, decorrelating the pixels using two consecutive frames (interframe) 

is proposed. This method is based on the observation that two consecutive frames are highly 
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Figure 7.6: Interframe vs. intraframe decorreiationjbr Foreman sequence. 

correlated. Often, the background of a scene is stationary. Furthermore, for a moving object, 

the differences between successive frames are very small. Figure 7.6 

compares the pixel decorrelation using intraframe approach with that using interframe ap-

proach for the Foreman sequences. The figure shows that decorrelating the pixels using the 

interframe approach improves the graph skew-ness towards zero. This will translate to higher 

transition saving since more patterns will be assigned with less Is. 

In order to demonstrate the effectiveness of the proposed method, the setup shown in Figure 

7.7 is used. Assuming 8 bits represent each pixel, two 8-bit buses are required to transfer 

two pixels in parallel as shown in Figure 7.7(a). Let frames A and B be the two consecutive 

frames, and BusA and BusB be the buses that transmit these frames, respectively. 

To exploit the redundancy of these buses, one bus is decorrelated with respect to the other. Let 
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Figure 7.7: Experiment setup: (a) Unencoded buses (b) Encoding BusA using interframe (c) 
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BusB be the reference bus. BusA is then decorrelated with respect to BusB using dbmA. The 

dotted arrow in Figure 7.7(b) represents this. DbmA has a similar function to dbm, except 

that it calculates the relative difference between two current inputs. The output from dbmA is 

then mapped to the vbrn table and XOR-ed as in intraframe. The decoder works as an inverse 

function of the encoder. To reduce the bus transition on the reference bus, the existing bus 

encoding techniques (intraframe) is applied to BusB. Figure 7.7(c) shows the complete setup 

for the proposed bus encoding technique. 

7.6 Results and Discussion 

In this section, the effectiveness of the interframe bus encoding technique as applied to BusA 

is first analysed. Next, the effect on interfrarne transition as the distance between frames 

increases is analysed. Finally, the total power reductions achieved utilising the proposed 

method are compared. Eight types of video sequences (150 frames each), which represent 

different sequence classes, were used throughout the analyses, as discussed in Section 3.6. 

The proposed method was benchmarked against the intraframe method and bus invert method. 

As shown in Figure 5.1, the data switching activity is non-uniform. Thus, using normal bus 

invert method for the whole 8 bits will not result in an optimal solution. Furthermore, since 

the switching activity is non-stationary, partial bus invert [11 8] is not optimal for this type of 

data since the choice of bus lines involved is static. Instead, adaptive partial bus invert (APBI) 

as proposed in [123] and clustered bus invert (BI) are chosen as comparisons to the proposed 

technique. Simulation results show that grouping a 4-bit bus at the LSB and another 4-bit bus 

at the MSB gives better transition saving for a wide range of image data. 
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Bus 
Unencoded B! APBI 	1 Intraframe 	1 —H 

Interframe 

Trans Say Trans [ Say Trans 
—H 
Say Trans I 	Savj Trans Say 

Akiyo 3539814 0 2734827 22 3075712 13 2029893 43 434764 88 

Foreman 4252973 0 3282433 23 3693882 13 2476283 42 1993008 53 

Container 4030081 0 2981150 26 3496356 13 2268541 44 1053195 74 

Silent 4482196 0 3364351 25 3892186 13 2611724 42 1233714 72 

Table Tennis 4529724 0 3251153 28 3951140 13 2491353 45 1197771 74 

Hall 4004324 0 3086181 23 3519554 12 2395288 40 1440674 64 

Coastguard 4548029 0 3564119 22 3925721 14 2659735 42 2471867 46 

Mobile 5252726 0 4130726 21 4631436 12 3573444 32 2596130 51 

Avg Sav 0 24 13 41 65 

Table 7.3: Total number of transitions (Trans) ,for bus encoding applied to BusA, and per-
centage (?f transition reduction when compared with unencoded bus (Say) 

Table 7.3 shows the percentage of transition reduction for applying bus encoding techniques 

to BusA as in Figure 7.7(c). The results show that the interframe method provides higher 

transition reduction compared to both bus invert and intraframe implementations. On av-

erage, the proposed method reduces 65% of the transition over unencoded buses. This is 

equivalent to a 1.6 and 2.7 times more transition saving over intraframe and clustered bus 

invert, respectively. APBI results in low transition saving compared to clustered bus invert. 

This is because the APBI requires some delay before it determines the right combination of 

bits to be inverted. This reduces the effectiveness of this technique compared to clustered bus 

invert. 

The amount of switching reduction is dependent on the frame characteristics. For frames with 

a low amount of movement, the amount of transition reduction is large (88% as in Akiyo). 

This is because the correlation between successive frames is high. Alternatively, for frames 

with high amounts of movement, the correlation between frames is low. This results in less 

transition reduction, as shown in the Mobile sequences (5 1%). However, in both cases, the 
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Frame f 	Akiyo Foreman Table Mobile 
DistaneTrans I Say. Trans I Say Trans I Say Trans Say 

1 434764 88 1993008 53 1197771 74 2596130 51 
2 508545 86 2508229 41 1310800 71 3269278 38 
3 568612 84 2795122 34 1348278 70 3652606 30 

4 605701 83 3024017 29 1445311 68 3896325 26 

5 652209 82 3145602 26 1484711 67 4065273 23 

Table 7.4: Total number of transitions ('Trans) for difjèrent frame distances applied to inter-
frame bus encoding, and percentage of transition reduction when compared with 
unencoded bus (Say) 

interframe shows superior performance compared to intraframe and bus invert techniques. 

In addition, as the distance between two frames increases, the frame correlation decreases. 

This is reflected by the decrease in transition reduction for interframe, as shown in Table 

7.4. For high motion sequences, the decrease is more rapid, as shown in the Mobile case. 

Increasing the frame distance from 1 to 2 degrades the performance by 25%. On the other 

hand, for low motion sequences (such as Akiyo), an increase in frame distance only degrades 

the transition reduction by about 2%. In general, using two consecutive frames improves 

transition reduction when the frame distance is kept as close as possible and the correlations 

between frames are high. 

Table 7.5 compares the total transition saving on both BusA and BusB, as in Figure 7.7(c). 

Since interframe is only applicable on BusA, intraframe is implemented on BusB. The results 

show that the interframe-intraframe combination (inter-intra) shows superior performance 

compared to the intraframe-intraframe pair (intra-intra). The inter-intra combination gives a 

53% transition reduction over unencoded bus. This is equivalent to a 29% improvement over 

the intra-intra pair. This improvement is because of the higher transition reduction due to the 

interframe technique on BusA. 
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EU
nen 

 
Bus coded BI-BI Intra-Intra Inter- Intra 

Trans Say I 	Trans Say Trans Say Trans Say 
7080214 0 5468705 23 65 

 
4059929 43 2464800 E 8509990 0 6566297 23 4954007 42 4470732 47 

8061030 0 5963733 26 4537337 44 3321991 59 
8963679 0 6728665 25 5222477 42 3844467 57 

Table 8541122 0 6339829 26 4888561 43 3933947 54 
Hall 8534373 0 6337716 26 4887386 43 3593804 58 

Coastguard 9096094 0 7128551 22 5 3 19 5-4 6 42 5131678 44 
Mobile 	j 10507221 0 8261831 21 	11  7147641 1 32 6170327 41 
vgSav 0 24 41 53 

Table 7.5: Total number of transitions (Trans) for di,fJè rent bus codings implemented on BusA 
and BusB, and percentage of transition reduction when compared with unencoded 
bus (Say) 

The bus encoder and decoder are synthesized using 0.13/1m UMC technology library with 

1.25 V supply voltage at 20 MHz clock frequency. The design was mapped onto logic gates 

using Synopsys Design Compiler, and the functional behaviour was verified using Verilog 

XL. Synopsys Power Compiler was used to perform gate level power evaluation. 

Table 7.6 shows the total encoder and decoder circuit area (m2), power (W) and delay 

(ns) overhead for implementing bus coding on BusA and BusB (refer to Figure 7.7(c)). Both 

inter-intra and intra-intra require more area compared to bus invert. This is because they 

require more logic gates to implement the decorrelator and vbm look-up table. Compared 

to intra-intra, inter-intra requires less area and power. This is because the intraframe decor-

relator requires additional registers to store the previous input value whereas the interframe 

decorrelator uses current bus values as its input. This eliminates the need for extra register in 

the interframe decorrelator. 

Figure 7.8 shows the total power consumption for bus encoding techniques implemented in 

Figure 7.7(c). The total power consumption, PT, is calculated as PT = PE,, + PDeC + 
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BusA I BusB Area (mm') I Power (mW) Delay (ns) 

BI BI 1936 84 2.6 
Intra Intra 29050 730 4.5 
Inter Intra 28691 635 4.3 

Table 7.6: Total encoder and decoder circuit overhead/or c4/frrent bus coding implemented 
on BusA and BusB 
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Figure 7.8: Total bus power consumption vs. wire capacitance 

PCL, where PE,, and PD, represent the power consumption due to bus encoder and decoder 

circuits. PCL  is the total bus power consumption estimated by PCL = CLVcIJC. In general, 

the slope of the graphs in Figure 7.8 is proportional to c, which is dependent on the type of 

bus encoding used. 

From the graph, for capacitances less than 5pF, the circuit power offsets the power saving 

on the buses. However, for wire capacitances greater than 5pF, the bus power reduction 

exceeds the circuit power overhead. This results in inter-intra dissipating much lower power 
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compared to the other techniques. For a typical off-chip wire capacitance of 15pF [110], 

the total bus power consumption is 2.5mW compared to 4mW for unencoded buses. This is 

equivalent to 38% power savings, compared to only 24% and 5% using intra-intra and bus 

invert, respectively. The greater power savings achieved in inter-intra is due to much lower 

transitions occurring on the buses. A smaller slope, as shown in the graph in Figure 7.8 

reflects this. 

7.7 Summary 

We have presented an interframe bus encoding technique for MPEG-4 applications. The 

combination of interframe and intraframe results in a 53% transition reduction over unen-

coded bus. This is equivalent to 29% transition reduction improvement compared to existing 

techniques that use the intraframe approach. This method is suitable for applications where 

multiple frames are being transferred between memories, such as during motion prediction 

in MPEG-4 AVC/H.264 encoder. The implementation of this technique in H.264 system will 

be presented in the next chapter. 
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Chapter 8 
Low power H.264 System 

8.1 Introduction 

For real time implementation, a hardware accelerator is important to overcome the increase of 

computational load in a video compressor such as the H.264. In addition, compared to general 

purpose processor implementation, dedicated hardware acceleration requires less power con-

sumption. This makes this approach attractive for energy critical appliances such as portable 

devices. 

In this chapter, a H.264 system is discussed. To minimize the power, the low power tech-

niques proposed in the previous chapters are integrated into the system. The effects of these 

low power techniques on the overall system are investigated to measure the effectiveness of 

these methods. 

This chapter is organized as follows. Section 8.2 provides an overview of the H.264 system 

and discusses the architecture of each of its components. Section 8.3 discusses the imple-

mentation of the two-step ME and interframe bus encoding into the mpeg system. The results 

of implementing the low power techniques are discussed in Section 8.4. Finally, Section 8.5 

concludes this chapter. 
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8.2 H.264 Architecture 

In the standard H.264, several profiles are defined to suit different applications. This work 

focuses on the baseline profile, since its computational load is suitable for mobile devices. 

The main modules in this profile are motion estimation, intra prediction, transform coding, 

quantiser, deblocking filter and entropy coding. For the entropy coder, the baseline profile 

uses CAVLC to code the MB coefficient. In order to provide real time communication, each 

MB must be processed at a specified period. The constraint on the total clock cycle to process 

one MB is largely determined by the frame rate and frame size. 

In order to evaluate the low power techniques, an H.264 system was built, as shown in Figure 

8.1, which will be referred to as the conventional system in this thesis. The architecture of 

each module in the system has been carefully selected based on existing literature to achieve 

real time implementation [95, 124-127]. 

This system consists of a motion estimator (ME), a motion compensator (MC), a transform 

coder, a deblocking filter (DFIR) and an entropy coder (EC). The transform coder is com-

prised of an integer transform (IT), an inverse integer transform (ITT), a quantiser (Q) and an 

inverse quantiser (IQ). Modules dealing with intra prediction and fractional pci motion esti-

mation were not included due to time constraints. Furthermore, since the proposed low power 

techniques mainly affect the integer motion estimation and transform coding loop, intra pre-

diction and fractional pci motion estimation are not directly affected by these techniques. 

The architecture aimed to process QCIF resolution (YUV420) at 30fps with a search range 

of 	= [-8, 7]. 
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The basic processing unit in a video encoder is a macroblock. To encode the macroblock 

in serial order, starting from predicting the current MB to bitstream generation would result 

in slow throughput and low hardware utilization. To overcome this problem, macroblock 

pipeline processing is typically adopted in MPEG hardware architecture [128]. 

In this work, the system is divided into three pipeline stages. The first stage performs motion 

prediction. This stage includes loading the search area from external memory into on-chip 

memory and performing motion estimation and motion compensation. The second stage per-

forms transform coding including integer transform, quantiser, inverse quantiser and inverse 

integer transform. Since the entropy coder and deblocking filter are operated based on out-

put from the transform coder, these operations are executed in the third pipeline stage. This 

arrangement allows the hardware of each stage to be ready for processing the next MB once 

the output is stored into the pipeline buffers. 

Table 8.1 shows the amount of clock cycles necessary to operate each module. From the 

table it can be seen that the number of clock cycles required for each pipeline stage depends 
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Modules 
Total Reference Frames 

ME/MC 496 896 1296 1696 2096 
IT/Q/IQ/IIT 178 178 178 178 178 

DFIR 208 208 208 208 208 
EC 1920 1920 1920 1920 1920 

Maximum clock 1920 1920 1 	1920 1920 >1920 

Table 8.1: Clock cycle requirements for each module 

on the number of reference frames used during motion estimation. For less than four refer-

ence frames, the entropy coder consumes the largest number of clock cycles. The motion 

estimation consumes the largest clock cycle compared to other modules for five or more ref-

erence frames. In this design, a maximum of four reference frames are used which allows the 

throughput for the pipeline to be set to 2000 clock cycle permacroblock. To achieve real-time 

operation, the clock has to operate at 6MHz for QCIF@30fps. 

To synchronize the pipeline operation, the intermediate results of each stage are stored in 

pipeline buffers (SRAM). Figure 8.1 shows that five pipeline buffers are required to store 

information about current MB, predicted MB, reconstructed MB, coefficient MB and filtered 

MB. Each buffer stores four pixels per word for each Y, U and V component. Table 8.2 

summarises the size, type, and the number of SRAM required for each buffer. In total, 28 

Kbits of pipeline buffer are required to synchronize the operation. 

The pipeline buffers operate as follows. The current MB buffer stores the pixels from the 

off-chip memory which consists of luma (Y) and chroma (UV) components. The buffer is 

read during the ME initialization and transform coding stage. The two main outputs from 

the transform coding, i.e. the transform coefficient and reconstructed MB, are stored into the 

coefficient buffer and reconstructed MB buffer, respectively. The reconstructed MB buffer 
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Buffer Size Type ]_Total SlaM—F Data 

Current MB 96x32bit lport 2 YUV 
Predicted MB 96x32bit iport 1 YUV 

Reconstructed MB 96x32bit 2port 1 YUV 
Coefficient MB 96x64bit iport 2 Transform coefficient 

Filtered MB 104x32bit lport 1 YUV 

Total Size 27904 bits 

Table 8.2: Pipeline buffer's size and type and the total number of SRAM required 

is read during MB filtering and the output is stored into the filtered MB. The entropy coder 

utilizes the data in the coefficient buffer and outputs the generated bitstream into the output 

buffer. The architecture of each module used in the H.264 system is discussed in the next 

section. 

8.2.1 Motion Estimation 

For search range p = [-8, 7], where four pixels per word (32 bits) are transferred from the 

off-chip memory, the search area of the leftmost MB requires at least 256 clock cycles to 

store the pixel into the search area RAM. For the search area of other MB positions, since 

half of the neighbouring search area is overlapped and can be reused, only 128 clock cycles 

are required to update the one search area. 

The search area memory contains 16 memory banks (SRAM) to store the search area for 

each reference frame. For a search area with size W x H, the search area is divided into 

segments consisting of sixteen columns per segment. The first search area segment is stored 

in the first H address in the search area RAM. The second segment is stored in the second H 

address of the search area RAM, and so on. To support horizontal and vertical scans during 

the ME, the data is stored in a ladder-like style in the search area RAM [106]. 
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Once the first candidate has been loaded into the PE, the ME requires 256 clock cycles to 

evaluate all candidates per reference frame. Details of the ME operation are described in 

Chapter 6. During motion compensation, the MC unit reads the luma components of the best 

prediction blocks from the search area RAM and stores the data into the predicted MB buffer. 

The chroma components are read from the external reference frame buffer. For MB other 

than the leftmost MB, the ME requires a total of 496 clock cycles to complete the operation. 

The number of clock cycles will increase for higher numbers of reference frames. 

8.2.2 Transform and Quantiser Module 

Compared to the conventional DCT, H.264 utilises an integer transform, an integer approxi-

mation of DCT [129]. The integer transform has the advantage of using only integer numbers, 

addition and shift during its operation. This ensures zero-mismatch when it is decoded [130]. 

Other than the integer transform, the H.264 performs 2 >< 2 and 4 >< 4 Hadamard transforms on 

the chroma DC and Intral6 luma DC, respectively. Figure 8.2 shows the architecture for the 

integer transform. The four luma pixel residue is first calculated by subtracting four current 

MB and four predicted MB pixels. The transformed coefficient is stored into the coefficient 

MB buffer. The reconstructed MB pixel is first output after the first 18 clock cycles. The 

next 64 clock cycles output all the luma components and stores them in the reconstructed MB 

buffer. 

For the chroma component, the pixel is first transformed and quantised before the output from 

the inverse quantiser is stored into the temporary buffer. During the transform, the chroma DC 

values are stored temporarily into the 2 x 2 register before they are transformed by the 2 x 2 
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Figure 8.2: Integer trans/or/n and quantiser architecture 

Hadamard transform (2 x 2 Hada). The output from the inverse 2 >< 2 Hada of the DC chroma 

is then stored in the temporary buffer. When the entire chroma coefficient is available in the 

temporary buffer, the inverse integer transform will be performed on the chroma. The total 

clock cycles required to transform each chroma is 48 clock cycles. In total, the architecture 

requires 178 clock cycles to generate the reconstructed MB. 

In the H.264, the quantiser is combined with the scaling factor that results from factorizing 

the DCT transform. By combining the quantiser and scaling factor, only one multiplication 

factor (MF) is needed for forward transform. The standard defines the MF for the first six QP 

values and its value is repeated for the rest of the QP values. The inverse quantiser scaling 

factor (SF) is also predefined by the standard. 

8.2.3 Deblocking Filter 

The deblocking filter consists of a filter circuit, transpose circuits, a delay buffer and an upper 

and left slice buffer as shown in Figure 8.3. Whilst the filtering operation is straightforward 

as defined by the standard [48], the horizontal and vertical filtering require complex data 

arrangement. Figure 8.4 shows the current MB and its neighbouring blocks. The left slice 
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Figure 8.3: Debiocking filter architecture 

buffer stores the block located on the left of the current MB for horizontal filtering. The upper 

slice RAM stores the neighbouring blocks that will be used during vertical filtering and its 

size depends on the frame width. The delay buffer temporarily stores the filtered pixel that 

will be used for filtering the next block edges. To rearrange the data for vertical filtering, the 

transpose unit transposes 4x4 pixels before storing them in the reconstructed MB buffer. 

In this architecture, the horizontal filtering is performed first followed by vertical filtering. 

During the filtering, four pixels per clock cycle are accessed from the reconstructed MB 

buffer and another four pixels are accessed from the left slice, upper slice or delay buffer. 

Thus, the edge filter processes 8 pixels per clock cycle. In total, the luma component requires 

128 clock cycles, whilst the chroma requires 32 clock cycles. An additional 8 clock cycles 
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Figure 8.4: Arrangement of blocks for deblocking filter: unfiltered blocks of current MB, 
upper slice blocks and left slice blocks. 

delay is required for each chroma in order to avoid conflict when storing the chroma pixels 

into the reconstructed MB during the change from horizontal to vertical filtering. In total, the 

deblocking filter requires 208 clock cycles to complete the operation and store the output into 

the filtered MB buffer. 

8.2.4 Entropy Coding 

The baseline profile uses Exp-Golomb and context adaptive variable length coding (CAVLC) 

to generate the compressed bitstream [131]. The Exp-Golomb is mainly used to code the 

picture, slice and MB information while the CAVLC is used to generate the codeword for 

the coefficient. The coefficient is first zigzag-scanned and the total sequence of zero, one and 

non-zero coefficients is coded. Since the generated codeword has a variable length depending 

on the coefficient information, the bitstream packer is used to group the generated bits every 

32 bits. 

During bitstream generation, the MB information is encoded first, followed by the coefficient 

information. The number of clock cycles required to encode one block depends on the co- 
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efficient data. For the best case, where all block coefficients are zeros, 20 clock cycles are 

required to code the block. The worst case occurs when all coefficients are non-zero. This 

requires 80 clock cycles to process one block. Thus, the maximum clock cycles required to 

generate bitstream for one MB is 1920 clock cycles. 

8.3 Low power H.264 System 

In order to reduce the power consumption of the existing system, the low power techniques 

proposed in the previous chapter are incorporated into the system. In the low power system, 

the ME unit is replaced by the proposed ME hardware that can perform a two-step search. 

This architecture is able to perform a full search and a low resolution search. During normal 

mode, the full search is selected. In the low power mode, the two-step search is utilized. The 

low power bus encoding is also incorporated to minimize the bus transition when the search 

area is loading from external memory to search area RAM. 

8.3.1 Two-step Search 

As discussed in Chapter 6, since the mcm8p architecture (defined in Section 6.3.3) gives 

the largest energy saving compared to other architectures, this architecture is used to imple-

ment the two-step algorithm. The two-step search performs the low pixel resolution search 

followed by the full pixel resolution search. Thus, in total, the motion estimation requires 

352 clock cycles per reference frame to initialize the ME and find the best candidate. This is 

equivalent to 30% more clock cycles than the conventional ME. Since the total pipeline MB 
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is set to 2000 clock cycles which is the maximum required by the entropy coder, a maximum 

of three reference frames are used during low power mode. This allows the system to be oper-

ated without increasing the clock frequency. Since the number of reference frames is reduced 

from four to three, a small drop in motion prediction quality is expected for this architecture. 

8.3.2 Interframe Bus Encoding 

In Chapter 7, the interframe bus encoding was found to be a significant improvement on the 

existing intrafrarne bus encoding. In this section, the proposed integration of the interframe 

bus encoding into the H.264 system is discussed. Due to the way in which pixels are stored 

and accessed going to/from the external frame memory, some modification is made on the 

interframe bus encoding circuit. 

As shown in Figure 8. 1, an interaction between the H.264 modules and the external reference 

frame buffer occurs on two occasions: (a) when the pixel is stored into the external reference 

frame buffer after filtering the MB through the deblocking filter; (b) during loading of the 

search area pixels from the external reference frame buffer into the search area RAM. Thus, 

the bus encoder and decoder should be implemented in (a) and (b), respectively. 

Figure 8.5 shows the modified H.264 system to include the proposed interframe bus encod-

ing method. To allow interframe decorrelation during bus encoding, reference frames stored 

in the external memory are arranged in a sequence as shown in Figure 8.6. Since the inter-

frame technique requires other frames, the bus coding is alternated between intraframe and 

interframe. 
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Figure 8.5: H 264 system modified to include an interframe bus coder 
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Figure 8.6: Reference frame arrangement of external buffer and the type of bus encoding 
applied to it. 
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Base frame (BF) refers to the frame that is stored as intraframe by the bus encoder, since 

it does not require any other frames. Dependence frame (DF) is a frame that is stored as 

interframe by the bus encoder, since it requires other frames to decode the pixel values. DF 

is always stored after its BF for ease of decoding later on. 

In order to allow interframe decorrelation, pixels from the base frame have to exist for the bus 

encoder. The bus decoder has a similar requirement. For the bus decoder, since the search 

area is accessed from a multiple number of frames, the proposed solution is to load the base 

frame first, followed by the dependence frame. When the search area from the dependence 

frame is loaded, the search area pixel from the base frame is accessed as well to perform the 

interframe decorrelation. 

In contrast to the bus decoder, since the fully filtered MB is only written into the external 

frame buffer, no base frame is available at the bus encoder. The solution proposed for this is to 

store the required base frame MB in a buffer. The base frame MB can be stored when loading 

the base frame search area into the search area memory. Since the deblocking filter operation 

is located in the third stage of the pipeline buffer, an additional MB buffer is required to store 

the last three MBs of the base frame. This buffer will be used during interframe decorrelation 

when writing the pixels into the reference frame buffers. Using this approach, it is possible 

to perform interframe decorrelation at the bus encoder. 

The detailed hardware implementations for the bus encoder and decoder are shown in Figures 

8.7 and 8.8. The hardware is able to perform either interframe or intraframe. When intraframe 

is selected, the bus encoder calculates the dbm decorrelation using the filtered pixel and the 

previous pixel stored in the register. Similar input is used to calculate the inverse of dbm at 
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Figure 8.7: Jnterframe-intraframe encoder for H.264 hardware 

the bus decoder. 

During the interframe bus encoding, the encoder calculates the dbm using filtered pixels and 

pixels stored in the buffer MB. Since the buffer MB stores the corresponding base frame MB, 

this is equivalent to decorrelating a pixel from two frames. To decode the pixel, the search 

area from the base frame is first loaded into the search area buffer. When the search area from 

the dependence frame is loaded, the loaded search area from the base frame is read in parallel 

to correlate the search area pixel before storing it in the search area RAM. 

8.4 Results 

This section will first discuss the results of implementing the proposed two-step method into 

the H.264 system. Then, it will discuss the results of incorporating the proposed bus encoding 

into the system. In each of the sections, the effect on the overall area and power/energy is 

discussed using results obtained from the layout data. 

FRg 
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Figure 8.8: Interframe-intrq/raine decoder/or H.264 hardware 

8.4.1 Conventional H.264 Architecture 

Table 8.3 shows the area used by logic and memory in the conventional H.264 system. From 

the table it can be seen that the logic takes up about 72% of the overall area whereas the 

memory unit takes up about 28%. The ME takes up the largest amount of area, about 53% 

compared to other modules. This is followed by the transform coder (IT/IIT/Q/IQ), entropy 

coder (EC) and the deblocking filter (I)FIR), which take up 10%, 7% and 8% respectively. In 

total, the conventional architecture requires 4.8 5mm2  of chip area for the chip core. 

Table 8.4 shows the energy consumption for each logic module in the conventional architec-

ture. Since different modules require different clock cycles to process one MB, the energy 

consumption is more accurate than the power values in representing the actual amount of 

work required to process MBs. In total, using one reference frame during motion prediction, 

the system consumes 695.43 nJ to process one MB within 2000 clock cycles (6MHz). The 
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Modules Area (mm') ____ 
Logic Memory Total % 

ME 1.68 0.91 2.59 53 
MC 0.04 - 0.04 1 

IT/lIT, Q/IQ 0.44 0.03 0.47 10 
DFIR 0.27 0.09 0.36 7 

EC 0.39 - 0.39 8 
Others 0.69 0.31 1.00 21 
Total [ 	3.51 1.34 4.85 	1 100 

Table 8.3: Area/or conventional H.264 architecture 

Modules 
J 	

Energy (nJ) _____ 
Logic Memory Total % 

ME 460.76 75.51 536.27 77 
MC 0.86 3.76 4.62 

JT/IIT,Q/IQ 58.83 16.51 75.34 11 
DFIR 36.61 17.41 54.02 8 
EC 19.81 5.37 25.18 4 

Total 576.87 118.56 ft 695.43 100 

Table 8.4: Energy consumption "n) for the conventional H.264 architecture at 6MHz for one 
refi?rence frame 

motion estimation dominates energy consumption, taking 77% of the total power. This is 

followed by the transform coder, deblocking filter and entropy coder at 11%, 8% and 4% 

respectively. For higher numbers of reference frames, the energy consumed by the motion 

estimation increases since the computation has to be repeated for each reference frame. 

8.4.2 Two-Step Motion Estimation in H.264 System 

By applying the proposed two step method, additional area is introduced to allow low resolu-

tion searches to be performed. As shown in Table 8.5, this increases the ME area by 0.49mm2 . 

At the system level, the additional area increases to 10% of the total area. 
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Modulesj_] 
Area (mm 2)  

Logic M emory]j_Total % 

ME 2.17 0.91 3.08 57 
MC 0.04 - 0.04 1 

IT/ITT, Q/IQ 0.44 0.03 0.47 9 
DFIR 0.27 0.09 0.36 7 
EC 0.39 - 0.39 7 

Others 0.69 0.31 1.00 19 

Total 4.00 1.34 5.34 [iö 

Table 8.5: Area for the proposed H.264 low power architecture 

Modules 1 	Energy (nJ) 
Logic I Memory Total % 

ME 218.81 46.93 265.74 62 
MC 0.86 3.76 4.62 1 

IT/IIT,Q/IQ 59.90 16.51 76.41 18 
DFIR 36.61 17.41 54.02 13 

EC 19.81 5.37 25.18 6 

Total 335.99 [ 	89.98 	[[ 425.97 [100 

Table 8.6: Energy consumption (nJ) for the proposed H.264 low power architecture at 6MHz 
for one reference frame 

The introduction of the proposed two-step hardware results in reduced energy consumption 

in the ME as shown in Table 8.6. The total energy consumed by the ME using the proposed 

two-step method is 265.74nJ. The proposed architecture has reduced approximately 50% of 

ME power compared to the conventional ME architecture. The implementation of the low 

resolution which requires a smaller computational load has contributed to this saving. 

Due to a slight decrease in the motion prediction accuracy during the two-step search, the 

residue generated from the two-step technique is slightly higher than the conventional ME. 

This results in a small increase in energy consumption (<2%) in the transform coder. Since 

most of the coefficient is quantised to zero, the small increase in residue is masked by the 

quantiser. Thus, the increase in the residue does not propagate to other modules, so there is 
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Figure 8.9: Energy comparison of H.264 system using conventional and two-step ME using 
one rejè rence frame. 

no change in energy consumption in the deblocking filter and entropy coder. In total, for one 

reference frame, the two-step method reduces the total energy consumption for the H.264 

system by 40%, as shown in Figure 8.9. Since major power saving is achieved in the motion 

estimation, the total energy saving for the whole system increases as the number of reference 

frames increases. 

8.4.3 Interframe Bus Encoding in H.264 System 

Tables 8.7 and 8.8 illustrate the resources required to implement the proposed interframe bus 

encoder and decoder in the H.264 system. For this implementation, four pixels at a time are 

transferred to/from the external memory on a 32 bit bus. Thus, four encoders and decoders 
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Encoder 	Area 	I Power (mW) 
Modules 	(mm2) 	lnterframe mode Intraframe mode 

Logic 0.03 0.178 0.176 
Memory 0.10 	1 0.39 - 

Total F 0.13 	T 	0.568 	I 	0.176 

Table 8.7: The bus encoding area and power overhead required to implement the interframe-
intraframe bus coding on a 32 bit bus at 6MHz 

Decoder 	Area 	I Power (mW) 
Modules 	(mm2) 	lnterframe modeIntraframe mode 

Logic 0.03 0.119 0.060 
Memory - 0.352 - 

Total 1 0.03 1 	0.470 	1 	0.0-6-0 ---] 

Table 8.8: The bus decoding area and power overhead required to implement the interframe-
intra/rame bus coding at 6MHz 

are used to encode and decode the bus. The tables show that the total area overhead required 

to implement the hardware is 0.16mm2. This is equivalent to 3% of the total area in the 

conventional H.264. 

From Table 8.7 and 8.8, it can be seen that the encoder and decoder circuits consume 0.568 

and 0.470 mW of power during interframe bus coding mode, respectively, with memory 

dominating the circuit power overhead. Since the intraframe decorrelation does not require 

any memory access, the total circuit power during intraframe bus encoding and decoding 

mode is much lower at 0.176 and 0.060 mW, respectively. 

Figure 8.10 and 8.11 show the total power consumption during interframe and intraframe bus 

coding compared to unencoded bus and bus coded using cluster bus invert. The total power 

consumption, PT, is calculated as PT = PCirciit + PCL, where Pci rcuit  represents the power 

consumption due to bus encoder or decoder circuits. PCL  is the total bus power consumption 

estimated by PCL = 12 CLVID f, where CL is capacitance load, VDD is operating voltage, f 
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Figure 8.10: Power consumption of 32 bit bus at 6MHz when transftrring pixels into the 
external refr rence frame ineinoiy 

is operating frequency and a is switching activity. The slope of the graphs in Figure 8.10 and 

8.11 is proportional to c, as discussed in Section 7.6. 

For typical off-chip wire capacitance of l5pF [110], the total bus encoder power consump-

tion during interframe mode is 3.39mW, while 4.8mW during intraframe mode. These are 

equivalent to 58% and 40% power savings compared to unencoded bus, respectively. In ad-

dition, the percentage of power saving is proportional to the off-chip wire capacitance. The 

greater power saving achieved by interframe is due to much lower transitions occurring on 

the busses. A smaller slope, as shown in the graphs in Figure 8.10 and 8.11 reflect this. 

Table 8.9 and 8.10 show the total energy consumed by the 32bit bus when accessing the 

external reference frame buffer. Since loading the one search area transfers more data (512 

pixels) than storing one MB data in the external reference frame buffer (256 pixels), more 
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Figure 8.11: Power consumption of32 bit bus at 6MHz when loading pixels from the external 
rejèrence/rame memory 

energy is consumed during loading of the search area pixel. In addition, the data loaded from 

the external reference frame buffer is proportional to the number of reference frames used 

during motion estimation. From the tables, the interfrarne bus encoding saves 58% of total 

energy as compared to an unencoded bus. 

Bus encoder I Total power (/LW) ]_Total clock] Total energy (nJ) 11 Energy Saving (%) 

Unencoded 8053.16 64 85.90 0 
Bus mv 7633.83 64 81.43 5 

Intraframe 4846.83 64 51.70 40 
Interframe 3386.60 64 36.13 58 

Table 8.9: Total energy consumption on 32bit bus at 6MHz with 15pF per bus wire when 
sending one filtered MB to external frame buffer 
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Bus decoder Total power (jW) Total clock Total energy (nJ) Energy Saving (%) 
Unencoded 8053.16 128 171.80 0 

Bus Inv 7633.83 128 162.85 5 
Intrafranie 4730.83 128 100.92 40 
Interframe 3288.60 128 70.16 58 

Table 8.10: Total energy consumption on 32-bit bus at 6MHz with 15pF per bus wire when 
receiving one search area from external frame bujjèrjbr one reference frame. 

Cony. H.264 System I Low nower H.264 system 

Coding 695.43 425.97 
Off-chip bus 257.7 106.29 

Engergy 1 	953.18 	1 	532.26 

Table 8.11: Overall energy consumption ('nJ) when implement bolth the low power motion 
estimation and interframe bus encoding technique into the H. 264 system. 

8.4.4 Overall Energy saving 

Table 8.11 shows the total energy saving by combining the low power motion estimation and 

the interframe bus encoding technique in the system. In total, the proposed techniques save 

44% of the energy compared with the conventional H.264 system. As shown in Figure 8. 1, 

the conventional system is represented by integer motion estimation (ME), integer transform 

(IT, ITT, Q and IQ), deblocking filter (DFIR), and entropy coder (EC). From instruction level 

analysis shown in Table 3.7, these modules contribute 78% of the total H.264 computation. 

Thus, for a complete H.264 system, the proposed low power techniques can reduce approxi-

mately 37% of total power consumption. 

Table 8.12 compares the power consumption of several H.264 systems published in the liter-

ature. In the table, specifications of baseline profile with a frame rate, 30 frames per second, 

are compared. The frame size determines the required macroblock to be processed per see-

ond. Thus, higher frame size requires higher clock cycle, which results in higher power 
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Name [128] [132] [133] Ours 
Year 2006 2007 2008 2008 

Specification H.264 H.264 H.264 H.264 
Profile Baseline Baseline Baseline Baseline 

Frame size Dl(720x480), CIF(352x288) 1024 x 768 QCIF(176x 144) 
Frame rate 30 30 30 30 

Internal memory 35KB 13.3KB NA 45KB 
Operating freq 81 MHz 10MHz 100MHz 6MHz 

Technology 0.18 urn 0.l3um 0.18 urn 0.13 
Power 581 	m 7mW (0.7 V) 95mW 1.28mW 
Powcr 00053 Freguencjx TotaiMB  00018 [ 	00003 00022 

Table 8.12: Comparison with other H.264 encoders 

dissipation. For a fair power comparison between different architectures, 	Power
PV(q'I('flCIJXTOtO/MB 

is used to represent energy consumed per macroblock. As shown in the table, the proposed 

system shows comparable performance against other state-of-the-art implementations pub-

lished in the literature. The implementation with the techniques proposed in this thesis is 

60% more energy efficient per macroblock compared to the implementation in [128]. In ad-

dition, the proposed system closely matches the implementation in [132] where lower voltage 

is used to reduce the power consumption. The implementation in [133] consumes the least 

power compared to other implementations. In this implementation, it uses fast motion estima-

tion algorithm during motion prediction where several candidates are skipped during motion 

prediction. However, this implementation results in degraded picture quality with reported 

PSNR drop by 0.8 dB. 
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8.5 Summary 

In this chapter, the results of implementing the proposed low power techniques were pre-

sented. Based on the conventional H.264 system, the two-step ME and interframe bus en-

coding techniques are included to measure the effectiveness of these techniques. The results 

show that the two-step algorithm is able to save 40% energy over the conventional system, 

while the interframe bus encoding saves 58% energy when transferring search area pixels on 

the 32 bit bus compared to the unencoded bus. 
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Chapter 9 
Conclusion 

9.1 Introduction 

This thesis presents a number of novel low-power techniques for an MPEG-4 video compres-

sion system. The power reduction is achieved by exploiting the algorithmic and architectural 

design methods. In this thesis, minimising the switching power between interacting modules 

is proposed, particularly in motion estimation and the external reference frame memory. 

This chapter summarises the work presented in this thesis. The main objective of each chapter 

is reviewed and the goal of the research work is accessed and evaluated toward contributing 

to a low power MPEG-4 system. The main achievements are then highlighted and future 

developments that could follow on from this study are suggested. 

This chapter is organised as follows. Section 9.2 discusses the conclusion of each chapter in 

the thesis. The main thesis contribution is highlighted in Section 9.3. Section 9.4 suggests 

future work and development based on the research work presented in this thesis. Finally, 

Section 9.5 concludes this chapter. 

9.2 Thesis Conclusion and Discussion 

Chapter 2 discusses the source of power consumption in the CMOS VLSI design. Since 

switching power consumes the greatest amount of power, various techniques have been pro- 
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posed to minimise this power. The problem can be tackled at different design stages such 

as system, algorithm, architecture and circuit. In order to assist in low power design, power 

estimation is crucial to calculate the power consumed by each module. This allows the main 

power bottleneck to be identified and low power techniques to be applied as the design pro-

gresses. 

Chapter 3 presents the fundamental elements of the video coding algorithm. The standards 

which were developed by the two main bodies, namely MPEG-4 and VCEG, are reviewed 

in this section. As new standards are introduced, the complexity of the video coding algo-

rithm increases. The essential building blocks of the MPEG-4 video coding are highlighted. 

Particular attention is given to the H.264 since it provides better compression compared to 

previous standards, but at the price of a significant increase in computational complexity. The 

computational load of the H.264 is discussed to justify the low-power technique for the H.264 

hardware system. 

Chapter 4 reviews the existing methods used to minimise the power consumed by video cod 

ing hardware. In most techniques, the video data characteristics are fully exploited to min-

imise the power consumption. 

Chapter 5 presents an algorithm to reduce the computational load in hardware-based motion 

estimation. The proposed technique is performed in two steps: low-resolution and high-

resolution. Compared to other low-resolution techniques, this method does not increase the 

memory bandwidth yet maintains good prediction accuracy for variable block size motion es-

timation. The simulation results shows that the proposed methods give good PSNR compared 

to the conventional full search with PSNR drop < 0.5dB. 
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Chapter 6 presents an energy efficient hardware for implementing the proposed two-step 

method. The proposed architecture is able to perform both low-resolution and high-resolution 

searches without significantly increasing the area overhead. With a unique pixel arrangement, 

the proposed method is able to perform at both low-resolution and high-resolution search, 

whilst still reducing the memory bandwidth. The results show that the proposed architecture 

is able to save up to 53% energy compared to the conventional full search. 

Chapter 7 presents a low-power technique to reduce the power consumption due to high 

switching activity on the off-chip buses. This technique reduces the bus transition due to mul-

tiple accessing of search areas during ME. By utilising the high correlation between frames, 

the proposed technique is able to reduce the off-chip bus switching activity by 53%. This is 

equivalent to a 38% reduction of power consumption on a typical off-chip wire capacitance. 

Chapter 8 presents the integration of the proposed methods into an H.264 system. The total 

power reduction is assessed and its interaction with other modules in the system is evaluated. 

The results show that the two-step algorithm is able to save 40% energy over the conventional 

system, while the interframe bus encoding saves 58% energy when transferring search area 

pixels on the 32-bit bus compared to the unencoded bus 

9.3 	Summary of Achievements 

This thesis has developed several algorithms and architectures that minimise the power con-

sumption in video compression standard. The following highlights these achievements: 

A two-step algorithm for variable block size motion estimation that minimise compu- 
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tation and memory bandwidths during motion prediction was designed. 

Energy efficient architectures that can implement the proposed two-step motion esti-

mation algorithm were implemented. 

An interframe bus encoding technique to minimise off-chip bus switching activity dur-

ing multiple reference frame transfer was designed. 

A hardware architecture to implement the interframe bus encoding technique into H.264 

system was developed. 

The proposed low power motion estimation techniques were integrated into H.264 sys-

tem and the total power saving was evaluated. 

9.4 Future Work 

This thesis points to several areas that require further investigation: 

An evaluation of the effectiveness of the two-step method on ID ME architecture 

should be considered. In ID ME, the memory bandwidth is higher than in 2D ME. 

The reduction of memory bandwidth can be achieved using the proposed method. 

In this work, the first two MSB are used in a low resolution search. In order to im-

prove the prediction accuracy, the selected two bits used during the ME can be varied 

depending on the video data characteristics. 
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Reducing the PE area in the proposed architecture should be considered, since it con-

sumes the largest area. Techniques such as resource sharing can be explored for this 

purpose. 

To further minimise the power consumption during ME, the two-step method can be 

combined with the existing low-power techniques, such as early termination and the 

successive elimination of impossible candidates. 

To further optimise the power, an algorithm to select the best mode during the video 

encoding would be useful. The full search can be selected if high picture quality is 

required, whilst the proposed two-step algorithm can be used when lower energy is 

required. 

Reducing the area required for the bus encoding implementation should be further in-

vestigated. This can be achieved by compressing the data stored in the memory. 

9.5 Final Comment 

Low-power is essential for today's wireless communications and consumer electronics. With 

the widespread use of multimedia applications and electronics devices; video compression is 

becoming very important. As new standards are introduced onto the market, video compres-

sion computational power tends to increase with the use of more sophisticated algorithms. 

This trend has been shown in previous MPEG-4 standards including H.264. While the com-

pression efficiency is very encouraging, the high computational power will be a setback, 

especially for mobile devices. This thesis has proposed several solutions to minimise these 
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problems. 

The next 10 years will see more sophisticated techniques and applications in consumer elec-

tronics. The demand from the consumer for more powerful devices and better features will 

force manufacturers to produce improved compression engines. This will certainly require 

more complex algorithms for video compression. 

The works on more robust video coding are actively being researched including scalable video 

coding and 3D video compression. These will result in a tremendous increase in computa-

tional complexity. Thus, the pressure for low-power algorithms and architectures for video 

coding will be even greater in the near future. 
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