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Abstract

Dynamic supply voltage and frequency scaling involves variation of supply voltage and clock

frequency at run-time to minimize the total energy consumption of electronic systems. This

method is very effective in reducing energy consumption because of the quadratic relation-

ship between energy and supply voltage. However, use of dynamic voltage and clock scaling

requires careful design of systems to function across a range of supply voltages (and fre-

quencies), and additional circuiffy such as DC-DC converters'

Dynamic voltage scaling can provide energy savings and extend battery life of portable

devices. This thesis focuses on portable multimedia applications operating in fixed through-

put mode. These applications have a constant processing requirement, and less than max-

imum workload levels are characterizedby idling, and consequently idle losses. By using

dynamic voltage scaling, the processing speed of data samples can be altered at run-time to

eliminate idle losses. For optimum energy savings, dynamic voltage scaling requires an infi-

nite number of voltage levels. However, supporting such continuous voltage levels involves

introduction of complexities such as closed loop feedback into the DC-DC converter. More-

over, output capacitance of the DC-DC converter must be significantly reduced to achieve

fast voltage transitions. This however results in increased output voltage ripple, reduced con-

verter efficiency at low voltages, and decreased system stability. An alternative approach is

to use a small number of discrete voltage levels or voltage quantizations and provide open-

loop voltage switching. This approach is called the voltage quantization model. Since this

approach involves the use of a small number of voltage levels, most workloads can no longer

be translated to unique supply voltage levels for voltage scaling, and this leads to selecLiott

of higher than ideal voltage quantizations for voltage scaling. This causes idle periods and

consequently increased idle losses.

XV



Prior research shows two approaches for reducing idle losses in the voltage quantization

model. They are clock gating and voltage dithering. The clock gating technique turns off

the clock to minimize energy loss, and this requires special circuitry and special hardware

design. Moreover, this technique is only useful when used at a low frequency due to the

overheads associated with clock gating. Since fixed throughput mode involves continuous

data processing, idle loss reduction through clock gating is ineffective for this class of ap-

plications. Voltage dithering on the other hand eliminates idle loss by processing a data

sample at two voltage quantizations. However, this increases the number of voltage transi-

tions and consequently increases the transition energy cost and switching noise. Moreover,

voltage dithering becomes infeasible when the sample period of the computation becomes

comparable to voltage transition time.

In this thesis we propose an alternative algorithmic approach to reducing idle losses in

the voltage quantization model. The proposed rate selection approach uses the novel concept

of transforming the workload distribution of data sequences to eliminate idle losses. The

thesis also presents a number of enhancements to the rate selection approach that improve

the energy efficiency and minimize the computational overhead. Our experimental results

indicate that the rate selection approach is more energy efficient compared to the best existing

approaches, while also significantly reducing the total number of voltage transitions.
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Chapter L

Introduction

This chapter introduces portable multimedia systems and provides a brief discussion of the

importance of minimizing energy consumption. The chapter also provides an overview of

the research undertaken and an outline of the thesis.

L.L Energy Minimizationin Portable Systems

Portable systems can be defined as a class of electronic products that can be carried about

without being consffained by location. The key enabling requirements of portability are

smaller size (and weight) and portable po,wer supplies typically in the form of batteries.

A decade ago the portable systems such as calculators included very simple functionality,

whereas today's systems such as personal digital assistants (PDAs) are very complex and

include most of the functionality of desktop computers. Due to the growing demand for

very compute-intensive applications such as audio and video, high performance processors

are increasingly being used in portable systems. Since higher throughput inevitably requires

increased clock frequencies, the undesirable consequence is increased power consumption.

As the amount of energy stored in batteries is limited, the use of power hungry processors in

portable systems results in reduced system operation time. In order to prolong the operation

time of portable battery-operated systems, two possible avenues are available.

The first approach for enhancing the operation time of portable systents is tluough in-

creased battery storage capacity. Though processor clock speeds have approximately dou-

bled every one and half years as predicted by Moore's law [Moo] and the power consump-

1



Chapter 1. Introduction

tion of the processors have correspondingly increased from under 1 Watt to over 50 Watts

in the last two decades, the improvements in the battery technology have been less impres-

sive. More specifically, the improvement in the storage capacity of batteries has only been

less than four fold in the last three decades lBag92l. Currently, the most common battery

technologies are Nickel-Metal Hydride (NiMH) (and some Nickel Cadmium (NiCd)), and

Lithium (Li-ion), with increasing market penetration of lithium polymer battery technolo-

gies. Even though new battery technologies provide much hope, they are bound by the

fundamental tradeoffs of batteries, involving storage capacity, re-charge time and re-charge

cycles, weight, and cost. For example, the NiMH batteries have30-407o more capacity com-

pared to NiCd batteries, but they cost 50Vo more and have longer re-charge times than NiCd

batteries with the same specifications [Rec]. Similarly Li-ion batteries weigh about half of

an equivalent NiCd battery and have higher number of charge/discharge cycles, but the cost

is higher. Though currently available Li-polymer batteries are becoming more popular and

hold much promise for future advancement, the bottom line is that only incremental advance-

ments can be expected from the battery technology, and some even speculate that the storage

limits set by chemistry are fast approaching [Rec].

The second and more effective way to extend operation time of portable systems is by

minimizing the overall energy consumption of the system. This involves energy efficient

system design or static approaches and also dynamic approaches of minimizing energy con-

sumption at run-time. The static approaches involve minimizing switched capacitance and

operational supply voltage, and can be done at algorithmic, architectural, logic, ancl cir-

cuit design levels. The dynamic approaches involve switching to low-power modes such

as SLEEP mode provided by the processors, dynamic voltage and clock scaling, and clock

gating. Though static optimizations are important for system energy minimization, dynamic

approaches are more effective because they use the system's operational patterns to exploit

opportunities for energy minimization.

Unlike computer workstations that require operation at highest throughput level at a ma-

jority of time, portable systems often have the complete opposite operational patterns that

dominate idling and only sporadic operation at the highest throughput. Due to this varia-

tion in processing patterns, dynamic po\l/er reduction techniques are exÍemely important to

portable systems.
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1.2. Research Ovewiew

This thesis focuses on the dynamic voltage and frequency scaling (DVS) technique for

energy minimization of portable systems. For the purpose of this research the type of appli-

cations considered are digital multimedia processing computations, in particular video and

audio decoding used in portable multimedia players.

The next section provides an overview of the research work undertaken, and presented in

this thesis.

I.2 Research Overview

Energy consumption in CMOS digital systems is proportional to the square of the supply

voltage tCSB92l. Consequently, any reduction of supply voltage provides a quadratic energy

saving. The dynamic voltage and frequency scaling technique involves scaling the supply

voltage (and clock frequency) at run-time to reduce energy consumption. However, scaling

down supply voltage brings about an increase in circuit delays and this results in slowing

down of the circuits. For systems such as high performance computer workstations that

require the processor throughput to be maximum at all times, the reduction of throughput

due to supply voltage scaling is not desirable.

Portable systems on the other hand operate in either burst mode or fixed throughput

mode of operation. The former is typical to most portable systems that wait in idle mode

for majority of the time and process at the highest throughput level for a small fraction of

the time. Application examples for such operation patterns include notebook computers,

hand-held organizers, and mobile phones. If idle time in burst mode systems can be oper-

ated at a scaled supply voltage, enetgy consumption can be significantly reduced without

sacrificing any throughput. Fixed throughput mode of operation is common in multimedia

based portable systems such as audio and video playback systems. Examples of such sys-

rems include portable MPEG layer 2 audio (MP3) and digital versatile disk (DVD) players.

In these systems, data rates (input, output, or both) determine the maximum processing time

for a discrete data sample, and variation of processing time due to changes in processing

complexity or workload of data samples result in idling. However, using dynamic voltage

scaling to slow down the processing speed, idle time in fixed throughput mode of operation

can be reduced, without having any adverse effect on the system throughput. For the purpose
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of our tesearch, we use dynamic voltage and clock scaling in the context of fixed throughput

mode of operation.

Implementation of the dynamic voltage and frequency scaling (DVS) technique involves

the design of a system that functions properly across arange of supply voltage levels. More-

over, voltage and clock scaling is enabled through a DC-DC converter and a specially de-

signed ring oscillator, respectively. In a typical system, a DVS-capable processor determines

the necessary workload and commands the DC-DC converter and clock scaling circuitry to

switch the supply voltage and clock frequency to required levels. In order to achieve en-

ergy savings from dynamic voltage and clock scaling, the voltage conversion of the DC-DC

converter must be very efficient and also produce fast voltage transitions for real-time con-

trol. In order to determine the optimum scaled voltage for each data sample, the processing

complexity or workload of each data sample must be known a priori.

The existing research on workload determination demonstrates that there are a number of

ways to determine the workload of some multimedia computations, and due to the explosive

use of dynamic voltage and frequency scaling in multimedia computations, we anticipate

that that future multimedia standards may include the exact workload information as part of

the header information during the encoding process such that the workload will be available

for the decoding process. Since the intent of our research is not to develop a new approach

for workload determination, but the use of workload information for minimizing energy con-

sumption, we carefully select our computation such that a priorl calculation of workload can

be achieved thtough the selection of an alternative algorithm implementation of the compu-

tation.

The two key parameters of DC-DC converters that are important for dynamic voltage

and frequency scaling are high conversion efficiency and short voltage transition times. To

achieve very high DC-DC conversion efficiencies, the switching regulator topology is pre-

ferred [SSB94]. In order to scale the supply voltage to any output voltage level, the DC-DC

converter must use a feedback control loop. Prior art demonstrates a number of such feed-

back control systems, and some even involving the sophistication of Proportional, Integral,

and Derivative (PID) controllers [WH99]. In order to shorten the transient response time of

the DC-DC convefter for real-time voltage scaling, the ouþut capacitance of the converter

needs to be significantly reduced (by about 20 fold) [Bur01]. However, reducing the output
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capacitance increases the supply ripple, decreases the stability of the feedback system, and

reduces the DC-DC conversion efficiency at low output voltage levels. Since portable sys-

tems that operate in fixed throughput mode idle for a large proportion of the processing time,

reduction of low voltage conversion efficiency reduces the energy efficiency of the dynamic

voltage scaling technique. Moreover, an increase in supply ripple also increases the proces-

sor energy consumption. Therefore, faster voltage transitions achieved through reductions in

output capacitance can be detrimental to portable DVS systems operating at fixed throughput

mode.

An alternative approach to shorten the voltage transition time in DC-DC converters is

to eliminate feedback control and use an open loop approach with a small number of pre-

determined voltage levels (quantizations) [Gut96]. This approach uses a lookup table of

predetermined voltages for supply voltage scaling. Since ouþut capacitance is not reduced

in this open loop approach, the conversion efficiency is very high at low ouþut voltage levels

(and hence for the full range of supply voltages). Moreover, in order to reduce the overhead

of the lookup table in the open loop voltage controller, a small number of voltage levels are

preferred. However, use of a small number of predetermined voltage levels means that most

workload values of data samples can no longer be directly translated to a unique scaled volt-

age that eliminates idle loss. This leads to selection of voltage quantizations that are higher

than ideal, and this results in the computation finishing ahead of the maximum available

processing time and idling part of the sample period. Thus, the main limitation of voltage

quantization model is the increase in idle losses.

There are two existing methods for minimizing the idle losses associated with voltage

quantization model. The frrst is clock gating, and the second is voltage dithering [Gut96].

Clock gating is a hardware-based approach that has been extensively used in super-scaler

microprocessors to reduce the clock power by turning off the clock to unused functional

units, and this technique can be applied to minimize the idle energy loss. However, since the

majority of data samples in a fixed throughput mode system will contribute to idle losses,

clock gating will have to be performed at a very high frequency comparable to data rates'

This is undesirable because clock gating is only effective for low frequency use, due to

the associated limitations such as increased switching losses caused by large variations of

current. Moreover, clock gated systems require a special design and equally complex test
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efforts [Xan99].

Voltage dithering involves processing a data sample at two voltage quantizations within

a sample period such that the idle time is eliminated. The key requirement for this technique

is that the sample period must be long enough to allow the additional voltage transition (due

to finite transition time). Moreover, having only a small number of voltage quantizations

implies that a vast majority of samples in a typical data sequence will have to be processed

at higher than ideal voltage quantizations and this results in increased idle losses. Moreover,

the additional voltage transitions incurred in voltage dithering can significantly increases the

total number of voltage transitions. Since ouþut capacitance is high in the voltage quan-

tization model, increasing the total number of voltage transitions due to voltage dithering

increases the transition energy loss and can dominate the total energy consumption. Addi-

tionally, increased voltage transitions can also contribute to increased noise in the system,

and this limits the use of this technique in noise sensitive applications such as portable wire-

less multimedia systems.

There are also other shortcomings associated with the voltage quantization model using

open loop approach. These are: 1) predetermined voltage levels do not scale with process

and temperature variations, and 2) higher output capacitance results in higher energy loss per

voltage transition. However, by using a hybrid feedback control system that utilizes a lookup

table and a feedback controller can provide compensation for process and temperature vari-

ations [Gut96]. Since the rate of dynamic voltage scaling must be greater than or equal to

the data processing rate [Gut96], transition energy loss can be minimized by performing one

transition per data sample.

Our research aims to develop a novel idle loss minimization technique for the voltage

quantization model utilizing an open-loop voltage scaling method. To this end we propose

an algorithmic approach that uses buffering to transform the workload distribution patterns of

data sequences, in eliminating idle loss. Additionally, we aim to minimize the total number

of voltage transitions and the associated transition energy loss.

The outcome of this research is the development of an approach called rate selection that

minimizes the idle loss, transition energy loss, and total number of voltage transitions in the

voltage quantization model. To develop and analyze the performance of this approach, we

use the IDCT computation of Motion Pictures Experts Group MPEG-2 video decoding com-

6



1.3. Thesis Outline

putation as the fixed throughputmode computation. IDCT computation was specially chosen

because of the availability of a FMIDCT implementation that enables a priori determination

of sample workload values based on the number of non-zero coefficients. As for the test data,

we use 8 color video sequences in QCIF format. These sequences were specifically selected

to represent a wide variety of workload distribution patterns. As for the processor specific

parameters, we used the specification of IpARM [Bur01], with a number of modifications

assumed to suit our single application environment.

L.3 Thesis Outline

The thesis organization is as follows:

Chapter 2 presents the background information for this research. This chapter includes a

brief review of the state of the art in power minimization techniques for systems based on

digital CMOS circuits. The techniques presented in this chapter achieve power reductions

through minimization of capacitance and supply voltage, and are applicable to all levels of

systems design. Finally, this chapter presents a brief introduction to multimedia computa-

tions and MPEG coding standard relevant for our research.

Chapter 3 inffoduces the concept of dynamic voltage scaling and reviews the key re-

quirements, application domain, basic system architecture, and the fundamental tradeoffs

involved. Moreover, the chapter presents the state of the art in workload determination tech-

niques relevant to multimedia computing, dynamic voltage and frequency scaling circuitry

and energy models, the voltage scaling models, and the effect of sample buffering on total

energy consumption.

Chapter 4 discusses the state of the art in idle loss reduction in the voltage quantization

model, and presents the research problem and directions for this research. Finally a review

of the experimental framework is presented.

Chapter 5 presents the key concepts of the proposed rate selection approach. This chap-

ter also presents a simple rate selection algorithm and provides experimental results on its
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performance.

Chapter 6 presents a number of enhancements for improving the rate selection approach.

The enhancements discussed include techniques to improve energy efficiency and reduce

computational overhead.

Chapter 7 presents the performance analysis of the rate selection approach and compari-

son ofresults to existing approaches.

Chapter 8 presents conclusions on our research, the key contributions made, and possible

future research directions.
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Chapter 2

Background

This chapter presents the background information related to our research, and is organized

under two main sections: 1) A discussion of the sources of power consumption in Comple-

mentary Metal Oxide Semiconductor (CMOS) technology-based circuits, and a brief review

of techniques used in minimizing power consumption. 2) An introduction to multimedia

signal processing and coding using the Motion Pictures Experts Group (MPEG) standard.

2.1 State of the Art in Low Power Design

This section reviews the two main approaches for power minimization, namely minimization

of effective capacitance and scaling of supply voltage. The techniques presented below are

static optimizations that occur at design time and applicable to all stages of design. A more

complete review of low power techniques can be found in [CB95a],[RP96],[SRP+95].

2.1.1 Sources of Power Consumption

The vast majority of modern circuits are implemented in CMOS technology and the power

consumption of digital circuits designed with CMOS can be attributed to three power compo-

ncnts, namely switching power, short-circuit power, and leakage power, as shown by Equa-

tion2.I [CSB92]:

P : Ps-itch I Pshort-circuil I Pleakage Q.l)
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Chapter 2. Background

The following subsections provide a detailed discussion on each of these power compo-

nents.

Switching Power Component (Pr.æ"n) The switching power component is caused by the

charging of internal nodes of a CMOS circuit from zero volts to the full signal, which is

typically the supply voltage, V¿¿. Figtxe 2.1 shows a circuit model used for calculating the

switching power component.

vor,

cL

Figure 2.lz Circuit model for calculating the switching power component

During the 0 -+ V¿¿ transition, a current 1" flows from the power supply through the

network of pull-up transistors into the load capacitor C t . This transition cuffent, 1", is given

by Equation2.2:

I" - c'd%ut- "r-# (2.2)

Since power is equal to the product of current and voltage, the energy delivered by the

power supply is given by Equation 2.3:

Pull-uo
Network

Pull-down
Network

10

Eo-+v¿¿: r* 
Io

V¿¿

CtdVou: CtV]¿ (2.3)



2.1. State of the Art in Low Power Design

Since part of this energy is dissipated in the conducting pull-up transistors, the energy

stored in the load capacitor, 86, is calculated from Equat\on2'4:

v¿a
1

Es CTVou¿d,Vou¿ C"v¿"¿ (2.4)
2

From this equation it is evident that one-half of the energy delivered by the power supply

is dissipated in the pull-up network, while the other half is stored in the capacitor.

During the second half of the clock cycle (Vaa -+ 0 transition), the load capacitor releases

the stored energy, and consequently the released energy is dissipated in the pull-down net-

work. Thus, the calculation of total power dissipation of a given circuit can be approximated

by calculating the total number of 0 -+ V¿¿ transitions in the circuit. Since this calculation

is based on a single node in a given design, the total power dissipation of a design can be

estimated by use of a coefficient ¿ known as circuit activity. The circuit activity coefficient

is defined in synchronous circuits as the fraction of circuit nodes that make the 0 -+ V¿¿

transition in each clock cycle. Using activity a, and total capacitance of all nodes C 7, the

total switching power component of a design is determined by Equat\on2.5 [CSB92]:

Pswitch: aCrlVÏa Q5)

where, ¿ is the circuit activity, C¿ is the total node capacitance, / is the clock frequency,

and Vaa is the supply voltage. The product of a and C ¡ is also known as the effective

capacitance of the circuit.

Short-circuit Power Component (Pshort-c¿rcuit) The short-circuit power component is

caused by the direct-path short-circuit current which flows from the power supply to ground

when both NMOS and PMOS networks are simultaneously active. This current flows for a

very short period of time when the input signal of a circuit makes a transition in either di-

rection, from ground Gnd to supply voltage V¿¿ aîd vice versa. As Figure 2.2 shows, when

the input signal makes the transition from Gnd to V¿¿, the P-transistor is initially on, and

as the voltage increases, it eventually reaches the threshold voltage of the N-transistor (Vn)

and turns it on. At this point both N and P transistors are on and a direct path exists between

the power supply and ground. As the input signal voltage continues to increase, it eventually

reaches the threshold voltage of the P-ffansistor and turns it off. At this point no direct path

I,
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V,n

V¿o+V,p

Vtn

V,n Vort
lshort

lsnort

Figure 2.22 circuit model for calculating the short-circuit power component

exists between the power supply and ground. As sub-plots of the input signal V¿n, and the

short-circuit cuffent Ishort, in Figure 2.2 show, the direct path betweenV¿¿ and ground can

never exist whenV¡nl I Vr, l> V¿¿.In this figure, V¿n and[p arc the threshold voltages of

the N-type and P-type transistors, respectively.

Using the analytic model of [Vee84], the short-circuit component of power can be com-

puted in terms of the mean cuffent (I^"on) and the supply voltage (V¿¿) as follows [Nie97]:

Pshort-circu¿t : V¿¿I^"" : 
$(Voo - 2V)t + (2.6)

where, p is the transistor gain,V¡ is the device threshold voltage, r is the rise time of the

input signal, and T"¡¡ is the period of the input signal. This result follows from worst-case

analysis of the short-circuit cuffent when there is no capacitive load, and assumes that both

P and N transistors have the same B andV¡.

From Equation2.6 it can be deduced that the short-circuit power component is directly

proportional to the rise time (r) and effective transistor gain þ. Consequently, shortening the

rise time of the input signal when the direct path to ground exists minimizes the short-circuit

power component.

JJ-
I
I
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Leakage Power Component (Pt"oxos) There are two sources of leakage curents con-

tributing to the leakage power component, namely the reverse-bias diode leakage at the drain

of the transistor, and the sub-threshold leakage current flowing through the transistor in the

OFF state. Though in theory this current is zero, the actual currents are in the order of

nanoamperes [Nie97].

2,1.2 Power Minimization Techniques

From the three power components discussed above, the switching component contributes

to about 907o of the total power, and by properly selecting the transistor sizes, the short-

circuit component can be kept to less than 10To lCB95al. Compared to the switching and

short-circuit components, the contribution of leakage component is negligible. Thus, power

minimization in CMOS circuits becomes a task of minimizing the dominant switching power

component. As a result, power minimization is achieved by optimization of effective capac-

itance, aCt , clock frequency f , and supply voltage V¿¿ of the circuit.

This section presents a number of power minimization techniques, involving reduction

of switching capacitance and supply voltage, and performed at all levels of system design.

For most applications clock frequency is flxed at the system level depending on the required

throughput level of the system. However, for a given throughput level, clock frequency can

be reduced by introducing parallelism. However, parallelism comes at the cost of increased

area, control overhead, and load capacitance [CSB92]. Thus frequency reduction or the

associated tradeoffs are not further discussed in this section.

Minimizing Effective Capacitance (aCt) Power minimization through the reduction of

effective capacitance can be accomplished by minimizing the switching activity (a), or sim-

ply, the number of switching fransitions for a computation. The techniques that accomplish

such reductions in switching transitions may involve a simple solution such as powering

down a circuit or part of it, to complex clock gating techniques.

A number of algorithm level optimizations can minimize the switching activity. These

optimizations include operation minimization and use of encoding schemes.

From the available alternative algorithm implementations for a given computation, se-

lecting the algorithm that reduces the number of operations minimizes the switching activ-
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ity. To demonstrate this, consider the Fourier Transform and Discrete Cosine Transform

(DCT) computations. Two alternative algorithms available for Fourier Transform are the

Discrete Time Fourier Transform (DTFT) and the Fast Fourier Transform (FFT). Consid-

ering a transform of ly' elements, DTFT takes 1y'2 operations, whereas the FFT takes only

Nlog2N operations. Using -ôy' : 512, the choice of FFT algorithm over DTFT algorithm

produces a 50Vo reduction in the number of operations [CB95b] . Similarly, blind application

of 2-Dimensional forward DCT (FDCT) using an 8x8 block of image samples results in

1024 multiplications and 896 additions per block. However, using a fast algorithm imple-

mentation that utilizes the symmetry properties of the cosine basis functions such as Chen's

DCT algorithm implementation [CSF77] results in 256 multiplications and 416 additions

per block. This is a significant reduction in the number of operations and switching activity.

Thus, selection of the algorithm with the least number of operations is crucial for power

mtnlmlzatton.

Encoding schemes that alter the data representation also play a vital role in minimizing

the switching activity at the algorithm level. Examples of such encoding schemes include

the one-hot coding, Gray coding, and sign-magnitude representation. One-hot coding is an

encoding scheme used in state assignment of finite state machines and in inter-chip commu-

nications [CB95b]. When used in inter-chip communications, this coding scheme has the

overhead of an encoder on the sender chip and a decoder on the receiver chip. Moreover, to

transmit a n-bit word requires 2' wires, and involves setting each wire to the corresponding

logic level of each bit. Since this approach requires alarge number of wires, the application

domain of this encoding scheme is very limited. An example of use of this encoding scheme

in a filter bank memory design is documented in [Nie97].

Gray code encoding scheme has the important advantage of changing only one bit for

consecutive number representations. This property is particularly useful for minimizing the

switching activity in applications where consecutive sequences of numbers are processed.

Su et al. [STD94] use Gray code encoding for memory access operations in a processor

environment, where instructions are generally fetched from memory using a sequence of

consecutive addresses. The experimental work performed by these authors on a reduced in-

struction set computer (RISC) processor shows that 30 to 507o reduction in switching activity

can be achieved using Gray code, when compared to the binary encoded addressing scheme.
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The use of sign-magnitude number representation as opposed to two's complement repre-

sentation can also reduce switching activity and achieve significant power savings tcB95bl.

This is because sign-magnitude representation has a dedicated bit for the sign, and that bit

changes only when the sign of the number changes. The main limitations of this number rep-

resentation scheme are the reduced number of bits available for magnitude representation,

and the lack of ease in performing arithmetic operations. Two's complement number repre-

sentation on the other hand is more coÍrmon due to its apparent simplicity for performing

arithmetic operations such as addition and subtraction. However, changing two's comple-

ment values from positive to negative or vice versa will result in several bits switching,

increasing the switching activity. Thus, sign-magnitude representation can reduce switching

activity in applications that involve a large number of sign changes.

A number of architectural optimizations can also minimize the switching activity. These

optimizations include number representation, ordering of operations, and glitching activity

reduction.

As discussed above, the number representation at the algorithm level for arithmetic com-

putations has a major impact on the switching activity. If however, the algorithmic level

encoding schemes are supported through efficient implementations at the architectural level,

signif,cant switching activity reductions can be achieved. For example, if encoding schemes

such as sign-magnitude are supported through custom designed circuitry for arithmetic oper-

ations, the reductions in switching activity can be translated to power savings. The tradeoffs

that need to be considered here are the increased circuit area, and special design and test

effort required for custom implementations.

Ordering of operations at the architectural level can also lead to reduced switching ac-

tivity. To demonstrate this, consider a multiplication operation of a number by a constant

coefficient. The optimizatlonperformed here is the replacement of the multiplication opera-

tion with a shift-add operation. The effectiveness of this optimization on switching activity

becomes apparent when the value of the constant is zero. This transformation is particularly

useful in signal processing algorithms where multiplications with constant coefficients are

very common.

Glitching activity can also have a significant impact on the switching activity. Glitching

activity refers to the spurious ffansitions that occur in circuits implemented using static logic
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where multiple transitions can occur during a clock cycle, before settling to the correct logic

value. The number of glitching transitions is a function of logic depth, signal skew caused by

different arnval times of the input, and signal patterns tCB95al. The number of worst-case

glitching ffansitions grows as O(l/2), where l/ is the logic depth tCB95al. To minimize

the glitching transitions, all signal paths need to be balanced and the logic depth reduced.

Alternatively, applying one of several asynchronous logic design techniques also achieves

the same effect.

The choice of logic structure that implements a function can also have a significant im-

pact on minimizing the switching activity. For example, implementation of the logic function

of an adder can be done in many different topologies including ripple catry, carry lookahead,

conditional sum, c¿ury skip, and carry select. However, depending on the topology chosen

for a given implementation, the number of transitions varies significantly lclg2l.
Circuit level optimizations can also have a significant impact on the overall switching

activity. The use of static or dynamic logic, pass gate or conventional circuits, and asyn-

chronous or synchronous circuits determine how the switching activity is affected.

Dynamic logic has been proven to be better suited to low power operation than static

logic. This is mainly because dynamic logic eliminates short-circuit loss, has reduced par-

asitic node capacitances, and reduced switching transitions due to hazards [CB95a]. Static

logic on the other hand have no precharge operation and charge sharing. Even though dy-

namic logic has a clear advantage for low power, the choice in real designs also involve

issues such as ease ofdesign and testability, speed, and area.

The physical capacitance of a circuit is proportional to the number of transistors required

to implement the function. Thus use of a logic style that reduces the number of ffansistors

reduces the capacitance. Hence using pass gate logic in place of conventional CMOS circuits

can reduce the transistor count, and consequently the capacitance.

All logic circuits based on synchronous implementations are continuously being switched

during each clock cycle, regardless of whether those circuits are performing any useful op-

erations or not. Since each switching event consumes power, it is necessary to selectively

power down any unused circuitry when not in use. Such power down in synchronous circuits

can be achieved through clock gating. Clock gating enables and disables the clock signal

to a portion of the circuit depending on whether that portion of the circuit is performing

I6



2.1. State of the Art in Low Power Design

any useful work or not. Clock gating is widely used to reduce clock related losses in high

performance microprocessor architectures such as the DEC Alpha [GBJ98], Intel Pentium

[TSR+98], and AMD Athlon [Dev01], where approximately 32Vo of the power is consumed

in the global clock circuitry network [GBJ9S]. However, this technique has a number of as-

sociated disadvantages such as not being able to power up a turned-offblock in time for the

next clock cycle, and increased risk of glitches. There is also a slight overhead in circuitry

associated with clock-gating. Asynchronous circuits on the other hand use no global clock

signals to synchronize data transfer between logic blocks. Instead, they use handshaking

signals, request and acknowledge, to communicate between logic blocks. However, hand-

shaking signals increase the circuit area of the asynchronous designs. The asynchronous

style of circuit design is exffemely effective for power minimization. This is because only

the circuit blocks that perform useful work in asynchronous systems consume power, and

all other idling blocks consume almost no power. However, selection of logic family can

make the design of asynchronous circuits easy or difficult. For example, the use of dual-rail

encoding technique which involves the use of two wires per bit to encode both timing in-

formation and data values, can be implemented using clocked Differential Cascode Voltage

Switch Logic (DCVSL) UB90l,[CP87]. This is a differential precharged logic family similar

to domino logic. A simple extension of DCVSL with an OR gate provides the completion

(or handshake) signals necessary for the asynchronous circuit implementation. Although

DCVSL logic family is ideal for implementing self-timed designs, they have been found to

consume at least twice the energy per input transition compared to the conventional static

logic family tcB95bl. Therefore selection of logic family is crucial for exploiting power

savings in asynchronous systems. This is particularly true for designs in which a constant

throughput is necessary. A number of alternative logic families such as sample-set differen-

tial logic (SSDL) [GH86], enabled/disabled CMOS differential logic (EDCL) [Liu88] and

latched domino CMOS logic [PSS86] also provide differential output signals, and can be

used in self-timed design.

Optimizations at the physical design level can also result in significant power reductions.

Place and route optimizations such as shortening of the wires associated with high switching

activity such as the clock signals can result in power savings. Details of investigations on

switching activity-based place and route optimizations can be found in [HP93], tCW94l.

t7



Chapter 2. Backgound

The layout optimizations to minimize parasitic capacitance in the physical design level can

also produce reductions in overall physical capacitance.

Minimizing Voltage (7¿¿) Apart from the minimization of switched capacitance, power

minimization can also be achieved through reduction of supply voltage. Since power con-

sumption is proportional to the square of supply voltage, even a small reduction in supply

voltage can produce a quadratic power saving. However, the reduction of supply voltage

increases circuit delays, resulting in slower circuits. The relationship between the circuit

delays and supply voltage in a cMos inverrer is modeled by Equation 2.7 lcsBg2l:

T':!_ CT'V¿¿ V¿Ato: r:ffi:a(w:-vlY Q'7)

where, / is the clock frequency, Ta is the time delay, V¿¿ is the supply voltage, C 7 is the

total node capacitance in the circuit, p is the canier mobility, Co"is the oxide capacitance,V¡

is the threshold voltage, andW I L is the width to length ratio of transistors. For convenience,

the device and circuit layout parameters are absorbed into the parameter a.

Figure 2.3 shows the normalized time delay and supply voltage relationship of Equation

2.7 based on a thresholdvoltage valueV¿of 0.7V. As this figure illusftates, the delay increases

as V¿¿ is decreased, and at higher voltages the change in delay is insignificant compared to

voltages approaching the threshold voltage. As supply voltage approaches the threshold

voltage, the time delay becomes increasingly large and displays an asymptotic behavior. The

reason for this behavior is that Equation2.T only applies to transistors in strong inversion, and

hence will not be valid in modeling operation at supply voltage values close to the threshold

voltage.

The validity of the supply voltage and time delay relationship of Equation 2.7 has been

verified on a number of circuits sizes ranging from 56 to 44802 transistors, implementing a

variety of functions [CSB92]. The circuits modeled in this work include a microcoded DSP

chip, a multiplier, an adder, a ring oscillator, and a clock generator using 2¡;m technology.

The results of [CSB92] show that Equation 2.7 provides a very accurate model even for

complex circuits.

This section discusses three techniques thatenable supply voltage to be reduced to achieve

power savings. The first technique is optimization of transistor sizing. Transistor size opti-
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Figure 2.3: Normalized circuit delay vs. supply voltage relationship for digital

CMOS circuits

mization is very important for achieving power reductions, regardless of what logic family

or topology is used for implementation. For higher power efficiency, all delay paths must be

equalized so that performance of a single critical path does not limit the overall performance

of the circuit. However, there is the issue of how far the Wlf¡ ratios can be uniformly

raised for all devices, resulting in a uniform decrease in gate delay while producing a core-

sponding reduction in voltage and power. As [CSB92] shows, the optimization of transistor

size for high-speed design does not result in the same ffansistor size when optimized for low

power, so a special effort is necessary for optimizing transistor size for power minimization.

The second technique is threshold voltage reduction. As discussed above, scaling down sup-

ply voltage while keeping threshold voltage constant slows down circuits. However, scaling

downboth supply voltage and threshold voltage reduces switching power without any loss of

speed. For example, it can be shown using Equatíon2.1 that a circuit operating atV¿¿=l.Jy

with Vr=1y andV¿I=Q.ÇV with V=0.5Y, have the same perforrnance tcB95bl. However,

o2

2 3
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Chapter 2. Background

since the latter circuit operates at a lower voltage, it consumes less power than the former

circuit. The work of [LS93] quantifies the power savings achievable from threshold voltage

reduction, and estimates the savings to vary from3.2 to 8.2 times compared to circuits with-

out threshold voltage scaling. The power savings can also be further improved from the use

of low-threshold MOS devices, However, the reduction of threshold voltage is limited by the

noise margins and increased sub-threshold currents. The third technique is the optimal oper-

ating voltage selection, and this is dependent on the speed requirements and long-term relia-

bility tradeoffs of deep-submicron technologies [DCW+88]. If circuit speed is increased by

increasing the electric fields, the devices degrade with time, resulting in changes in threshold

voltage, reduced ffansconductance, and increased sub-threshold currents, resulting in even-

tual breakdown. The changing of the physical structure of the devices by techniques such

as the lightly doped drain (LDD) can minimize this degradation by reducing the number of

hot carriers. Using this technique, an optimum operating voltage of 2.5V has been derived

for 0.25¡rmtechnology [DCW+88]. An optimal operating voltage can also be selected based

on operating speed and performance tradeoffs of submicron technologies [KK90]. This idea

exploits the independence of circuit delay on supply voltage at higher supply voltages, and

establishes the concept of a critical voltage as the lower bound for supply voltage. As a re-

sult, there is no speed advantage achievable through operating the circuits above the critical

voltage. This idea was fundamental to the movement of standard operating voltage from 5V

to 3.3V without having a major degradation in circuit speed [Bel91],[Dah91], while achiev-

ing a 607o power reduction [Dah91].

Although operating above the critical voltage provides no additional speed advantages,

operating below this voltage can significantly reduce the power dissipation, but these savings

come at the cost of reduced speed. However, architectural enhancements such as hardware

duplication or parallelization, and pipelining can compensate for the lost throughput caused

by the reduction in supply voltage. There are also other associated tradeoffs such as increased

circuit area and conffol circuitry. Therefore, this duplication process can only be effective

up to a certain point, beyond which the power savings achieved from further reductions

in supply voltage become less attractive due to increased overhead associated with control

circuitry and increased power dissipation of duplicated circuits.
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2.1.3 Summary

This section presented the sources of power consumption and described a number of static

design techniques for minimizing the power consumption. The techniques presented reduce

power consumption through switching activity and operational voltage reduction, and are

applicable to all levels of system design. Apart from static techniques, dynamic power min-

imization techniques identify low throughput periods of operation in systems and goes into

low power operation modes. Such low power modes (i.e. SLEEP and HALT modes) are very

common in microprocessors and micro-conffollers where the system goes into a low power

mode at the execution of a single instruction. These processors also support a WAKEUP in-

structions, to return to the normal operational mode. These low power modes involve turning

portions of the system off, and in some cases the clock is also turned off. The shortcoming

in such an approach is the latency associated with restoring the operation to full operation

mode (including starting the clock). An alternative strategy is scaling the supply voltage in

lock-step with frequency to minimize power consumption. Details of this approach forms

the basis of this research and is presented in the next chapter.

2.2 Multimedia Computations

In the recent years, processing of image, video, and audio signal data, collectively known as

multimedia has become very popular due to the advancements in algorithms and computer

architectures. Since the digital representation of multimedia signals results in large amounts

of information, efficient encoding or compression algorithms have made multimedia storage

and ffansmission very effective. Similarly, architectural advancements in computing have

also made the cost of the compression chips relatively low, and also the general purpose pro-

cessors capable ofhandling the throughputnecessary forcompression. These advances have

resulted in rapid growth in multimedia products, particularly portable consumer electronics.

Since multimedia processing involves either compression or decompression computa-

tions, or both, standards that specity such computations are vital to the effective use of

multimedia based systems. For example if some multimedia data is compressed for trans-

mission, the receiving decoder must be able to identify the compression standard used such
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Chapter 2. Background

that the compressed multimedia can be decoded. Currently there are a number of multimedia

standards available for use and these include Joint Pictures Experts Group (JPEG) for im-

age compression, Motion Picture Experts Group (MPEG), Windows Media from Microsoft,

Quicktime from Apple Computer, RealVideo and RealAudio from RealNetworks for im-

age, video and audio compression. Some of these standards such as JPEG and MPEG are

open standards, while most of the others are proprietary. For the research work presented in

this thesis, open multimedia standards defined by MPEG for video are used because of the

availability of MPEG codecs for experimentation, the evolving nature of the standards (cur-

rently on MPEG-2l), and the growing popularity of MPEG for many portable multimedia

applications.

2.2.1 A Review of Multimedia Compression/Decompression

The main intention of compression is to achieve a compact digital representation of the multi-

media signals such that transmission requires less bandwidth and storage requires less space.

For example, voice signals at 8 ksamples/s (at 8-bit/sample) requires 64kbps uncompressed,

whereas the compressed data rate can be between 2 and 4 kbps [8K95]. Another example is

high definition television (HDTV) where the raw datarate of 1.33Gbps at59.94 frames-per-

second (þs), 1280x 720 ftame size, and 8 bits/pixel is reduced to 20Mbps, or a compression

of 68 times. Such examples demonstrate the importance of compression, without which

bandwidth limitations make most multimedia applications impractical to implement.

All compression techniques take advantage of statistical redundancy in multimedia data.

This involves removal of replicated data such that the size of data representation can be

reduced to achieve compression. The compression techniques can be categorized into two

main groups: lossy and lossless. In lossy compression, the originaldataand the reconstructed

data are not identical. In other words some information loss occurs during compression

such that higher compression ratio can be achieved, and hence this process is irreversible.

The majority of multimedia data compression schemes use lossy compression techniques

because the loss is not noticeable due to the limitations of the human perception system.

Lossless compression produces an identical set of reconstructed data from a compressed set,

and hence this process is reversible. However, the achievable compression ratios are not as
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Figure 2.4: Block diagram for generic compression and decompression process

high as the lossy compression techniques.

The block diagram for the typical multimedia compression/decompression process is

shown in Figure 2.4lBK95). As this figure shows, the source digital data (image, video, and

audio) is fed to the encoder for compression. The encoder includes the source coder which

compresses the input data, followed by the channel coder which translates the compressed

bit stream into a signal that is appropriate for ffansmission or storage. The decoder receives

the compressed bit stream and performs the opposite function of the encoder to retrieve the

digital data. If lossy compression is used the digital data output of the decoder will not be

identical to the source data input to the encoder. However, if lossless compression is used,

input and output data of this compression/decompression process will be identical, provided

there is no loss during the transmission. The main ffadeoffs of the compression process for

minimizing the bitrate are the desired signal level qualit¡ acceptable communication delay

of the channel, and implementation complexity in terms of memory, power etc.

2.2.2 MPEG standard

The multimedia standards can be divided into two main groups:

1. The International Telecommunication Union Telecommunication Standardization Sec-

Source

Coder

Channel

Coder

Channel

Coder
Source

Decoder
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tor (ITU-T, known as CCITT before 1993) which is now part of the United Nations

that has produced a number of international standards for real-time digital multimedia

communication, including video and data conferencing. Some examples of these stan-

dards include the ITU-H-series of standards (H.320 through H.324, and H.310) rhat

cover real-time conversational two-way video and audio, and the ITU-T T.I2O series

of standards that cover data and graphics conferencing and conference control.

2. The Moving Picture Experts Group (MPEG), an international committee that has pro-

duced a sophisticated and commercially important set of standards that are primarily

focused on storage, playback, and broadcast applications.

This section provides an overview of MPEG, the standard used in our research work.

In 1988 InternationalOrganization for Standardization (ISO) established the MPEG with

the goal of developing standards to represent coded moving pictures and audio for digital

storage. As a result the MPEG-I standard (ISO standard IlI72) for coding moving pic-

tures and audio for storage at data rates up to l.SMbils was released in 1991. This lossy

compression standard uses limitations of human visual and hearing system by removing de-

tails that are not perceptible to achieve higher levels of data compression. The work on the

MPEG-2 standard started in 1990, even before MPEG-I was complete, to provide higher

datarates needed for high definition television, and better input-format flexibility and error

resilience. The MPEG-2 standard (ISO standard 13818 or ITU-T recommendationH.262)

was approvedin 1994. The MPEG-4 was born out of the success of MPEG-2 and MPEG-I

and focuses on standards for audio-visual representation such that a scene can be modeled

as a set of objects with specific characteristics and behavior. MPEG-4 allows for more flexi-

bility than MPEG-1 and MPEG-2 and supports the growing needs in interactive multimedia

applications. MPEG-4 standard (ISO 14496) was finalized in October 1998 and became an

international standard in early 1999. Version2 of the standard was accepted in early 2000.

MPEG evolution continues to advance with the changing needs of the multimedia world.

The MPEG-7 standard provides a rich set of standards for representing multimedia content

for human and machine processing. Using this standard multimedia content can be described

such that efficient access (such as search, filtering, and browsing) can be enabled. Currently,

the MPEG-2l standard is being created and this standard defines the multimedia distribu-
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tion standards and includes features such as intellectual property management and terms and

conditions of use IMSS],[MPFL96],[GBL+98].

The generic MPEG video encoding and decoding process is shown in Figure 2.5. The

encoding process first preprocesses the incoming video data and then uses motion estimation

to predict the current picture from previous picture frames. The motion vectors are included

in the final encoded output to enable the decoder to reverse the motion estimation process.

Then the predictor for each block is subtracted, and the remaining residual is sent through

the discrete cosine ffansformation (DCT). Finally the DCT coefflcients are qtantized, and

variable-length-coded to produce the ouþut for transmission. The encoder also reconstructs

reference frames for future motion estimation and prediction by performing inverse quanti-

zation and inverse DCT (IDCT) of coefficients by utilizing the predictor. The decoder starts

off with variable length decoding, inverse quantization, and IDCT. Then the predictor is

formed from the previously reconstructed pictures and performs a summing operation with

the output of the IDCT step to form the reconsffucted picture. Finally, the posþrocessing

block converts the picture for display.

The MPEG audio encoding and decoding process is shown in Figure 2.6. Tbe first step of

the encoding process is the sub-band decomposition which filters the audio data into separate

frequency bands, which are then scaled and quantized. The second step involves frequency

domain analysis that performs additional analysis to select the quantizer step. Finally the

data is coded depending on the MPEG audio compliance points called layers. For example,

coding at layers I and2uses fixed-rate coding, whereas for layer 3, Huffman coding is used.

Finally, the coded samples are formatted with side information for transmission. The decoder

first unpacks the data and decodes the side information. Then, inverse quantization is per-

formed to produce reconstructed data values, and finally scaling and sub-band composition

is done to produce the audio signal.

For the research work presented in this thesis, the MPEG-2 video coding standard is

exclusively used. The selection of this standard for our experimental work was due to its

versatility in terms of applications and scope for use in portable systems, and the readily

available open source codecs and test data sequences.
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2.2.3 MPEG-2 Video Standard

MPEG-2 video is a generic lossy compression standard that is backward compatible with

MPEG-I and uses the encoding steps of discrete cosine transform (DCT) coding, block-

based motion compensation, predictive and interpolative interframe coding, and Huffman

coding. The standard is intended to support compressed datarates of around 5Mbits/s for

NTSC/PAL quality television signals or about twice the bitrate for studio quality video. How-

ever, the standard now supports higher data rates (i.e. 80-100Mbits/s for HDTV) and support

for different feature sets of the standard are providedwing profiles and levels. A proflle de-

fines the subset of the bit stream and a level defines the constraints on the bitstream such as

maximum bitrate. The four profiles are Simple, Main, Main+, and Next. The levels are Low,

Main, High, and High-1440. Thus, MPEG-2 standard enables the selection of appropriate

proflle and level for the needs of a particular application. For example, a portable video

player using quarter coÍtmon intermediate format (QCIF) image size (176X144 pixels) and

a frame rate of 30 trames per second, can use the Main profile with Low level, or MP@LL

for short. As for the video data representation, the standard supports three types of video

frames, namely intra frames or 1 frames, predicted pictures or P frames, and bidirectionally
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predicted frames or B frames. Intra frames are coded without reference to any other frame

and provide the least compression. The P-frames are predicted using motion compensation

of past l-frames and these frames provide points of reference for future motion compensa-

tion. P-frames provide better compression levels compared to I-frames. B-frames provide

the highest compression and are coded using motion compensation predictions of past and

futurelorPframes.

Further details on MPEG can be found in [MPE], [MPFL96], [GBL+98].

2.2.4 Summary

This section inffoduced multimedia computations involving compression and decompression

of image, audio and video data, and briefly reviewed the popular MPEG standard. This

section also provided a very brief introduction to the MPEG-2 video standard, which is

exclusively used in our research work.

2.3 Summary

The aim of this chapter was to provide the background information related to our research.

To this end, the first section provided a detailed review of causes of power consumption and

some of the power minimization techniques used in digital CMOS circuit based systems.

The second section provided a review of multimedia computations such as video and audio

compression/decompression, and the MPEG standards, which are relevant to the intended

area of application for our research, portable multimedia systems.
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Chapter 3

Dynamic Voltage and Frequency Scaling

This chapter introduces the concept of dynamic voltage and frequency scaling (DVS), and

demonstrates how this approach utilizes the run-time variation of performance characteris-

tics of a system to achieve energy savings. The chapter also presents the type of applications

where DVS can be used, the system architecture, basic requirements, possible energy sav-

ings, and fundamental tradeoffs involved. The chapter then presents a review of the state of

the art in workload determination, a discussion on voltage scaling models, and the effects of

sample buffering and workload averaging.

3.L Introduction

3.1.1 Background

The primary goal of dynamic energy reduction involves identification of periods when a sys-

tem is inactive and not doing any useful work, and minimizationof the energy consumption

during such periods.

The task of identifying idle periods has been approached by Burd et. al tltrolgh charac-

terization of processor utilization models of systems [8896]. This classification divides all

applications into three groups based on the processor throughput desired by the application:

1) maximum throughput mode, 2) fixed throughput mode, and 3) burst throughput mode.

Maximum throughput mode of operation is typical of networked servers where the pro-

cessor is continuously running and actively being used all the time by a set of users. In this
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Chapter 3. Dynamic Voltage and Frequency Scaling

mode of operation, the objective is to operate at the maximum throughput level all the time to

complete all necessary tasks as soon as possible, such that another process can be allocated

to the processor. An example of such a system may be a computer at a meteorological station

running weather forecast simulations for a number of cities. Since the demand for processor

throughput is high in this mode of operation, the processor never idles.

Fixed throughput mode of operation implies that the throughput of a system is fixed, and

these systems are typically found in real-time digital signal processing such as MP3 playback

devices. In these applications, the throughput is fixed by the data rates, input or output, or

both. In these systems, two factors contribute to less than maximum throughput utilization

causing idle times and consequently idle losses. The first factor is due to the variation of

throughput requirement (workload) of data samples. In other words, if some data samples are

less complex to process, they will require less than maximum throughput levels to process

them. For such data samples, the remaining processor throughput is unused, resulting in

idle losses. The second factor is due to the system implementation designed for worst-case

operation. The system design for worst-case operation implies that the system operation

is guaranteed across process variations and operating conditions such as temperature. This

allows for a safety margin in throughput to be sacrificed, and Nielsen tNiegTl estimates

that safety margins of greater than 2.5 times are typical, and this translates to a maximum

usable throughput of only 28.6Vo for a typical system designed for worst-case operation. This

implies that a significant throughput level (71.47o) is not utilized, and this contributes to idle

losses.

Burst mode of operation involves systems that stay on standby mode for the majority of

time and perform useful work only a fraction of the time. This mode of operation is common

to portable electronic systems such as mobile phones and personal digital assistants (PDAs),

where the system stays in standby mode waiting for an external event to activate the system.

Hence, this mode of operation produces the least use of processor throughput, resulting in

highest idle times among the three modes of operation.

From the processor usage models above, fixed and burst throughput modes of opera-

tion incur significant idle times and can benefit from dynamic energy reduction techniques

for energy minimization. Though low power modes such as "sleep" mode are available

in most processors, they only support limited functionality such as clock frequency reduc-
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tion. The work of tBB96l demonstrates that the energy efficiency of clock frequency re-

duction depends on the relative proportion of operation time the processor spends idling and

at maximum throughput. Moreove¡ tBB96l shows that if compute energy dominates idle

energy, clock frequency reduction increases the overall energy consumption. At best, clock

frequency scaling is effective in trading off energy and throughput relationship when idle

energy consumption dominates compute energy consumption'

3.L.2 Concept

Dynamic voltage and clock scaling involves variation of the supply voltage and clock fre-

quency of a system at runtime. By varying the operational voltage, the processor speed can

be varied at runtime, and this is used to minimize idle time and consequently the energy

consumption.

This approach is particularly effective for systems where idle loss dominates the total

energy consumption. As shown above, such systems operate in burst mode. When such

systems are about to undergo a burst of activity, the maximum available throughput is pro-

vided by scaling up the supply voltage and clock frequency to the maximum possible levels.

Conversely, when the active period is finished and the system enters idle period, the supply

voltage and clock frequency are scaled down such that the system enters the lowest through-

put level. Figure 3.1 shows in principle how the supply voltage and clock scaling can track

processor utilization or throughput level. In this figure, f ^o,and f ̂
¿n 

tefer to maximum and

minimum scaled clock frequencies, while V^o, andV^¿n refer to corresponding maximum

and minimum supply voltage levels. By dynamically scaling the supply voltage and clock

frequency, the desired highest throughput is provided when activity is detected, while the

system remains at the lowest supply voltage for the idle periods consuming only very little

energy.

Since systems operating at fixed throughput mode also incur idle losses, DVS can also

be applied to fixed throughput mode systems to achieve energy savings. However, voltage

and clock scaling in this case does not track the throughput utilization pattern (as in burst

throughput mode). Instead, the procedure involves the determination of the workload re-

quirement of a data sample first and then scaling down the supply voltage (and clock) such
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Figure 3.1: Dynamic voltage scaling in burst mode operation

that the full available processing time is used up and no idling occurs. This approach enables

data samples with less than maximum workloads to be processed at lower supply voltages

and this results in energy savings. This technique is demonstrated in Figures3.2 and3.3.

Figure 3.2 shows how a data sample with less than maximum workload is processed in a

fixed voltage system. Figure 3.3 shows the same task using dynamic voltage scaling. In a

fixed voltage system, the processing finishes early and the system idles consuming energy.

In the dynamic voltage and frequency scaled system, the system operates at a voltage level

between V^o, andVq¿n strch that there is no idling. By operating at alower supply voltage,

the dynamic voltage scaled system uses up less energy compared to fixed voltage system,

as explained in the next section. In this figure, T"o pt" is the maximum available processing

time for the data sample.

A large body of research exists in using DVS in burst-mode and fixed-throughput mode

computations, and the vast majority of work falls under the latter mode of operation. This

thesis focuses on DVS for multimedia applications, and hence the discussions in the remain-

der of the thesis assumes fixed throughput mode of operation.
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Throughput Fixed Voltage System

Max

Tsample

Figure 3.2: Fixed throughput mode of operation for a fixed voltage system
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3.1.3 Energy Model

Considering fixed-throughputmode computations and discrete data samples, the energy con-

sumption per data sample -Ð is given by the following Equation [Gut96]:

E : nCVS¿ (3.1)

where, rz is the number of clock cycles per sample period, C is the avetage switched

capacitance per clock cycle, aÍdV¿¿ is the supply voltage.

Combining Equations 2.7 and 3.1, the relationship between energy per data sample as a

function of normalized processing rate r is given by the following Equation [Gut96]:

Time

fmax

fmin

Time

E(r): "*l#*î*
,

V
(3.2)r

Vo

where, Eo : CVo2 ff, is a constant with units of energy, C is the average switched

capacitance per clock cycle, 7¡ equals to (V*o" - Vù2 lU*", where V*o, is the maximum
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supply voltage, t" is the maximum sample processing time, r is normalized processing rate

(0 < r ( 1) or computational workload of the data sample and is equal to f I f ̂ o* f^o, is

the maximum frequency, ,f is the clock frequency corresponding to computational workload

of the data sample, I/¿ is the threshold voltage.

Furthermore, the relationship between rate and supply voltage can also be derived from

Equation 2.7 as follows:

r : Í /Í^o,: ,=(!* - Y-!lil,Y-!'o (3.3)
(v^o, - v)r lv^o,

Based on Equations 3.2 and 3.3, the relationships between rate and supply voltage, and

energy and supply voltage when supply voltage is scaled in lock-step with clock frequency

are shown in Figure 3.4. For this analysis, I/¿ is 0.7V,V^o, is 3.3V andV^¿n is lV.

As the Figure 3.4(a) shows, the rate and supply voltage relationship is nearly linear and

hence a full voltage scaling fromV*o, to V^¿n results in a linear scaling of clock frequency

(from f*o, to f ̂ ¿ò.This 
implies that a linear reduction in throughput can be brought about

by a linear reduction in supply voltage. Similarly, the Figure 3.4(b) demonstrates the corïe-

sponding reduction in energy achievable with dynamic voltage and frequency scaling.

Finally, the important relationship between energy and processing rate as depicted by

Equation 3.2 is shown in Figure 3.5. As this figure shows, data samples with low workloads

(rate) result in highest energy savings from dynamic voltage scaling, and a full scale of

supply voltage results in more than 10 fold reduction in energy compared to fixed voltage

operation. This is the desired outcome for fixed throughput computations from dynamic

voltage and frequency scaling. For comparison, the flat energy curve for a fixed voltage

system is also provided.

3.1.4 Key Requirements

To utilize dynamic voltage and frequency scaling and achieve energy savings for fixed through-

put mode systems in the manner discussed above, such systems need to fulfill three key re-

quirements: 1) they should be specially designed to operate over a wide range of voltage

levels, 2) the workload per data sample for the computation needs to be known a priori for

scaling voltage and clock frequency prior to beginning the data processing, and 3) voltage
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and frequency scaling hardware must be capable of switching at a fast rate to provide real-

time scaling and this must be achieved at a negligible energy cost and overhead.

Currently, the vast majority of circuits and systems are designed with digital CMOS, and

this technology is amenable to dynamic voltage scaling. As improved process technologies

bring about reduced operating voltage levels, the range of voltages available for scaling is

continuously being reduced. However, device threshold voltages are also being reduced as a

result of process improvements, and this helps the continued use of dynamic supply voltage

scaling in future processes as well.

Workload determination is crucial for dynamic voltage and frequency scaling in fixed

throughput mode computations because it allows the processing speed to be reduced such

that idle losses are eliminated. Moreover, workload needs to be determined a priori such

that voltage and clock can be scaled before processing of data samples begins. However,

lack of techniques that accurately determine workload values a priori prevents the energy

consumption of fixed throughput mode computations being effectively minimized using dy-
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namic voltage scaling.

The availability of energy efficient, fast switching hardware that facilitates the on-demand

supply voltage and frequency scaling forms the other integral part of dynamic voltage scal-

ing. Typically the voltage scaling is provided by a dynamic DC-DC converter and the fre-

quency scaling is provided by a ring oscillator. The key criteria that govern the effectiveness

of the whole supply voltage scaling approach is based on high efficiency DC-DC conversion

and ability to provide fast voltage transitions for real-time use.

3.1.5 Basic System Architecture

The basic system architecture of a voltage and frequency scaling system is shown in Figure

3.6. The main components include a processor designed to operate over the full supported

range of voltages, a DC-DC converter that takes a request for voltage scaling (Scale&eq)

from the processor and converts the supply voltage (V¿¿) to the requested voltage (V¿¿), and

a ring oscillator that produces the clock frequency scaling.

Clock

Figure 3.6: System architecture for dynamic voltage and frequency scaling

3.1.6 Fundamental TFadeoffs

The fundamental tradeoffs in dynamic voltage and clock scaling can be categor\zed into two

groups: 1) DC-DC converter, and2) other system tradeoffs'

v
Ring Oscillator

ScaleReq
DVS
Processor

DC-DC
Converter
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The efficiency of the DVS approach is highly dependent on the voltage conversion effi-

ciency of the DC-DC converter. Moreover, fast voltage transitions are essential for real-time

operation. To achieve high conversion efflciency, switching voltage converter techniques are

the most desirable of all the alternatives. To achieve faster voltage transitions, the output

filter capacitance in the converter must be minimized. However, reducing the output capac-

itance adversely affects converter efficiency at low voltages, increases ouþut supply ripple,

and makes the system less stable. Thus, tradeoffs in conversion efficiency, voltage transition

time, stability,and output ripple must be made according to the requirements of the fixed

throughput mode computation.

The other hardware tradeoffs include design inefficiencies introduced to the system due

to the need to support a wide operating voltage range and the reduced throughput caused by

slowing down of circuits due to voltage scaling. Depending on the implementation, [Per00]

and [Bur01] estimate that lOVo to 3O7o additional energy losses can be attributed to a design

that operates over a range of voltages compared to a system designed for a fixed voltage that

only accepts a supply voltage variation of about IOVo. However, due to the overwhelming

availability of idle time in fixed throughput mode computations, the energy savings achiev-

able with DVS far outweigh the increases in static losses. The other hardware tradeoff is

reduced throughput at low voltages. However, for the purpose of fixed throughput and burst

mode operation, voltage scaling is only done when there is idling. Thus, loss of throughput

from DVS has no impact on fixed throughput mode of operation.

3.2 Workload Determination

In order to accurately scale down the supply voltage and clock frequency such that idle time

is eliminated in fixed throughput mode computations, the workload of data samples must

be accurately determined for each data sample prior to it being processed. Because of this

importance, workload determination has been a very active area of research. This section

presents a number of techniques that have been used to determine workload for dynamic

voltage scaling.
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Figure 3.7: Adaptive supply voltage scaling in asynchronous Demonstrator chip

[NNSvB94]

3.2.1 Buffer Fullness

The use of dynamic voltage scaling for energy minimization in signal processing applica-

tions was first proposed by Nielsen et. aI [NNSvB94] and the implementation was a chip

called Demonstrator. The chip was used in an asynchronous implementation of an error cor-

rector for the digital compact cassette (DCC) [BBK+94]. In the effor coffection algorithm,

the computational complexity is strongly data dependent, and hence the workload of code

words without effors is much less compared to that of the code words with errors. Since

the majority of code words (over 95Vo) in a typical data sequence are without any effors, the

processor uses very little throughput for the majority of the time. This also implies that the

processor idles a large proportion of the time waiting for the next code word to be read and

processed. By scaling the supply voltage down when processing code words without elrors,

the Demonstrator chip achieves 8O7o power saving compared to the synchronous implemen-

tation of the same chip with a fixed supply voltage. Figure 3.7 shows the block diagram for

the Demonstrator chip.

The workload of data samples in this system is measured using buffers. As the figure

shows, there are two l0-word deep first-in-first-out (FIFO) buffers in this system and as data

samples arrive they are buffered in the input FIFO buffer. The state detection is a block that

monitors how full the input buffer is. If it is full, the system is operating too slowly, and

ln out
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the DC-DC converter is instructed to increase the supply voltage to increase the processing

speed. Conversely, if the FIFO is running empty, the system is running too fast and the

supply voltage is reduced to slow down the processing speed. Though this approach of using

buffer fullness to derive the workload is very simple, the shortcoming is the loss of data when

the buffer is full. When this occurs, the loss of data samples will continue until the voltage

scales up and some samples in the buffer are processed to make room for new data samples.

The same approach for workload calculation using buffer fullness was used in a syn-

chronous digital signal processor (DSP) by Gutnik et. allGutg6l. In this work, the authors

use only a single FIFO buffer and clock scaling circuitry to reduce clock frequency along

with the supply voltage.

The main limitation of the buffer fullness approach for determining workload is that if
the buffer is full when a new data sample is received, it can not be buffered and has to be

discarded. If the data loss does not result in degradation of quality of service (QoS) and the

DC-DC converter provides rapid voltage transitions, this technique provides a simple way to

calculate workload of data samples.

3.2.2 Choice of Algorithm

When alternative algorithms for a given task are available, selection of the algorithm can

make workload determination easier or difficult. For example, the inverse discrete cosine

transform (IDCT) used in multimedia computations has been implemented as a number of

different algorithms [LV86],[CSF77],[FW92],[CL92], tAAN88l. All of rhese implemenra-

tions utilize the symmetry properties of cosine basis functions and clever optimizations to

produce different totals for the number of operations necessary for processing a data sam-

ple. However, one common trait in these implementations is that the number of operations

required per data sample is fixed for all data samples. If we consider these computations

in terms sample workloads, the workload remains at a normalized value of 1 for all data

samples. This implies that no matter how different two data samples are in terms of their

processing complexity, they both take the same amount of time to process. Thus, using these

algorithm implementations in dynamic voltage scaling provides no opportunity for achieving

energy savings.
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On the other hand, in the forward mapped implementation of inverse discrete cosine

transform (FMIDCT) algorithm [MW92], which is based on the forward mapping technique

of [Wol90], the processing need for data samples or workload is proportional to the number

of non-zero coefficients in the data sample. Thus choosing this algorithm in place of the

previously discussed algorithms will provide an opportunity to determine the workload of a

data sample exactly and a priori, making this algorithm ideal for dynamic voltage scaling.

Thus, selection of an algorithm based on the ease of a priori workload determination as

opposed to reduced computational complexity is crucial for achieving energy savings from

dynamic voltage and frequency scaling. However, this type of alternative algorithms may

not always be available, and the workload prediction techniques discussed in the next section

may have to be used.

3.2.3 Prediction Schemes

Prediction schemes involve estimation of future workload either from historical workload

values or from attributes of the data sample, or both.

Prediction of future workload from historical workload values requires the maintenance

of a history of past workload values and a prediction algorithm. The prediction algorithm

evaluates the historical workload values and predicts a future workload value. This approach

can be very effective for systems where the workload variation is slow.

Prediction of future workload has largely been used in processor environments due to

the difficulty associated with determining the future processing needs. In order to solve

this problem, processor utilization is used as workload, and future processor utilization is

predicted from past processor utilization patterns. There are two main approaches to deter-

mining the future processor utilization: 1) interval based, and2) thread based [Per00] .

The interval based approach monitors the global processor utilization across fixed time

intervals and predicts a future workload for the next time interval. Since this approach takes

a global view of the system, it has no knowledge of individual application threads. Conse-

quently, there is no way to satisfy applications that require processor time to satisfy various

time constraints such as start time, deadlines etc. The earliest use of the interval based ap-

proach was in [WWDS94] where the authors collected workload traces from UNIX worksta-
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tion and processed off-line using a number of processor utilization techniques. The predic-

tion algorithms used are OPT (unbounded-delay-perfect-future), FUTURE (bounded-delay-

perfect future), and PAST (bounded-delay-limited-past). OPT takes the full trace and extends

all the run-times such that no idle time is available. FUTURE as the name implies looks into

future window of time trying to eliminate idle time. PAST is similar to FUTURE, in that

it looks into a fixed window of time in the past to predict the next workload. Among the

three algorithms, PAST is the only practical algorithm [WWDS94]. Govil et. al lGCWgSl

extend the PAST algorithm of [WWDS94f, and propose 6 new algorithms: 1) FLAT, 2)

LONG-SHORT, 3) AGED-AVERAGES, 4) CYCLE, 5) PATTERN, and 6) PEAK. FLAT

algorithm predicts the future workload tobe asflat as possible, thereby operating around the

average speed of the processor. LONG-SHORT considers local changes in workload as well

as the average processor speed in predicting the future workload. AGED-AVERAGES is a

better version of the LONG-SHORT algorithm and this uses a weighted average of the past

to predict the future. CYCLE uses cyclical behavior patterns of the past in predicting a future

workload. PATTERN uses CYCLE with priority given to more recent variations in predict-

ing future workload. Finally PEAK uses the PATTERN algorithm with some heuristics in

predicting the future workload. Further comparisons of these algorithms and the exponential

average based workload prediction used in IpARM processor at Berkeley can be found in

[PBB98]. Sinha [Sin01] also presents a number of other prediction schemes for determin-

ing the future workload from the historical workloads, and these include moving average,

weighted exponential average? least mean square and a pure probabilistic scheme known as

expected workload state.

Thread based processor utilization prediction is based on detailed knowledge of applica-

tions and their behavior patterns. In other words, thread based prediction uses application

specific time constraints such as start time, and deadline parameters in determining processor

utilization. In thread based prediction, applications are divided into frames and these frames

have an amount of work to be processed and deadlines which defines the start time and

completion deadline. Thus, for a single threaded system, the future processor speed is deter-

mined by the ratio of work/(completion deadline - staft time) [Per00]. Two online prediction

techniques are discussed in [Per00]: ZERO algorithm is based on [YDS95], and assumes all

tasks are sporadic, while RATE algorithm assumes all tasks are periodic. Consequently, for
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tasks where the assumption fails (about periodicity), the performance suffers.

Comparison of interval based and thread based prediction shows that the latter provides

better performance. However, this advantage comes at the cost of increased computational

complexity.

Historical workload based workload prediction has also been used in fixed throughput

multimedia computations. Son et. al lSYK0ll demonstrates workload prediction of MPEG

decoding computation where the workload histories for different video frames are main-

tained for prediction of future workload. Since the workload variation in MPEG decoding

is very significant partly due to the different frame types and their associated processing

overheads, the authors maintain separate historical workload values for each frame type to

improve prediction accuracy. This work uses a weighted averaging technique to predict fu-

ture workload from the historical workloads.

Use of various attributes or parameters of the data samples to predict the workload has

been widely used in fixed throughput mode multimedia computations (MPEG andH.263).

tBMPgTl utilizes MPEG frame-based parameters such as frame type, length of frame, mac-

roblock type, and packet size and length to predict the workload of MPEG frames. This

work shows that various combinations of the parameters can provide workload prediction

accuracies within 257o of actual values. Similarly, IPLLSOI] demonstrates another ad-hoc

approach for determining workloadinE.263 video compression, a low-bit-rate video coding

standard. In this work, the authors use frame type and frame size information in producing an

accurate estimate of the workload of frames. Cboi et. ø/ [CDCPOI] also presents another ap-

proach for MPEG where the workload or frame decoding time is determined in two parts: 1)

a frame independent portion, and2) a frame dependent portion. The frame independent por-

tion involves parsing, inverse discrete cosine transform and reconstruction steps, and frame

dependent part involves the dithering step. The latter is constant for a video sequence based

on frame pixel size. Using this approach, the prediction errors can be reduced to with\n2ÙVo

of actual values for all frame types.

The main limitation of the prediction schemes is the prediction error. 'When 
the prediction

of the workloadfor a given sample period deviates from the actual workload, a misprediction

erïor occurs. This error implies that more or less work than the actual was predicted, and

hence the future workload predictions need to factor in this error for compensation. This
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means that subsequent workload values are altered and since the maximum workload per

sample period is bounded, compensation of prediction errors may not be resolved for many

sample periods. This impacts heavily on time constraints of the multimedia computations.

3.2.4 Future Directions

As the previous section shows, the determination of exact workload a priori can be difficult.

Even though prediction techniques are inevitable in burst mode processor operation, exact

workload determination can be accomplished in fixed throughput mode computation through

techniques such as algorithm selection and buffer fullness. Moreover, for multimedia decod-

ing applications such as MPEG decompression that are the reverse computations of forward

computations such as MPEG compression, storing the workload values during the encoding

computation in the data stream can make exact workload values available during decoding

stage. Even though current multimedia standards do not support such workload information

in headers, we envisage that future standards may sùpport them due to the growing use of

DVS in multimedia systems. Thus, this research will utilize any existing techniques for apri-

ori workload determination, and focus mainly on developing a new approach for minimizing

the energy consumption and transition count for dynamic voltage and frequency scaling.

3.3 Voltage and Frequency Scaling

To provide run-time variation of supply voltage and clock frequency necessary for DVS,

a DC-DC converter and a ring oscillator are required as part of the system. This section

presents details of these circuits and the ffadeoffs involved in maximizing the efficiency of

voltage conversion.

3.3.1 DC-DC Converter

Static Converter The primary function of a DC-DC converter is to convert an input DC

voltage to an ouþut DC voltage and provide regulation. Such converters are called static

DC-DC converters because they are optimized for providing a fixed ouþut voltage. Figure

3.8 shows the block diagram of a static DC-DC converter. As this diagram shows, the target
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Figure 3.8: Voltage scaling using a static DC-DC converter [Str98]

system or load does not communicate with the DC-DC converter, and the output voltage

regulation is provided by comparing the output voltage with a reference voltage. In order

to adjust the output voltage, the DC-DC converter uses pulse-width modulation or pulse-

frequency modulation tstrgSl. The application domain of this type of low output voltage

static DC-DC converter is in battery-operated systems where the battery voltage is higher

than system operational voltage. For example, a system designed for operation at 3.3V

which runs off3 AA batteries (3*1.5V = 4.5V), can use a static DC-DC converter with input

voltage of 4.5V and ouþut voltage of 3.3V. The main advantage of using the static DC-DC

converter in this type of application is the reduced energy consumption of the target system

due to operation at the lower voltage.

DC-DC converters can be categorized into three groups based on their topologies. These

are linear regulators, switched capacitor converters and switching regulators or ffue DC-DC

converters [CB95a].

Figure 3.9 shows the block diagram of a linear regulator. Linear regulators are very at-

tractive for use as DC-DC converters in portable systems because of their small size and

simple circuitry requiring few or no reactive components. The main limitation of linear

regulators is that the output voltage must always be less than the input voltage. Since the

conversion efficiency is determined by the ratio of output voltage to input voltage, higher

efficiency levels can only be achieved by making the output voltage be slightly less than the

input voltage. Consequently, this requirement may limit the practical use of linear regulators.

In applications where output voltage is slightly below input voltage and linear regulators are

usable, the achievable conversion efficiency is dependent on two parameters: 1) quiescent

current and 2) the dropout voltage. The quiescent current controls the power dissipation of

+ +Static

DC-DC

LoadC
feedback
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Figure 3.9: Linear (series-pass) regulator [Str98]

the linear regulator when the load current is zero. Hence, circuits with low quiescent current

are desired. The dropout voltage is the minimum voltage difference between input and out-

put voltages necessary to maintain regulation. To maintain regulation and high conversion

efficiency, a small dropout voltage is desired.

Switched capacitor converters are a group of converters that are designed without mag-

netic components. They are generally known as charge pumps, and widely used in integrated

circuits for step up conversion or polarity inversion. Figure 3.10 shows a switched capacitor

converter used as a voltage doubler. As this figure shows, the entire circuit is made out of

switches (^91,52) and capacitors. By switching the input and output terminals, this circuit

could also be used as a step down circuit producing an ouþut that is half the input voltage.

The losses in the converter are caused by the parasitic resistances in the capacitances and

the switches. Though the switched capacitor converters can efficiently convert voltages, they

are unable to regulate the converted voltage any more efficiently than linear regulators. This

limits the applicability of switched capacitor converters.

Switching regulators or true DC-DC converters convert an unregulated input voltage to

a regulated ouþut voltage. Figure 3.11 shows the basic components of the switching regu-

lator circuitry (based on a buck converter topology) [Str98]. The functionality of this circuit

is as follows: The input voltage first gets chopped by the single-throw, double-pole switch

producing an intermediary pulse width modulated (P\4/M) rectangular ouþut voltage wave-
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S1 S2

Vin S2
Vo

S1

Figure 3.10: Switched capacitor converter - a voltage doubler [Str98]

form that gets filtered by the low pass filter. The resulting ouþut voltage has the desired

output voltage level with an attenuated level of AC ripple. The output voltage regulation is

maintained by comparing the output voltage with a reference voltage and adjustments to the

ouþut voltage is achieved through varying the ON time of the switch. Depending on the

need, switching regulator circuitry and filter component selection can be altered to achieve

ouþut voltages that are larger or smaller than input voltages, and same or inverted polarity.

More importantly, switching regulators provide very high conversion efflciencies approach-

ing L007o with ideal components, with typical and achievable effrciencies of 75Vo and over

9OVo, respectively [CB95a].

The switching regulators have a number of alternative topologies: step-down (buck) con-

verter, boost converter, and buck-boost converter. The buck converter is used when the output

voltage is less than the input voltage (step-down). The boost converter on the other hand pro-

duces an ouþut voltage greater than the input voltage. The buck-boost converter can produce

ouþut voltages higher or lower than the input voltage. Since the most coÍtmon converter

used in dynamic voltage scaling is the buck converter ([Gut96], [SMF+97], [BPSB00]), it

will be discussed here.

The main components of the buck converter circuit shown in Figure 3.11 include two

power transistors (M7 and M2) and the second-order low pass filter components (,L¡ and

C¡). The two transistors chop the input voltage V¿n, to produce a rectangular waveform of

++
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Figure 3.11: Low ouþut voltage Buck converter

duty cycle D, atthe inverter nodeVr. The low pass fllter filters the square-wave signal to

produce an output voltage Vou¿ with an acceptable ripple. C, in this figure represents the

parasitic capacitance. The ideal relationship between the input voltage and ouþut voltage is

given by Equation 3.4 [CB95a]:

Vou: VnD (3.4)

As this equation shows, any output voltage (Vom 1 I\) can be derived by varying the

duty cycle. Additionally, the conversion efûciency of the low ouþut buck converter can be

evaluated by considering a more conventional buck converter circuit implemented with one

controlled switch (S 1 ) and one unconffolled switch (a diode), as shown in Figure 3. I 2. In this

circuit, the maximum conversion efficiency is dependent on the forward bias diode voltage

(V¿¿oa), even if all other losses are considered to be negligible. Considering that the diode

only conducts a fraction (1 - D) of the switching period, the maximum conversion efficiency

of the buck converter circuit is given by [CB95a]:

VoutTman:ffi (3'5)

where, rl^o" is the maximum conversion efficiency,Vou¿is the output DC voltage, D is the

duty cycle. Figure 3.13 shows the relationship between the maximum theoretical conversion

efficiency and ouþut voltage using values of V¿n : 3.3V andV¿¿o¿" : 0.7V and 0.37.

As this figure shows, the buck converter efficiency approaches lOOTo as the outputvoltage

ì T -1:l L
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Figure 3.12: Buck converter circuit with a pass device and a diode

approaches the input voltage. Moreover, as the output voltage moves away from the input

voltage, the conversion efficiency drops significantly. For example, at output voltage of lV

the conversion efficiency is about 687o andS4vo for Vdiod" : 0'7v and 0'3v, respectively'

However, there are a number of losses that further reduce the theoretical maximum con-

version efficiency ofthe buck converter. These include: 1) conduction losses caused by the

current flow in non-ideal power transistors, filter components and interconnects, 2) gate drive

loss caused by switching of the gate of the power transistors, 3) capacitive switching loss in

the parasitic capacitor C¿n,4) short-circuit loss incurred when both transistors are conducting

for a short duration during transitions, and 5) quiescent operating power loss associated with

running pulse width modulation and control circuitry of the DC-DC converter. For a more

detailed analysis, please refer to [CB95a], [Str98].

Even though the PWM-based DC-DC converters are very efficient at full load, their effr-

ciency at light load levels can be significantly less. This is because the losses associated with

the converter are independent of the load current, and as [Str98] shows, a PWM buck con-

verter that is 947o elficient at full load is only 3Vo efficient at one-thousandth of the full load.

Therefore, if the system is operating at light loads most of the time, the losses in the DC-DC

converter will dominate any energy savings achievable by operating the target system at a

lower voltage.

To maintain high conversion efficiency across a wide range of load, pulse-frequency

modulation (PFM) or burst mode can be used. In this mode of operation, the converter

activates the PWM mode in short bursts separated by idle periods. Thus, at full load, the
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Figure 3.13: DC-DC converter effrciency vs. ouþut voltage

converter produces bursts without any idle periods in between, and as the load is reduced,

the bursts become less frequent and idle periods become more frequent. During idle periods,

the FETs in the DC-DC converter are turned off, reducing the load independent losses. Even

though PFM improves the conversion efficiency, its main limitation is the switching noise

which varies as a function of the time between bursts when the load changes. Consequently,

the noise issue of the PFM method may make it unsuitable for wireless applications.

Dynamic Converter Unlike static converters that convert a fixed input voltage to a fixed

output voltage, dynamic converters convert a fixed input voltage to a number of output volt-

age levels. This type of converter is essential for dynamic voltage scaling because it enables

the voltage to be varied at run-time. Figure 3.14 shows the block diagram for the dynamic

DC-DC converter (based on a buck converter circuit). As this figure shows, the target system

or load communicates with the DC-DC converter in requesting the output voltage to be set

to a desired voltage level.

diods -v.. = o.sv
otoõe

v. =3.3V.tn......
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Similar to static converters, conversion efficiency and output voltage ripple are also cru-

cial to dynamic converters. Additionally, dynamic converters have two other perfonnance

metrics: 1) transition time, and 2) transition energy [Bur01]. These metrics refer to the time

delay overhead and the energy cost of voltage ffansitions for the DC-DC converter. Accord-

ing to the model developed by Burd [8800], transition time and energy for a large voltage

transition fromV¿n ) Va¿z are givenby Equations3.6,3.7, respectively'

Vbat Vo

Figure 3.14: Voltage scaling using a dynamic DC-DC converter [Str98]

+ +

2.C
tt on N -r*, IV¿a, - V¿¿t 

I

(3.6)

Effon: (t-q) .C'lvÏor-VÏorl (3.7)

where, C is the ouþut filter capacitance of the DC-DC converter, 4 is the converter

efficiency, and lrno, is the maximum output current of the converter.

To maximize the energy effrciency of the dynamic voltage scaling technique, it is essen-

tial to maximize the converter eff,ciency, and minimize transition time, transition energy and

ouþutripple. To further maximize the conversion efficiency, techniques such as zero voltage

switching (ZVS) tSSBg4l can be used. This technique enables the FETs in the buck con-

verter to be switchedatzero drain potential, virtually eliminating the switching loss. In order

to minimize the voltage transition time and transition energy, ouþut filter capacitance must

be minimized. However, reducing the capacitance increases supply ripple, decreases the

stability of the feedback system, and reduces the low output voltage conversion efficiency.

Thus, tradeoffs have to be made in choosing these parameters'

change request

L variable Vo
Dynamic

DC-DC

Load
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3.3.2 Ring Oscillator

To effectively minimize the energy consumption through dynamic voltage scaling, the clock

frequency must also be scaled in lock-step with the voltage scaling. This is accomplished

by means of a ring oscillator comprising a string of inverters [Gut96], [Bur01]. The ring

oscillator is a replica of the critical path of the system, and this is used to model the delay

versus supply voltage relationship of CMOS circuit technology. By comparing the output

frequency of the ring oscillator with the desired clock frequency, the supply voltage can be

varied using a feedback conffol system. As far as the power overhead goes, ring oscillators

are superior to clock generation by phase-locked loops (PLL), contributing to less than one-

tenth of the power consumption of conventional approaches. In IpARM processor, the power

overhead of the ring oscillator is about 10 ¡rW or almost negligible [Bur01].

3.4 Voltage Scaling Models

Section 3.3.1 presented the functionality and tradeoffs of DC-DC converters for use in the

context of dynamic voltage scaling. This section presents two voltage scaling models that

can be used for dynamic voltage scaling.

3.4.1 Continuous Voltage Levels

The use of continuous voltage levels implies that any sample workload can be translated to

a unique voltage level for voltage scaling. This also means that the DC-DC converter must

be able to produce an infinite number of ouþut voltage levels. In order to produce such

continuous ouþut voltage levels, a feedback control mechanism is necessary. The feedback

control also enables the DC-DC converter to produce accurate output voltage levels across

process and temperature variations.

Since continuous voltage levels provides voltage scaling to all possible workloads val-

ues, this enables the lowest energy consumption to be achieved from dynamic voltage and

frequency scaling. In other words, this model provides the ideal voltage level and minimum

energy consumption for a given workload. Figure 3.15 shows this energy relationship for

DVS in fixed throughput mode of operation. In this figure, rate is directly proportional to
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voltage level.

Even though continuous voltage levels provides the optimum energy saving, there are

several disadvantages associated with supporting a large number of voltages. These disad-

vantages include increased system complexity, area, slow voltage transition times, and power

overheads introduced by the feedback conftol system. A detailed discussion of the ffadeoffs

involved in the design of a complex DC-DC converter based on a proportional, integral,

derivative (PID) controller for feedback conffol is documented in tWH99l.

A more practical implementation of continuous voltage level model assumes a large num-

ber of discrete voltage levels as an approximation of the infinite voltage levels. An example

of such a system is presented by Kuroda et. al [KSM+98]. This system uses 64 discrete

voltage levels, with a minimum resolution of 50mV.
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3.4.2 Voltage Quantizations

As opposed to the continuous voltage level model that uses an infinite or large number of

discrete voltage levels, the voltage quantization model uses only a small number of discrete

voltage levels to cover the full range of voltage levels [Gut96]. By using only a handful of

predetermined output voltage levels, the need for the feedback control system in the DC-DC

converter can be eliminated. Thus, the voltage quantization model uses a simple table lookup

and an open-loop approach for setting output voltage levels.

Practical implementation of this model involves selection of a small number of discrete

voltage levels, and the determination of the appropriate pulse-width modulation waveforms

for the two FETs of the Buck converter.

A popular method used for determining the voltage quantizations involves two steps

[Gut96]: 1) selection of the rate quantizations that are equally spaced in a normalizedrate

scale of 0 to 1. For example a 4-level voltage quantization would select normalized rate

quantizations of I/4 (0.25), 2/4 (0.5),3/4 (0.75), 4/4 (1.0). 2) conversion of the rate quanti-

zations to supply voltage levels by substituting each workload quantization value for r and

calculating the corresponding voltage quantizations using Equation 3.3. Some examples of

systems that use this voltage quantization selection approach are [XCSD96], [LYyTC99],

[Gut96].

An alternative approach for selection of voltage quantizations is given in tCLOOl,ICCL01l.

In this work, we proposed a voltage quantization selection scheme that is based on charac-

teristic workload distributions of the data sequences. Though this approach is more energy

efficient, it is more complex and requires the workload distribution models of data sequences

to be derived.

The main advantage of open-loop DC-DC converter operation is the fast voltage transient

response. Gutnik et. al lGtt96l report transition times of around 10ps using a hybrid con-

verter that utilizes the open loop and voltage look up approach. The secondary advantages

of the open loop approach are low supply voltage ripple and very high DC-DC conversion

efficiency for the full range of scaled voltages due to high capacitance in the output filter.

Using a typical ouþut capacitance of 100¡;F, Burd [Bur01] estimates output supply ripple to

be less than l%o and conversion efficiency of the DC-DC converter for the full voltage range
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(1.2V-3.8V) to be over 95Vo.
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Figure 3.1.6: Energy and rate relationship for voltage quantization model

Based on a 4-level voltage quantization conesponding to rates of 0.25, 0.5, 0.75, and

1.0, the energy and rate relationship is shown in Figure 3.16. For comparison, the energy

and rate relationship for the continuous voltage level model is also provided. As this figure

shows, the energy curve of the voltage quantization model is inefficient compared to the ideal

continuous voltage level model. This is mainly because the availability of only a handful of

voltage levels implies that the vast majority of the workload values will have no matching

voltage levels to be scaled to. This causes the vast majority of data samples to be scaled to a

voltage quantization that is higher than would have been ideal under the continuous voltage

level model. For example, a data sample with workload of 0.6 will have to be processed at

rate quantizations of 0.75 to satisfy processing time constraints. (Use of a rate quantization

of 0.5 violates the time constraint). However, processing at a higher voltage level than ideal

causes the processing to finish before the maximum available time for processing (in frxed

throughput mode of operation), and results in the system idling for part of the sample period.

Levels
Model
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This is illustrated in Figure 3.17. In this figure, voltage quantizations are represented by

Vú and Vqz, and the ideal operating voltage if continuous voltage levels are available is

represented by V¿"ot.Since a vast majority of data samples in a data sequence have an ideal

voltage level not equal to one of the quantized levels, the system will incur increased idle

energy losses. Thus, energy efficiency of voltage quantization model depends on efficient

reduction of idle losses. The next chapter presents two idle loss reduction techniques.

v
v

ql
ideal

continuous voltage
levels model

voltage quantization
model

va

active idling

vqr
videal

ur,

Sample Period

Figure 3.17: Idling in voltage quantization model

Apart from the idle losses, the open loop approach in the voltage quantization model has

another limitation. Since the voltage levels are predetermined in terms of ON /OFF pulse

width modulation times of the FETS (in the buck DC-DC converter), the actual voltage

levels can vary according to the process and temperature variations. In order to allow for

process and temperature variations, a hybrid controller comprising the lookup table concept

of open-loop and a phased locked loop has been used in [Gut96]. In this implementation,

the voltage quantizations are stored in random access memory ßAM) as opposed to read

only memory (ROM) such that the adjustments to the voltage quantizations can be done at

run-time and at a slower frequency (of l0kHz in this example).
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3.5 Buffering and Workload Averaging

The energy model presented in Section 3.1.3 defines the static relationship between energy

consumption for all possible sample workload values. In addition to this static energy model,

the total energy consumption of a data sequence will also depend on the dynamic behavior or

the workload distribution of data samples in the data sequence [Gut96]. If each data sample

needs to be processed during each sample period (or no additional delay can be tolerated

due to time constraints), the processing rate during a sample period must be greatet than or

equal to the sample workload. However, if some delay can be tolerated, storing data samples

in a first-in-first-out (FIFO) buffer first and then processing them at a processing rate that is

equal to the average buffered workload can further minimize the total energy consumption

[Gut96]. This section demonstrates this concept.

Buffering data samples and processing them at the rate of the average buffered workload

enables the processing rate to be decoupled from the individual sample workload values.

This enables partial processing of data samples to occur during a sample period. In other

words, a sample may be processed over a number of sample periods, or multiple samples

may be processed over a single sample period depending on the sample workload values.

However, since the maximum throughput (of fixed throughput mode) has a normalized upper

bound of 1.0, all rate values during all sample periods will be less than or equal to 1.0.

The primary objective of buffering and workload averaging is minimization of total en-

ergy consumption [Gut96]. The buffering and workload averaging technique produces ad-

ditional energy savings because of the convex oÍ concave up nature of the energy and rate

relationship as shown in Figure 3.5. To demonstrate how convex relationship of energy and

rate can produce additional energy savings from buffering and workload averaging, consider

the processing of two data samples with normalized workloads of 0.1 and 0.9 as shown in

Figure 3. 1 I . If the two data samples are processed without buffering, the average energy dis-

sipation lies half-way along the chord joining the two points I0.1,8(0,1)l and [0.9,-Ð(0.9)]

or 0.5[E(0.1) + E'(0.9)] as shown by point ,4 on the curve. If the same two samples are

buffered and process ed at a rute that is equal to the average of the two workload values, then

the energy dissipation equals to E(0.5), and the corresponding point is shown by point B

in Figure 3.18. Thus, buffering the two samples and processing them at average workload
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Figure 3.18: Energy savings from buffering and workload averaging

achieves an additional energy saving of E(A) - E(B).

In order to calculate the rate value for a sequence of data samples, Gutnik [Gut96] uses

the finite impulse response (FIR) filter function on the data sequence. Since the FIR filter

is a moving average of the workload, it prevents any buffer overflows or underflows. More-

ovet, the filter is causal and linear time-invariant, and the non-negativity of rate values are

guaranteed by choosing the variables according to Equations 3.8 and 3.9 [Gut96]:

(3.8)

B_l
0(a¡(1 Ðo*:t (3.9)

ft=0

where, a¿ represents constant coefficients, rl[,k] is the workload value atthe kl lth buffer

location, and B is the buffer size.

An example that shows how FIR filter is used for calculating the rate for a sequence of

data samples is shown in Figure 3.19 [Gut96]. As this figure shows, workload averaging

r
B-lt
k:o

a*u k
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requires two buffers, one to store the actual data samples (data buffer), and the other to store

the workload values (workload buffer). 'When 
a new data sample arrives, it is buffered in d[2]

of the data buffer. Then the buffered data sample is evaluated, workload value determined

and stored in w[2] of the workload buffer. The processing rate r is then calculated during

each sample period by taking the weighted average of the last B workload values in the

workload buffer, whether or not the data samples have actually been processed. In this

frgure the buffer size is B : 3, and coefficients are a0 : at - a2 :1/a' since the data

samples are processed at varying speeds depending on the value of r, the contents of the

workload buffer and data buffer will be different during operation. This means that in some

sample periods, more than one sample is processed, while in others part of a sample or no

sample is processed. This situation is evident in a number of sample periods in Figure 3.19.

For example, in sample period 0, the calculated rate is 2, and this implies that only part of

the data sample in dt2l (workload of 2 out of 6) will be processed. This leaves behind a

workload of 4 out of 6 in dl2l to be processed at the end of sample period 0. Before the

beginning of the sample period !, data in the buffers will be shifted to the left making way

for a new data sample to be buffered in location d[2] in the data buffer and its corresponding

workload to be stored in location w[2] in the workload buffer. The rate calculation for sample

period I results in a value of 3 for the rate, and this results in part of d[1] (3 out of 4) to be

processed during sample period 1. Similarly, sample period 2 results in arate value of 10,

which processes d[0], d[1], and 6 out of 21 in d[2] to be processed in sample period 2. The

review of the first three sample periods show that the original data sample in d[2] in the

zercth sample period (of workload 6) was partially processed over 3 sample periods, and

that multiple samples can be processed over a single sample period (sample period 2). The

sample period 3 also demonstrates the importance of using a workload buffer separate from

the data buffer; if only one buffer (the data buffer) was used without a workload buffer and

the rate is calculated using the data buffer, the resultingrate values will be smaller than that

predicted by Equation 3.8, and the buffer will eventually overflow.

Extending the buffering idea to include all the data samples and processing them at the

average workload minimizes the total energy consumption. Such an approach is however

limited due to the following tradeoffs: 1) the increased memory and area overhead for main-

tenance of two buffers to store all the data and workload values, 2) the latency associated
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Figure 3.19: sample rate calculations for buffering and workload averaging

lGut96l

with storing all the samples before they can be processed adds a propagation delay or la-

tency equal to B sample period to the computation, and this may preclude any use of large

buffers in real-time applications, and 3) the overhead necessary for tracking partially pro-

cessed samples across sample period boundaries increases with buffer size. Thus, depending

on available memory, area, and latency requirements for real-time processing, a suitable

buffer size for a particular application must be determined.

Buffering and workload averaging was originally proposed for minimizing the energy

consumption of the continuous voltage level model. This is because, the energy curve (Figure

3.15) for continuous voltage levels is concave up and buffering and processing at average

workload produces the energy savings demonstrated above. However, as Figure 3.16 shows,

the energy curve for voltage quantization model is no longer concave up, so buffering and

workload averaging is no longer effective as a means for minimizing energy consumption

with voltage quantization model.

0 0 6 0 0 6

0 4 3 0 6 3

I 3 2t
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3.6 Summary

This chapter provided an introduction to the concept of dynamic voltage and frequency scal-

ing as applicable to fixed throughput mode multimedia applications. The chapter also pre-

sented the relevant architecture, energy models, and tradeoffs involved with the dynamic

voltage and frequency scaling technique. Next, the chapter presented a number of work-

load determination techniques, and the details of the type of hardware circuitry necessary for

DVS and the associated tradeoffs. Finally, a presentation of two voltage scaling models and

how sample buffering and workload averaging can further minimize energy consumption

was discussed.
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Chapter 4

Improving Energy Efficiency of Voltage

Quantization Model

The voltage quantization model is effective in achieving fast voltage transitions, low sup-

ply ripple, reduced complexity of DC-DC converter, and a very high the DC-DC conversion

efficiency across the full range of scaled voltages. However, the main limitations of the volt-

age quantization model are increased idle losses due to the availability of a small number of

voltage quantizations, and high energy cost of voltage transitions due to high ouþut filter ca-

pacitance of the converter. Thus, improving the energy efficiency of the voltage quantization

model involves the minimization of idle losses and voltage transitions.

This chapter presents the prior approaches for improving the energy effrciency of the

voltage quantization model, and discusses the weaknesses of these approaches. This chapter

then details the research work undertaken, and the experimental framework used for devel-

oping and testing the technique presented in this thesis.

4.I State of the Art in Improving Energy Efficiency

The prior research is primarily focused on idle loss reduction as the only method for im-

proving energy eff,ciency of the voltage quantization model. As a result, the energy cost of

voltage transitions in the voltage quantization model remains completely unexplored.

This section presents the two idle loss reduction techniques that have been reported in

literature [Gut96]. These techniques are 1) Clock gating, and2) Voltage dithering.
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4.1.1 Clock Gating

One of the biggest challenges high performance microprocessor designers face today is keep-

ing the power dissipation to a minimum. Even though operational supply voltage and feature

sizes are reduced in each new generation of microprocessor design, additional complexity of

the new designs and increased clock speeds contribute to increased power dissipation. One

popular technique for minimizing the power dissipation in high performance microproces-

sors is through a technique called clock gating. Clock gating involves partitioning the system

clock into a clock distribution network and controlling it by turning ON only the portions of

the system required for a given clock cycle while the other portions are effectively turned

OFF. Turning off portions of the system at run-time enables the total switched capacitance

of the system to be reduced, and this reduces the total power dissipation. This technique

is effective for high performance microprocessors because clock distribution is the biggest

power consuming component in the system [TSR+98],[Dev01],[GBJ98].

Figure 4.1 shows a typical circuit-level implementation of the clock gating technique

[TSR+98]. As this figure shows, the system is divided into subsystems (4, B, C, and D), and

the clock signal is qualified by special enable signals (EnableA, EnableS, and Enable-C).

In this implementation, the block D is always ON (functioning), while the other three blocks

are enabled during run-time. By replacing the regular clock buffers with qualifying gates as

shown in this figure also has the secondary benefit of reduced area and performance over-

heads [TSR+98].

Gutnik et. al [Gut96] shows how clock gating can be applied to minimize idle loss in

the voltage quantization model. This approach involves turning off the clock when idle

time is detected. This method is demonstrated in Figure 4.2. ln this figure VqI andVq2

represent two voltage quantizations. Based on this approach and assuming no overhead

associated with clock gating, a 4Jevel voltage quantization, and zero energy loss during

clock gated period, the energy and ratelworkload relationship for the voltage quantization

model is shown by the "stair-step" curve in Figure 4.3 [Gut96]. For reference, the energy

curves for continuous voltage level model and the voltage quantization model (without clock

gating) are also shown. As this figure shows, the idle loss reduction due to clock gating

results in a more efficient energy model for voltage quantization model, even though the
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resulting energy model is not as good as the continuous voltage level model.

Enable A Enable B

PLL
(Clock generator)

Enable C

Figure 4.1: Clock gating of clock networks [TSR+98]

4.L.2 Voltage Dithering

Voltage dithering involves processing adata sample attwo voltage quantizations to eliminate

the idle loss [Gut96]. This implies that part of the sample period is processed at one voltage

quantization and the remainder of the sample period is processed at another voltage quan-

tization. Figure 4.4 demonstrates the voltage dithering approach. As the figure shows, the

approach involves partial processing of the data sample at each of the two voltage quantiza-

tions such that the full sample period is used up for computation. This eliminates idle losses.

As before, Vø andVqz are two voltage quantizations.

To demonstrate how voltage dithering is performed, consider adata sample with normal-

ized workload of 0.6 being processed using a DVS system with a 4-level voltage quantization

corresponding to normalized rate quantizations of 0.25,0.5,0.75, and 1'0'

The first step involves the identification of the two voltage quantizations used for voltage

dithering (Vú andVqz in the f,gure) of this data sample. The voltage quantizations selected

for a data sample are the ones that are neighboring the selected sample workload. For ex-
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Figure 4.2: Idle loss reduction in voltage quantization model through clock gat-

ample, our sample with workload of 0.6 will have the neighboring rate quantizations of 0.5

and 0.75 around it. The second step is to calculate when to dither the voltage such that the

idle loss is eliminated. In order to calculate the point of dithering, the available work must

be processed over two voltage levels (rate quantizations or clock frequencies) and since total

workload processed remains the same with or without dithering, the condition in Equation

4.1 must be fulfilled. In this equation, workloadyqt and workload,yqz represent the workload

processed at each of the voltage quantizations.

worlcloadouaàtabte: workloadyqt I workloadvqz (4.1)

Assuming that p (normalized) represents the proportion of the sample period processed

at the low voltage quantization (Vnù, the proportion of time processed at higher voltage

quantization is (1-p). Since the workload equals to processing time multiplied by processing

rate, Equation 4.1 can be transformed to Equation 4.2.

'trsampte: (1 - p) ,r 16l p * roz (4.2)

where u)sampre is the available workload of the data sample, rq1 is the rate quantization

corresponding to voltage quantizati on of Vqt, and r qz is the rate quantization corresponding

to voltage quantization of Vqz. Substituting the values of our example data sample with

workload of 0.6 and rate quantizations of 0.5 and 0.75 shown above, the value of p comes

idting

lng
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Figure 4.3: Energy vs. rate relationship for voltage quantization model with

clock gating [Gut96]

out to be 0.6. In other words, the dithering point occurs at 4OVo of the sample period when the

sample is flrst processed at the high voltage quantization (%r). After the dithering transition

fromVú ) Vsz, processing of the sample continues for the remaining 607o of the sample

period at the low voltage quantization (Vqù. Thus, voltage dithering enables 100% use of

the sample period for a sample that otherwise would have idled for part of the sample period

with the voltage quantization model.

In order to present the energy model for voltage quantization model with voltage dither-

ing, the following assumptions are made: 1) the computational overhead involved with cal-

culating the voltage dithering point per data sample is negligible compared to the data pro-

cessing computation, 2) the voltage transition time is short enough to allow two voltage

transitions within a sample period (the initial transition to high voltage quantization and the

dithering ffansition between voltage quantizations), and 3) the energy cost of voltage tran-

sitions is negligible. Based on these assumptions, the energy curve for a 4-level voltage
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Figure 4,4: Idle loss elimination in voltage quantization model through voltage

dithering

quantization is shown in Figure 4.5 [Gut96]. As this figure shows, a 4-level voltage quanti-

zationprovides a very close approximation to the continuous voltage level model.

4.2 Limitations of Prior Art

This section discusses limitations of the two idle loss reduction techniques presented above.

4.2.1 Clock Gating

As Section 4.1.1 showed, clock gating is a useful technique for power minimization of very

high performance microprocessor architectures where the power dissipation due to the clock

dominates the total powff of the microprocessor. However, use of the clock gating technique

has a number of limitations. One of the main concerns of clock gating is that the gated circuit

may not power up in time for the next clock cycle [TSR+ 98] . This implies that if clock gating

is done very frequently, the gated circuitry may not be ready to function when required. The

other issue is the introduction of spurious transitions or glitches caused by the modified clock

signals [TSR+98]. Because of this, the clock gated designs require careful timing verification

and functional validation. For higher speed designs (over 100MHz), the additional gate

used for qualifying the clock signal may also contribute towards timing critical clock skews.

Moreover, turning the clock signal ON/OFF also causes large variations to current, and this

EH
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Figure 4.5: Energy vs. rate relationship for voltage quantization model with

voltage dithering [Gut96]

leads to transient pow¿r losses [TSR+98].

In addition to the complex design and test effort involved with clock gated system design,

clock gating is not suited to reducing idle energy loss in the voltage quantization model for

multimedia applications. This is because using a small number of voltage quantizations

with the voltage quantization model implies that a large proportion of data samples in a

data sequence would be processed at a higher voltage quantization (than would have been

ideal with continuous voltage level model). Consequently, this implies that a very large

proportion of the data samples would produce idle losses, and if clock gating is used for

reducing idle losses, this would require clock gating to be activated during a vast majority of

sample periods. Since clock gating is ideally performed very infrequently due to the above

discussed limitations, it will be ineffective as an idle loss reduction technique in the voltage

quantization model for multimedia applications. A simpler and more effective approach

would thus be to use voltage dithering.
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4.2.2 Voltage Dithering

Section 4.1.2 showed how a 4-level voltage quantization can produce an energy curve that

approximates the energy curve of the continuous voltage level model. However, this energy

model is derived from ideal assumptions about voltage transitions, that they incur negligible

energy cost and take short transition time. In reality, the voltage dithering technique has a

number of limitations.

Firstly, the voltage dithering approach produces an additional voltage fransition per data

sample. Since a majority of data samples in a data sequence will produce idling and hence

require dithering, a large proportion of data samples will produce the additional voltage

transitions. Since the voltage quantization model has the shortcoming of high output capac-

itance (to maintain high DC-DC converter efficiency and low ouþut voltage ripple), each

voltage transition will contribute to increased transition energy losses. Since a vast majority

of samples produce the additional voltage transition, the total transition loss can be signifi-

cant depending on the data processing computation.

Secondly, since voltage transitions incur finite transition times, voltage dithering may be

infeasible if the sample period is not long enough to allow an additional voltage transition.

Thus, depending on the DC-DC converter parameters and the multimedia computation where

DVS is used, voltage dithering may not be feasible.

Thirdly, each dithering transition involves the overhead of calculating the dithering point.

The determination of dithering point involves calculation of p of Equation 4.2 as shown

in Equation 4.3. This equation shows that during each sample period, determination of

dithering point involves a computational overhead of two subtract operations and a single

division operation.

p _ Tql - Usam4le
(4.3)

Tqt - Tq2

Apart from this overhead, voltage dithering will incur other computational overheads

when dithering is done in computations where the sample period and the voltage transition

time are of the same order of magnitude. In such cases, the dithering transition is only made

if energy can be saved, compared to incurring idle losses. For example, based on Equation

3.7 the energy cost of a dithering transition fromVqr + Vo, can be calculated as shown in
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Equation 4.4:

Etran(qt_+q2) : (1 -ù.c.Iv;,-vr"I (4.4)

where, C is the ouþut filter capacitance of the DC-DC converter, and 4 is the converter

efficiency.

Similarly, using Equation3.2 the energy cost of operation atVqz voltage quantization

çE(rqzD can be calculated by first calculating the normalizedenergy at the voltage quantiza-

tion. (Here, roz refers to the rate quantization at voltage quantization of Vqù.

Thus, effectiveness of a dithering transition can be evaluated by comparing p * E(rqz)

and E¿ron1o1ao21.

The overhead involved with these comparisons can be reduced by performing the cal-

culations once and storing the results in memory. However, the underlying problem with

this approach is the necessity to have a good hardware knowledge of the system to obtain

parameters such as threshold voltage (in Equation3.2) and DC-DC converter efficiency (in

Equation 3.7) such that the system can be programmed to make energy conscious dithering

transitions.

The final limitation is the increased noise due to the additional voltage transitions of

voltage dithering. Since DC-DC converters are noisy components, additional transitions

introduced by dithering can cause noise interference to the sensitive components in a system.

This is particularly true in portable wireless systems where multimedia and dynamic voltage

scaling is being increasingly exploited.

4.2.3 Summary

Considering the limitations of prior art and the lack of research on transition energy loss, we

believe that new research work that takes hansition losses into consideration and develops a

novel technique for reducing both idle loss and transition loss is necessary for comprehen-

sively improving the energy effrciency of the voltage quantization model'
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4.3 ResearchUndertaken

The main objective of our research is to take a fresh look at the voltage quantization model

and develop a new algorithmic approach for improving its energy efficiency such that a small

number of voltage quantization provides a very good approximation to continuous voltage

level model. Unlike prior art, we envisage to develop a new technique that not only reduces

the idle loss, but also the transition energy cost of fixed throughput mode computations using

the voltage quantization model.

In order to formulate the research problem addressed in this research, it is important to

define the term total energy of computation. The definition of this term is given in the section

below.

4.3.1 Total Energy of Computation

The term computatio,r¿ in this thesis refers to a fixed throughput mode computation that uses

dynamic voltage and frequency scaling to reduce idle loss and minimi ze energy consumption.

Thus the term total energy of computation defines the total energy cost of processing all

the samples of a data sequence. Since the computation occurs in a dynamic voltage and

frequency scaling environment, total energy of computation will include the energy cost of

processing the data sample and the energy cost of voltage transitions. This relationship is

shown in Equation 4.5:

Ehtot: Eo, * Et (4.s)

where, E¿o¿o¿ is the total energy of computation, Ep, is the total energy for data process-

ing, and E¿, is the total energy cost of voltage transitions.

The total energy of data processing, Ep, càn be defined in terms of the rate and energy

model as shown in Equation 4.6:

ËtDp,: ,,D_"r'P(') (4.6)

where, r is the normalized rate, E(r) is the energy vs. rate relationship for the voltage

quantization model (as shown in Figures 4.3, and4.5), and P(r) is the sample workload./rate
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distribution of processed data samples expressed as a probability mass function.

Similarly, total transition energy, E¿y, eàÍtbe defined in terms of transition energy cost as

defined by Equation 3.7 and the total number of transitions expressed as a probability mass

function, as shown by Equation 4.7:

T

Eb :D"r,(r) . P*(r) (4.7)

¡=1

where, r is an integer variable representing different voltage transitions possible for the

voltage quantization model, ? is the maximum number of different types of voltage transi-

tions possible with the voltage quantization, E¡r(r) is the transition energy for the r type of

transition as defined by Equation 3.7, and P*(r) is the probability mass function value of

transition type r.

Thus, minimization of total energy of computation involves minimization of data pro-

cessing energy and transition energy. According to Equation 4.6, dataprocessing energy can

be minimized by reducing the idle loss through optimization of the energy model E(r) or

workload distribution expressed as a probability mass function P(r), or both. SimilarlY, min-

imization of transition loss can be accomplished through optimization of energy efficiency

of transitions taken E¿¡, ãîd transition distribution expressed as a probability mass function

P¿", or both.

However, the conffibution of the -E¿" component towards E¿o¿o¿ (inEquation 4.5) depends

on the Eo, component. Since the E, component is a function of the sample period (7" ac-

cording to Equation 3.2), this implies that the contribution of E¡, towards total energy of

computation depends on the computation itself. For example, \f T, is much larger than the

voltage transition time, the contribution of E¿, can be ignored. Conversely, as 7, approaches

the voltage transition time, the contribution of E¿, becomes very important. However, when

l, approaches the voltage transition time, processing time will not be long enough to acco-

modate the voltage transition, and this makes dynamic voltage scaling completely ineffec-

tive.

In order to develop a more general approach to minimizing total energy of compul.al"iott

without considering specifics of the computation itself, we focus on reducing the magnitude

of both Eo, and E¡, separately, without considering their relative magnitudes. This way,
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Chapter 4. Improving Energy Effrciency of Voltage Quantization Model

our proposed approach can be used in any dynamic voltage scaling application that uses the

voltage quantization model.

4.3.2 Research Problem Statement

The key problem this research addresses is reduction of total energy and voltage transition

count of fixed throughput mode multimedia computations using dynamic voltage and fre-

quency scaling with the voltage quantization model. The proposed research aims to develop

a novel approach that reduces both the data processing and transition energy components

such that the energy efficiency of the voltage quantization model is improved. Additionally,

we aim to reduce the total number of voltage transitions incurred for the computation.

4.3.3 Research Directions

As discussed above, prior research does not document any comprehensive approach that

minimizes both idle loss and voltage transition count. From the existing idle loss reduction

techniques of clock gating and voltage dithering, superior energy efficiency is achieved by

voltage dithering at the expense of increased voltage transitions.

Considering Equation 4.6,the voltage dithering technique achieves improvedenergy effi-

ciency from an improved energy model E(r). This is also shown in Figure 4.5. Our research

takes a fundamentally different approach to minimizing idle losses by optimizing the second

component of Equation 4.6, the workload distribution of the data sequence expressed as a

probability mass function or P(r). By hansforming the P(r) term, we envisage that idle loss

can be minimized. Moreover, we anticipate that transformation of P(r) will also result in

significant reductions in transition count, and consequently the -Ð¿, as well.

Since the envisaged approach aims to transform P(r), this enables the use of a very

simple energy model with few assumptionsfor Epr.This makes the proposed approach less

dependent on hardware issues, which in turn improves its versatility. The energy model used

for this research is the model shown in Figure 3.16 for the voltage quantization model and

will be discussed in more detail in the next section.

This desired transformation of P(r) that minimizes the idle losses is shown in Figure 4.6.

In this figure, the top figure shows the P(r) distribution of a typical data sequence. Using
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4.4. Platform for Expefimentation

a 4-level voltage quantization coffesponding to normalized rate qtnntizations of 0.25, 0.5,

0.75, and 1.0, it is clear that the workloads of the majority of data samples do not exactly

match the available rate quantizations. This is what causes idle times and consequently idle

losses in voltage quantization model. However, if the P(r) distribution of the top figure can

be transformed to the P(r) distribution of the bottom f,gure, the idle time and losses are

virtually eliminated. This research explores this possibility by utilizing sample buffering and

dynamic behavior of data sequences.
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Figure 4.6: Desired optimization of rate disffibution for idle loss elimination

4.4 Platform for Experimentation

This section presents the experimental framework used in our research work.
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4.4.1 Energy Model

The energy model used in our experimental work is shown in Figure 4.7. This is the same

energy model that was discussed in Section 3.4.2 an shown in Figure 3.16. This model is

based on the first order energy model of Section 3.1.3. This model assumes that one voltage

transition per sample period is used during voltage scaling and if processing finishes early

in a sample period, idle time occurs which consumes the same energy as data processing.

Though this model is very simple, and can be used in a variety of voltage scaling applica-

tions without knowledge about specific system details, it conffibutes to very high idle energy

losses. Thus, unless our proposed approach is exffemely effective in optimizing P(r), the

total energy of computation will be significantly deteriorated.
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4.4.2 Voltage Quantizations

For the development and testing of our proposed approach, we use a voltage quantization of

4. This is because most prior research involving voltage quantization model uses either 4 or

5 discrete voltage levels [Gut96],[CGX96],[LYyTC99]. However, in Chapter'7 we perform

analysis at voltage quantizations of 2, 3, 4, and 5'

4.4.3 TFansition Energy Computation

We use the recently proposed transition energy model from IpARM project at Berkeley

[BPSB0O] for evaluating the transition energy component.

4.4.4 Multimedia Computation

The selection of the multimedia computation for our experimental work involves two key

criteria. The selected computation 1) must be data-dependent and must be amenable for cal-

culating the sample workload a priori.2) must be open standard based and the source code of

implementations must be available for experimentation. Based on the first criteria, we chose

the Inverse Discrete Cosine Transform (IDCT) as our computation. IDCT computation is one

of the most compute-intensive tCDCP0ll and is the core computation in a number of multi-

media codecs. For example in MPEG codecs, IDCT computation contributes to about227o

of the total decoding time tBK95l. Additionally, this computation is data-dependent, and

availability of the alternative forward mapped implementation or FMIDCT [MW92] makes

the a priori calculation of workload possible. This algorithm has been used in a number of

low power research works [CGX96],[Xan99] due to its ease in calculating the sample work-

load exactly and a priorl based on the number of non-zero coefficients in a data sample (8 x 8

block). Based on the second criterion, we chose MPEG video decoding as our application

domain for the IDCT computation. 'We chose MPEG standard because of its versatility as a

set of rapidly evolving standards for a wide range of multimedia applications. From the array

of possible MPEG multimedia applications, we tbcus on video decoding primarily because

of its use in a large number of portable multimedia products such as portable video players,

video phones, etc. Moreover, MPEG video decoding is known to exhibit large variations in
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Chapter 4. Energy Effrciency of Voltage Quantization Model

throughput (workload) [CDCP01] and we use this property of MPEG video to illustrate our

proposed approach.

For completeness, a brief overview of the Inverse Discrete Cosine Transform (IDCT) and

the FMIDCT implementation are given below.

Inverse Discrete Cosine Transform (IDCT) is the reverse of the Discrete Cosine Trans-

form (DCT), and involves the conversion of scaled cosine basis functions into a set of data

samples. For a2-D array of samples, f @,y), the 2-D IDCT computation is given by Equa-

tion 4.8:

r ï,, vr :,f_P^ryry F Qt, u) co s (@+-) -' (@+-)

lO,O

IO,l

lo,7

lL,z

co'

c1'

(4.8)

(4.e)

where F (p, r) is the array of 2-D DCT coefficienrs and c (p,) and c (u) are given by:

c(p,) : rlli iÍ p: o

C(u) :1 i'Í u ) 0

The formulation of the Forward Mapped Inverse Discrete Cosine Transform (FMIDCT)

is given by Equation 4.9 [MW92].

: Xo,o * Xo,t

0.1
co'

0.1
c7'

:

0.1
cet

0.0
co'

0.0
c7'

:

0.0
csz

l"'*X7,7

fi7,O...!X2,7 7.7
ce:r

where !x¿,¡ ãÍe- the reconstructed image data, X¿,¡ are the input DCT coefficients , and c'¿r

are the reconstruction kernels of the input coefficients.

Based on Equation 4.9 , the normalized workload (t¿) for a data sample in FMIDCT

algorithm can be determined a priori using Equation 4.10. For this formulation a block size

ofSxSisused.

,: ! (4.r0)
64

where, n(0 < n < 64) is the numberof non-zero coefficients in the 8x8 image block.
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4.4.5 Test Data

For the analysis of the research problem, and development and testing of the proposed ap-

proach, a collection of video sequences encoded in MPEG-2 were chosen as test data. These

video sequences are composed of 300 color frames in quarter conìmon intermediate format

(QCIF) and represent a wide variety of content types, levels of motion, and camera panning.

Tables 4.! and4.2 show the MPEG-2 compression parameters and the properties of the test

video sequences, respectively. Some sample frame sets from test video sequences are given

in Appendix A.

Table 4.1: Summary of MPEG-2 compressionparameters

Parameter Value

Number of Frames in a Group Of Pictures (GOP) 15

VP Frame Distance J

Horizontal Picture Size (Pixels) 176

Vertical Picture Size (Pixels) t44

Frame Rate 30 frames/sec

Bit Rate 4 Mbits/sec

Profile Main

Level Low

Sub-sampling Format 4:2:O

4.4,6 MPEG Codecs

The MPEG-2 codec software (and source code in C) used for video compression and decom-

pression was acquired from the MPEG Software Simulation Group tMSSl.

4.4.7 Simulation Environment

The experimental work for the research presented in this chapter is based on simulations

performed using MATLAB (version 5) software package from MathWorks Inc [Mat]. In this
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Table 4.2: Properties of the MPEG-2 test video sequences

Video Sequence Content Motion Camera Pan/Direction

Akiyo woman's head and shoulders low no

Carphone man talking on the phone low no

Coastguard boat medium constant/honzontal

Container ship medium no

Hall surveillance low no

Foreman construction site medium constant/various

Mother mother and young daughter low no

Silent woman using sign language medium no

work, no special Matlab toolkits were used. All the source code used in the experimental

work is included in the CD included in Appendix C.

4.4.8 Hardware Platform

All the matlab simulations in this research were performed on a dual-CPU Sun Enterprise

250 Server with 2GB of RAM and running Solaris 9.

4.5 Summary

This chapter discussed the limitations of prior approaches for minimizing the idle losses in

the voltage quantization model. This chapter also provided an overview of the research work

undertaken and the experimental platform used for our research. The next chapter presents a

novel approach for enhancing the energy efficiency of the voltage quantization model.
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Rate Selection: A New Approach

Using the eight MPEG-2 test video sequences, this chapter presents the analysis of probabil-

ity ratelworkload distributions in identifying the proportion of data samples that contribute

to idling in the voltage quantization model. Then, the concept of the proposed rate selection

approach for minimizing idle losses is presented.

5.L Problem Analysis

As discussed in Section 3.4.2, the voltage quantization model produces idle losses because

the vast majority of data samples in a data sequence will have no matching voltage quanti-

zations for voltage scaling. Using the actual workload values from MPEG-2 test video data,

this section provides a quantification of this fact.

Figures 5.1 and 5.2 show the actual workload/rate distributions for the 8 test data se-

quences. Based on this data, the proportion of data samples that have matching rate quanti-

zations and cause no idling are plotted in Figure 5.3.

From Figures 5.1,5.2, and 5.3, the following conclusions can be made:

o As Figures 5.1, and 5.2 show, workload distribution patterns are unique for the data

sequences.

o As Figure 5.3 shows, the proportion of data samples that exactly match the work-

load to available ratelvoltage quantizations is very small. For the 8 test video data se-

quences used in this analysis, the maximum proportion of workloads that had matching
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ratelvoltage quantizations was less thanT%o

Consequently, when the voltage quantization model is used for dynamic voltage scaling,

over 937o of all data samples in these data sets will have to be processed at higher voltage

quantizations and this contributes to idle losses.

The next section presents a novel algorithmic approach that attempts to transform the

workload distributions to minimizethe idle loss.

5.2 Rate Selection

5.2.1 Introduction

The intent of this research is to transform the raw workload distributions of data sequences

such that the resulting distributions will be focused atrate/voltage quantizations. Thus, the

function of the proposed rate selection approach is shown in 5.4.

However, such a ffansformation is impossible if data samples need to be processed as

they are received, without any delay. In such a case, the processing rate (r) will be equal to

workload (r=w) and no transformation in workload distribution can be achieved. If on the

other hand, a fixed processing delay can be tolerated, data samples can be buffered and the
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processing rate cafl be altered as shown in the buffering and averaging technique [Gut96]

discussed in Section 3.5. Since multimedia computations inevitably involve some form of

buffering, we draw motivation from buffering and workload averaging technique by using

buffering as a means of decoupling rate from workload such that the desired transformation

of workload distribution can be achieved.

Figure 5.5 shows where rate selection approach fits into the overall DVS architecture.

As this figure shows, the rate selection block is placed between the input data buffer and the

voltage/clock scaling block. In other words, it uses sample workload values in the buffer

as an input and outputs a rate value to the voltage/clock scaling block. An alternative way

of looking at this is to imagine that the workload averaging function which was used to

minimize energy in the continuous voltage model has been replaced by the rate selection

function for energy minimization in the voltage quantization model.
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Figure 5.4: Objective of rate selection approach

5.2.2 Concept

The Rate Selection approach involves storage of data samples in a FIFO buffer and deter-

mination of a processing rate for each sample period based on the contents of the buffer.

Since idle loss is eliminated by selecting rate values that are equal to rate quantizations, the

rate selection approach uses total workload in the buffer to where possible select rate values

that are equal to rate quantizations. Since the rate selection approach utilizes total buffered

workload to select rate values, more than a single sample or part of a single sample can be

rate

Scaled VoltageÆrequetrcy

Data samples

in

Buffer

Voltage and Clock

ScalingRate Selection

workload

Processor

Figure 5.5: Rate selection approach in dynamic voltage scaling
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processed during a sample period.

5.2.3 A Simple Rate Selection Algorithm

To demonstrate the concept of the proposed approach, a simple rate selection algorithm is

shown below. As in previous sections, we continue to use a 4-level voltage quantization

corresponding to normalized rate qtantizations of 0.25,0.5, 0.75, and 1.0 to demonstrate

this algorithm. The notation here uses B forbufferlength,,u[0], ø[1] ...w[B - 1] for sample

workloads in buffer locations l, 2, .. ., and B, respectively, wt for total workload in the

buffer, r' for an intermediary predicted rate, and r for the selected rate for a sample period.

The algorithm comprises three distinct steps and the operation is described as follows:

Step 1 of the algorithm calculates the total workload in the buffer for a given sample

period. This is done by sequentially adding the workload of each buffer location. Thus øú

represents the total buffered workload for a given sample period.

Step 2 represents the core of the rate selection algorithm. This step involves prediction of

a rate that is equal to a rate quantization depending on the value of total workload calculated

in step 1. For example, if the total workload is greater than 1, a predicted rate of I is chosen.

Similarlyforl > wt) 0.75,0.75 > wt) 0.5, and0.b ) wt) 0.2b,rhestep2of the

algorithm predicts rate quantizations of 0.75, 0.5, and 0.25 as rate. If ruú is less than 0.25, a

predictedrate of0 is assigned.

Step 3 of the algorithm performs the most important buffer overflow protection check

against the predicted rate. This step compares the predicted rate with the workload in first

buffer location (r[0]) to make sure that the predicted rate can at least process the workload

ø[0]. If this is possible, processing rate is set equal to the predicted rate. Consequently,

the selected processing rate guarantees that at the very least ,u[0] is processed, and when the

shifting of the data samples occurs at the beginning of the next sample period, no unprocessed

data in 'u[0] is lost due to buffer overflow. If the comparison in step 3 fails, it is implied that

the predicted rate is not large enough to process the workload in the first buffer location, and

since processing tl[O] is important to prevent data loss from buffer overflow, the processing

rate is set equal to the workload in the first buffer location.

Based on this algorithm, step 2 always predicts a rate quantization as a predicted rate.
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Step 1: calculate total workload in the buffer

wt=0
for (i=0;i < B-1;i++) {

wt = \¡r/t + \^t[i]

)

Step 2: select an intermediary predicted rate

íf (wt >= 1.0) {

r'
)

else if (wt >= 0.75) {

t' = 0.75

)

else if (wt >= 0.5) {

t' = 0,5

)

else if (wt >= 0.25) {

t' = 0.25

i
else {

tt=0

)

Step 3: buf fer overf loÌ^t prevention

if (w t0l <= r.') {

Y=tl

)

else {

r = w[0]

)

Figure 5.6: Simple rate selection algorithm
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However, step 3 can over-ride the prediction in selecting the processing rate, and this is

where rates that are not equal to rate quantizations can be chosen as processing rate.

5.2.4 An Example

This section presents an example that demonstrates the workings of the proposed rate selec-

tion algorithm. This example is based on the FMIDCT computation and the same 4-level

voltage quantization used in the previous section. For convenience, the workloads of data

samples are not normalized, hence workloads can range from 0 to 64, corresponding to the

non-zero coefficients in a 8 x 8 block. Consequently, the non-normalized rate quantizations

are 16,32,48, and 64, corresponding to normalized rate qtantizations of 0.25,0.5, 0.75, and

1. For this example, a buffer size of B : 3 is selected. The example is shown in Figure 5.7.

Workloads: 63, 15, 0r0r33, 64, .....

Buffer Contents: Unprocessed sample workload
Data Shifting Direction: +-

Data Buffer

\tr[U \tr[2]

33

wt

63

30

t4

L4

Period

-'-

-'-
2

3

0 15 15

t'

ï

:

'.

'-

32

r

48

:

0

t4

0 t4 0

4 32

5 0 1 64 65 64 64

Figure 5.7: An example of simple rate selection algorithm

The operation of the algorithm in this example is as follows:

BeforethezerothsampleperiodinFigure 5.T,thebuffercontainsnosampleworkloads.

In the zeroth sample period a sample with a workload of 63 is received and buffered at

0 0 63

14 0 0

0 0 33
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location tl[2]. As step 1 of the algorithm shows, the total workload value in the buffer is

calculated to be wt : 63. Since ,uú is not > 64, but ) 48, the step 2 of the algorithm

suggests a predicted rate of r' : 48 for the zeroth sample period. Finally step 3 of the

algorithm checks for the buffer overflow condition, and in this sample periodTr[0] : 6 un6

rr[0] < r/, so the rate r : vt :48 is selected'

In the first sample period the tl[1] buffer location contains the unprocessed workload of

,u[2] location (63-48=15) from the zeroth sample period shifted one buffer location left. The

new data sample with workload of 15 received during the first sample period is buffered into

location ø[2]. As in the previous sample period, the remaining of steps of the rate selection

algorithmproduce wt : 30 and the predictedrate of rt : 16, and overflow prevention selects

r' as the rate or r : 16.

The second, fourth, and fifth sample periods operate in the same way as the zeroth and

first sample periods. The only difference is the selected rate values.

The third sample period shows the buffer overflow prevention step in action. In this

sample period the total workload in the buffer is wt -- 14, but the predicted rate is r' : 0.

This implies that the predicted rate is not large enough to process the workload in Tr.'[0], and

hence the step 3 of the algorithm sets r : u.'[O]. es shown in the previous section, this sample

period thus produces a rate that is not a rate quantization.

5.2.5 Operational Details

Similar to the workload averaging approach [Gut96], the rate selection algorithm requires

two buffers to maintain the data samples and their corresponding workload values. Consid-

ering the FMIDCT computation, Figure 5.8 shows the anatomy of the two buffers. As this

figure shows, data samples are stored in the data buffer, while the actual workload of the

samples in data buffer are stored in workload buffer. Since in the FMIDCT computation a

data sample consists of 64 coefficients, there must be 64 storage locations per buffer location

in the data buffer. The workload for a data sample is the number of non zero coefficients and

this information is stored in the workload buffer. As Figure 5.8 shows, the workload value

per data sample requires only one buffer location per data sample. Since the rate selection

algorithm processes data atvarying rates (more or less than a complete sample in some sam-
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ple periods), it is necessary to track the data sample boundaries. This is achieved using the

buffer pointers. As the figure shows, buffer pointers always point to the starting point for

processing a data sample. As a new sample gets buffered in, the buffer pointer points to the

first value in the data sample (i.e. coefficient 1). However, if a sample is processed over a

number of sample periods, buffer pointers are incremented accordingly such that processing

will begin only from where a buffer pointer points to in a sample. The weakness of this

approach is the need to shift through the entire data sample through the buffer, even though

the computation only involves part of a data sample. For example, even though FMIDCT is

only performed on non zero coefficients, the full data sample (including zero coefficients)

are shifted through the buffer.

Workload shifting

Workload Buffer

Workload

64

Data samples

in1

0

To the processor

Data Buffer

Buffer Pointers

Figure 5.8: Operation of two buffers [Gut96]

An alternative approach to buffer management has been proposed in [XCSD96]. This ap-

proach uses a single buffer and stores only the part of a data sample necessary for processing.

This technique is called run length coding and is shown in Figure 5.9. Using this technique,

the data samples for FMIDCT computation will only store non-zero coefficients in the data

+l
-l

1

Data shiftirrg

J I I
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buffer. However, each coefficient is annotated with their position in the data sample (a value

between 0 to 63 using an index that starts from 0). The added benefit of this technique is that

it requires no workload buffer. This is because, the workload value can be simply determined

based on the number of coefflcients present in each buffer location. As coefficients are pro-

cessed, they are removed from the buffer, so that the buffer always contains the unprocessed

data.

In our work we assume the run length coding technique for buffer management.

64

Data samples
To the processor

ln

Data shifting

Data Buffer

Figure 5.9: Operation of one buffer [XCSD96]

5.2.6 Computational Overhead

Apart from the buffer overhead, the rate selection approach also inffoduces a computational

overhead. The evaluation of rate selection algorithm shows that itrequires a constant number

(B - 1) of add operations and a variable number of compare operations (n") per sample

period. n" is such that 2 1 n. 1 5. Assuming that the overhead of all these types of

operations are equal, the total number of operations (n¿) for a sample period is B t \ 1 n¿ 1

B + 4. Consequently, the computational overhead can be reduced by decreasing the buffer

size.

5.2.7 Results

Figures 5.10, and 5.11 show the transformation of rate distributions of MPEG-2 test video

sequences (in Figures 5.1, and 5.2) when the rate selection algorithm is used. The data

0
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for this figure is based on a buffer size of 6. A buffer size of 6 is chosen because our

data samples being 8x8 blocks of MPEG-2 video at 4:2:0 sub-sampling format requires a

macroblock to contain 6 8 x 8 data samples. In other words, our buffer size is based on the

MPEG-2 macroblock size. As this figure shows, the algorithmproduces a significant change

in selection of rate quantizations. To more effectively evaluate rate quantization selection,

Figure 5.12 shows the distribution at allrate quantizations, and 5.13 shows the actual change

in distribution at all rate quantizations due to the use of the rate selection algorithm. As

these figures show (particularly the latter figure), the rate selection algorithm has effectively

increased the selection of rate quantizations as rate. For data sequences such as Hall, the

change is over 85Vo andfor sequences such as Akiyo, the change isjust over l5Vo.

Even though the rate selection algorithm is very efficient in selecting rate quanliza-

tions, the total energy of computation is the more important metric which ultimately decides

whether the rate selection algorithm is successful or unsuccessful for minimizing energy

consumption. Thus, using the energy model discussed in Section 4.4.I, the comparisons of

data processing energy, transition energy, and transition count for the MPEG-2 test video se-

quences, with and without rate selection algorithm are shown in Figure 5.14. As this figure

shows, the rate selection approach has significantly reduced the data processing energy con-

sumption, and the magnitude of energy savings range from 33Vo for Carphone and Foreman,

to 4I7o for Akiyo video sequence. As for the transition energy, there has been a reduction

in seven out of 8 sequences, and the magnitude of savings ranged from 2Vo (Silent) to 277o

(Hall). For Foreman sequence however, the transition energy has increased by ll%o. The

transition counts have also been reduced for all the test video sequences. More specifically,

the reductions range from 3IVo in Coastguard, Foreman, and Silent, to 65Vo in Akiyo and

Mother. This analysis also used a buffer size of 6.

5.3 Summary

Using MPEG-2 test video sequences, this chapter demonstrated that the vast majority of data

samples in typical video data sequences contribute to idle losses when the voltage quanti-

zation model is used. In order to minimize the idle losses and minimize the total energy of

computation, a novel approach called rate selection is then inffoduced. This approach uses
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Figure 5.11: Rate distributions of MPEG-2 test video sequences for rate selec-

tion algorithm. (g) Mother, and (h) Silent

buffering to decouple rate from sample workloads and where possible selects rate quanti-

zations as the rate. This chapter then presented a simple rate selection algorithm and its

effect on energy minimization. The results demonstrate that the rate selection algorithm is

very efficient in selecting rate quantizations and also in achieving significant energy savings.

However, there are still significant numbers of samples processed at non-quantized rates.

The next chapter presents a number of enhancements to further improve energy efficiency

and reduce the computational overhead of the rate selection approach.
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Chapter 6

Enhancements to Rate Selection

Approach

The primary objectives of this chapter are to improve the energy efficiency of the simple

rate selection algorithm presented in the preceding chapter and reduce the computational

overhead. In order to improve the energy efficiency of the algorithm, the rate selection policy

is improved to recognize the relative energy costs of rate quantizations. Moreover, since

the idle condition (when r : 0) provides the best energy effrciency for dynamic voltage

and frequency scaling in fixed throughput mode of computation, the rate selection policy

is also improved to include idle rate selection. As for computational overhead reduction,

the repetitive addition in step 1 of the algorithm is replaced with a low overhead operation'

Finally, the overall effectiveness of the rate selection approach is evaluated.

6.1 Introduction

6.1.1 Relative Energy Costs of Rate Quantizations

Figure 6.1 shows the normalized energy costs of processing a data sample at different rate

quantizations. Based on this figure, the relative energy cost of processing a single data

sample at the highestrate quantization and the number of data samples thatconsume the same

energy at lower rate quantizations are shown in Table 6.1. As this table shows, processing

a single sample at the highest rate quantization (r : 1) is the least energy efficient. This is
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Chapter 6. Enhancements to Rate Selection Approach

because processing a data sample at the highest rate quantization implies that the processing

occurs at the highestV¿¿ or V^o,, aîd since there is no opportunity for voltage scaling, the

energy consumption is at a maximum. More importantly, Table 6.1 shows that one sample

processed at the highest voltage quantization consumes the same energy of approximately 17

samples processed at the lowest voltage quantization. Based on these results, a rate selection

strategy that gives higher priority to smaller rate quantizations can improve the efficiency of

the rate selection approach.
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Figure 6.1: Relative energy costs at different voltage quantizations

6.1.2 Possible Enhancements

Even though the simple rate selection algorithm presented in the previous chapter is very

simple, it has a very serious limitation: it gives higher priority to more energy costly higher

rate quantizations during rate selection. Thus, further energy savings from the rate selection

algorithm can be achieved ifrate selection policy is changed. In order to achieve this objec-

tive, three methods are explored: 1) increasing selection of smaller rate quantizations, 2) use

E(r=0.75) = 0.52

E(r=1); 1 /

E(r=0.25) = 0.06

I E(r=0.5) :0.23
a//
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Table 6.1: Number of data samples consuming same energy at lower quantiza-

tions as one data sample at highest voltage quantization

Voltage Quantization Number of Data Samples

r :0.25 17

r:0.5 5

r :0.75 2

f :7 1

of an average function to minimize higher rate quantizations, and 3) increasing selection of

the idle rate (r: 0). Increasing idle rate implies idling atV^¿n, and this in turn results in the

lowest energy consuming scenario.

Apart from investigating enhancements for minimizing energy consumption, alternative

formulations to reduce the computational complexity of the rate selection algorithm will also

be explored.

6.2 Energy Efficient Enhancements

6.2.1 Enhancement L: Prioritized Selection of Lower Rate Quantiza'

tions

In order to give higher priority to smaller rate quantizations during rate selection, it is neces-

sary to reverse the selection policy used in the simple rate selection algorithm. Moreover, it

is also very important to make sure that the selected rate quantization is also large enough to

process the workload of the first buffer location, so that buffer overflow is prevented. Thus,

the key constraints of the prioritization will be to select the smallest rate quantization from

the total workload in the buffer that also prevents buffer overflow.

The rate selection algorithm with the prioritization of small rate quantizations selection

is shown in Figure 6.2. As in previous sections, we use a 4-level voltage quantization cor-

responding to normalized rate quantizations of 0.25, 0.5, 0.75, and 1.0. The notation here

uses B for buffer length, ru[0], tr[1] . . .wlB - 1] for sample workloads in buffer locations 1,
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2, . . ., and B, respectively, wt for total workload in the buffer, and r for the selected rate of a

sample period.

Step 1: calculate total workload ín the buffer
wt-0
for (i=0;i < B-1;i++) {

wt = \¡/t + w[i]

)

Step 2: select. the rate quantization
if (wt >= 0.25 & w [0] <= 0.25) {

r = 0.25

)

else íf (wt >= 0.5 & w[0] <= 0.5) {

f = 0.5

)

else if (wt >= 0.75 & w [0] <= 0.75) {

r = 0.75

)

else if (wt >= l-) {

f=l-

)

else {

L = InIt

)

Figure 6.2: Rate selection algorithm with enhancement I

Since the proposed prioritization ofrate selection occurs in the second step of the algo-

rithm, the first step that calculates the total workload in the buffer is the same as in the simple

rate selection algorithm. In the second step, the comparison with rate quantizations are done

in ascending order (0.25,0.5, 0.75, and 1.0), and this gives the possibility of selecting a

smaller rate quantization as rate. Moreover, buffer overflow protection is now merged into
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the rate selection step (2), making it possible to select the smallest rate quantizatlon that also

processes the workload in the first buffer location. If no rate quantization is selected, the

total workload is selected as rate. In this algorithm buffer overflow protection is guaranteed

since r > ?r [0] is maintained for all comparisons, because wt ] r > t [0].

An example that demonstrates the workings of the proposed prioritization of rate selec-

tion algorithm is given in Figure 6.3. As before, this example is based on the FMIDCT

computation and the same 4-level voltage quantization. For convenience, the workloads of

data samples are not normalized, hence workloads can range from 0 to 64, corresponding

to the non-zero coefficients in a 8 x 8 block. Consequently, the non-noÍnalizedrate quanti-

zations are 16,32, 48, and 64, corresponding to normalized rate quantizations of 0.25, 0.5,

0.75, and 1. For this example, a buffer size of B : 3 is selected. The example is shown in

Figure 6.3.

Workloads: 63, 62, 49' L0, 2, l, .-..

Buffer Contents: Unprocessed sample workload
Data Shifting Direction: <-

Data Buffer

w[0] w[1] wÍ21 wtr
0 0 63 63 16

1 0 {t 62 109 16

a 31 62 49

3 6L 49 10 L20

4 46 10 2

5 1L 11

Figure 6.3: An example of rate selection algorithm with enhancement 1

The operation of the algorithm in this example is as follows:

Before the zeroth sample period in Figure 6.3 the buffer contains no sample workloads.

Period

0

142

58

:

64

48

8 a 1
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In the zeroth sample period a sample with a workload of 63 arrives and is buffered at wf2l.

During this sample period the total buffered workload is ø¿ : 63. Since ar¿ ) 16 and

?r[0] < 16 the selected rate for the zeroth sample period is r : 16.

In the first sample period 'u[1] contains the unprocessed workload from ø[2] of (63-

16=47) from the zeroth sample period shifted one buffer location left. The new sample

buffered during this sample period has a workload of 62 andis found in wl2l. The u.r¿ calcu-

lation results in w¿ - 109, and hence a rate value of r : 16 is selected for the first sample

period.

The second, third, and fourth sample periods operate in the same way as the zeroth and

first sample periods. The only difference is the selected rate value in each sample period.

The fifth sample period shows that the else part of the algorithm becomes TRUE.In this

period the total workload in the buffer wt : 77 is less than the first rate quantization of 16.

In this case the entire buffered workload is processed during this sample period.

The change in computational complexity due to the prioritization enhancement is in-

significant. The first step of the algorithm is unchanged; however, merging of step two and

three of the rate selection algorithm has added slightly to the complexity of the algorithm.

Quantitatively, the prioritizedrate selection algorithmrequires atotal of B+ 2 I n¿ < B+g
operations. This is based on a constant number (B -1) of add operations and a variable num-

ber of compare operations (n") and and operutions (no) per sample period, where n. and no

are such that2 1 n" 1 7 and 1 ( no I 3. As before, the computational overhead can be

reduced by decreasing the buffer size.

Figures 6.4 and 6.5 show the rate distributions of MPEG-2 test video sequences when

rate selection algorithm with enhancement I (púoritization) is used. As before, this data

is also based on a buffer size of 6. Based on this data, Figure 6.6 shows rate quantization

distributions. Furthermore, the change in rate distributions due to enhancement I is shown

in Figure 6.7. As this figure shows, the prioritization of the rate selection has indeed im-

proved the rate quantizations selection. For example, the Hall and Coastguard sequences

have achieved over 6Vo and25Vo improvements in selection efficiency, respectively. Finally

the more important comparisons of energy and transition count are shown in Figure 6.8.

As this figure shows, prioritization reduces data processing energy in 5 out of the 8 video

sequences, and the savings range from 37o for Hall and Mother, to I5Vo for Coastguard.
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6.2. Energy Elfrcient Enhancements

However, for Akiyo, Container, and Silent sequences, the enhancement t has increased the

data processing energy. As for the transition energy, all sequences have achieved a energy

reduction due to prioritization, and the magnitude of savings range from I47o for Akiyo to

427o for Silent. Finally, prioritization has resulted in 6 out of 8 sequences to experience a

reduction in voltage ffansitions, and the magnitude of reduction ranges from IÙVo for Silent

to367o for Foreman. As for Akiyo and Container, the ffansition count has increasedby 22Vo

and27o, respectively.

In summary, the results of our analysis show that prioritization improves rate quantization

selection and this in turn reduces total energy consumption. The next section discusses

another enhancement that further helps to minimize energy efficiency of the rate selection

approach by reducing the more energy costly higher rate quantizations'

6.2.2 Enhancement 2: Reduced Selection of Higher Rate Quantizations

In addition to using prioritization in rate selection, this section explores the use of an averag-

ing function as a method of reducing the more energy costly higher rate quantizations in the

rate selection algorithm. The characteristic property of the averaging function is its ability to

minimize extreme values in a data distribution. We use this property for improving the selec-

tion policy of the rate selection algorithm such that the more energy costly rate qaantizations

are further reduced.

The rate selection algorithm with the averaging function is shown in Figure 6.9. As

in previous sections, we continue to use a 4-level voltage quantization conesponding to

normalized rate quantizations of O.25,0.5, 0.75, and 1.0. The notation here uses B for buffer

length, u[0],Tr[1] ...wlB - 1] for sample workloads in buffer locations 1,2, '.., and B,

respectively, wt for total workload in the buffer, ra for the average workload, and r for the

selected rate for a sample period.

Compared to the algorithm discussed in the previous section, this algorithm includes two

main changes: 1) step 2 has become a new step that calculates the average workload in the

buffer, and2) the selection policy in step 3 now includes average rate as part of the selection

conditions. This leaves the step 1 unchanged from the previous version. As before, the

rate selection in this algorithm involves choosing the smallest rate quantization that not only
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Figure 6.5: Rate distributions of MPEG-2 test video sequences for the rate se-

lection algorithm with enhancement 1. (g) Mother, and (h) Silent

processes the workload in the first buffer location, but also uses average workload to make

sure that the rate selection minimizes selection of higher rate quantization when the buffer

is overwhelmed by a sudden queuing of large workloads. If no rate quantization is selected,

the total workload is selected as the rate. In this algorithm buffer overflow protection is

guaranteed since uú ) r ) tu[0] is maintained for all comparisons.

An example that demonstrates the workings of the proposed rate selection algorithm with

averaging function is given in Figure 6.10. As before, this example is based on the FMIDCT

computation and the same 4-level voltage quantization. For convenience, the workloads of

data samples are not normalized, hence workloads can range from 0 to 64, corresponding

to the non-zero coefficients in a 8x8 block. Consequently, the non-normalizedrate quanti-

zations are 16,32, 48, and 64, corresponding to normalized rate qtJantizations of 0.25, 0.5,

0.75, and 1. For this example, a buffer size of B : 3 is selected. The example is shown in

Figure 6.10.

The operation of the algorithm in this example is as follows:

Before the zeroth sample period in Figure 6.10 the buffer contains no sample workloads.

In the zeroth sample period a sample with a workload of 15 arrives and is buffered at wl2).

During this sample period the total buffered workload is 'u.r¿ : 15 and the average buffered

workload is ra : 5. Since ,u.r¿ is less than the smallest qtantizedrate (16), all the f conditions
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Figure 6.6: Rate quantization distributions for the rate selection algorithm with

enhancement I

in the algorithm are evaluatedto FALSE and the else pafi of the algorithm becomes TR(IE,

setting the rate r : u)t: 15 for the zeroth sample period.

In the first sample period the new workload 16 gets buffered into the location w[2], and

the total buffered workload wt : 16. The integer portion of the average rate is ra : 5, and

the first f condition in the algorithm becomes TRUE, selecting the rate of r : 16 for the

first sample period. In the second sample period the wt : 63 and ra : 27 and hence a rate

of r : 32 is selected. Similarly the third, fourth, and fifth periods produce rate values of 32,

48, and 48, respectively.

The additional computational complexity involved with adding the averaging function to

the rate selection algorithm is very small. This is because the first step of the algorithm is

unchanged, and only the average workload calculation and additional comparisons contribute

to increase in overhead. More specifically, the introduction of the averaging function incurs

a total of B * 5 1 nt < B + 16 operations. This is basedon a constantnumber (B - 1) of

add operations, a single divide operation, and variable numbers of compare operations (n")
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Figure 6.7: Rate quantization distribution change due to enhancement 1 in the

rate selection algorithm

and and operations (n) per sample period, where n. and na aÍe such that 3 1 n" ( 10 and

2 1 no ( 6. As before, the computational overhead can be reduced by decreasing the buffer

slze.

As in the previous section, Figures 6.11,6.12,6.13,6.14, and 6.15 show the rate distribu-

tions of MPEG2 test video sequences when the rate selection algorithm with enhancements

1 and 2 is used, rate quantization distributions, change in rate quantization distributions,

and the comparison of energy and transition count. As these figures (in particular Figure

6.14) show, the averaging function has not significantly changed the total rate quantization

selection but has reduced higher rate quantizations to achieve energy savings and reduced

transition counts for all test data sequences. More specifically, the data processing energy

savings ranged from 47o for Akiyo to 167o for Coastguard sequence. As for transition en-

ergy, the savings ranged kon ll%o for Akiyo to 647o for Coastguard sequence. Finally, thc

transition count reduction ranged fuom2Vo for Akiyo to 447o for Coastguard sequence.

In summary, the results of our analysis shows that the averaging function in fact reduces
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Step 1: calculate total workload in the buffer
\^¡t = 0

for (i=0;i < B-1-;i++) {

wt = wt + w[i]

)

Step 2: calculate the average $torkload in the buffer

ra = wt/B

Step 3: select the rate quantization

if (wt >= o .25 c w [0] <= 0.25 & ra <= 0.25) {

t = 0.25

)

efse if (wt >= 0.5 c w[0] <= 0.5 & ra <= 0.5)) {

| = 0.5

)

else if (wt >= 0.75 & wlQl <= 0.75 & ra <= O'75)) {

t = 0.75

)

else if (wt. >= 1) {

l=l-

)

else {

f=Wt

)

Figure 6.9: Rate selection algorithm with enhancements I and2
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Figure 6.10: An example of the rate selection algorithm with enhancements I

and2

the more energy costly higher rate qùantizations during rate selection. Consequently, such

selection results in reduced energy of computation for all the test video sequences.

6.2.3 Enhancement 3: Prioritized Selection of ldle Rate

The two enhancements discussed above involved minimization of total energy of computa-

tion through reduction of the more energy costly higher rate qtantizations during rate selec-

tion. Though these enhancements reduce high rate quantizations, the algorithm selects some

non rate quantizations as the rate. This is evident particularly in the 0 < r < 0.25 ranges of

a number of test video sequences. This section presents an enhancement to the rate selection

algorithm that gives higher priority to the idle rate during rate selection and aims to minimize

the non rate quantization selection in the 0 < r < 0.25 range.

Idle rate implies that the processing rate for a given sample period is zero (r : 0). This

condition is very important to dynamic voltage scaling because whenever a. r : 0 condition
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Figure 6.12: Rate distributions of MPEG-2 test video sequences for the rate

selection algorithm with enhancements I and2. (g) Mothea and (h) silent

occurs, the supply voltage is scaled down to the lowest possible voltage (V^¿n), and the

processor idles. In terms of energy consumption, the idle rate represents the highest energy

saving achievable for a sample period with dynamic voltage scaling.

The rate selection algorithm incorporating the idle rate selection step is shown in Figure

6.16. As in previous sections, we continue to use a 4-level voltage quantization correspond-

ing to normalized rate qaantizations of 0.25,0.5, 0.75, and 1.0. The notation here uses B for

buffer length, Tr[0], tl[1] . . .wlB - 1] for sample workloads in buffer locations 1,2, . . ., and

B, respectively, wt for total workload in the buffer, rafor the average workload, and r for

the selected rate for a sample period.

In this algorithm, the portion corresponding to idle rate selection can be found above the

last ELSE condition in step 3. As this condition shows, idle rate (r : 0) is only assigned

when the Tr[0] has a workload of zero and when the total workload in the buffer is less than

the first rate quantization. In other words, idle rate is only chosen when the first buffer

location has a workload of 0 and the total workload is very small. Moreover, leaving idle

selection to the end of the algorithm gives rate quantization selection higher priority than idle

rate selection. This priority order is important to minimize the more energy costly higher

rute quantizations. Since the addition of idle rate selection into the rate selection algorithm

continues to guarantee wt ) r > ,[0], buffer overflow protection is preserved.
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Figure 6.L3: Rate quantization distributions for the rate selection algorithm with

enhancements I and 2

An example that demonstrates the workings of the rate selection algorithm with idle rate

selection is shown in Figure 6.17. As before, this example is based on the FMIDCT com-

putation and the same 4-level voltage quantization. For convenience, the workloads of data

samples are not normalized, hence workloads can range from 0 to 64, conesponding to the

non-zero coefficients in a 8 x 8 block. Consequently, the non-nonnalized rute quantizations

are 16,32,48, and64, corresponding to normalizedrate quantizations of 0.25, 0.5, 0.75, and

1. For this example, a buffer size of B : 3 is selected. The example is shown in Figure 6.17.

The operation of the algorithm in this example is as follows:

Before the zeroth sample period in Figure 6.17 the buffer contains no sample workloads.

In the zeroth sample period a sample with a workload of 15 arrives and is buffered atwl2l.

During this sample period the total buffered workload is'tu¿ : 15 and the average buffered

workload is ra : 5. Since ,u.r¿ is less than the smallest quantizedrate (16), all the f conditions

in the algorithm are evaluated to FALSE except for the last one that checks for idle rate. Since

tr[O] : 0 and wt ( 16, the rate selected for this sample period is r : 0.

P(r=0.7s)
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Figure 6.14: Rate quantization distribution change due to enhancements 1 and

2 inthe rate selection algorithm

In the first sample period the new workload 16 gets buffered into the location w[2], and,

the total buffered workload wt : 31. The integer portion of the average workload is r¿ : 10,

and the first f condition in the algorithm become s TRUE, selecting the rate of r : 16 for the

first sample period. In the second sample period the wt: 78 and ra - 26 and hence a rate

of r : 32 is selected. Similarly the third, fourth, and fifth periods produce rate values of 48.

The additional computational complexity involved with the idle rate selection is very

small. In terms of the number of operations, the algorithm modification only added two

extra operations (one compare and one and) to the worst case overhead. Since the first two

steps are virtually unchanged, the total number of operations involved with the algorithm is

B + 5 1 n¿ 1B + 18, where B is the buffer size.

Figures 6.18 and 6.19 show the rate disftibutions of MPEG-2 test video sequences when

the rate selection algorithm with idle rate selection is used. Based on this data, the rate

quantizations and idle rate selection is shown in Figure 6.20. As this figure shows, the

algorithm is very effective in selecting a rate quantization or idle rate as the rate. Moreover,
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Chapter 6. Enhancements to Rate Selection Approach

St.ep 1: calculate total workload in the buffer
wt=0
for (í=0;i < B-L;i++) {

wt = wt + v¡[Í]

)

Step 2: calculate the average workload in the buffer
fâ = wt/B

Step 3: select the smallest rate quantization
if (wt >= 0.25 c w[0] <= 0.25 & ra <= 0.25) {

r = 0.25

)

else if (wt >= 0.5 & rlOl ¡= 0.5 & ra <= 0.5)) {

f = 0.5

)

else íf (wt >= 0.75 & w[0] <= 0.75 & ra <= 0.75)) {

f = 0.75

)

else if (wt >= 1) {

f=l-

)

el-se if (w[0] == 0 & wt < 0.25) {

f=0

)

else {

f=Wt

)

176

Figure 6.16: Rate selection algorithm with enhancements 1,2, and,3
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Workloads: 63, 62' 49, 10, 2, l' -.-
Buffer Contents: Unprocessed sample workload
Data Shifting Direction: +

Data Buffer

Period w[0] w[1] wlzl \ilr

150

0 15 L6

r w[0] ra --
500

1

)

3

0 15 63

0 46 62

31100

78260

108 36

t6

32

4 0 60 62 122 40

5 L2 62 64 13E 46

Figure 6.172 An example of the rate selection algorithm with enhancements 1,

2, and3

the non rate quantization has signiflcantly improved in the 0 < r < 0.25 range. For all the

test video sequences, the selection effrciency is over 957o and in 7 out of the 8 sequences,

the efficiency is approximately I0O7o. The energy results and ffansition count for the data

sequences for this enhancement are shown in Figure 6.21. This figure shows that idle rate in

fact reduces the data processing energy for all data sequences, and the savings range from

07o for Hall to 42Vo for Akiyo. As for transition energy, the idle rate selection has only

reduced energy in Akiyo, and for all other sequences the energy consumption has gone up to

l77o lor Mother sequence. Finally, the idle rate selection has reduced voltage transitions in

all but one data sequence (Hall). More specifically, the magnitude of reduction ranges from

2Vo for Coastguard to 47Vo for Akiyo.

In summary, the experimental results demonstrates that idle rate selection enhances the

rate selection algorithm in minimizing the total energy of computation.

:

:
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Figure 6.18: Rate distributions of MPEG-2 test video sequences for the rate
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Figure 6.L9: Rate distributions of MPEG-2 test video sequences for the rate

selection algorithm with enhancements I,2, and 3. (g) Mother, and (h) Silent

6.3 Computational Complexity Reduction

Previous enhancements involved improvements made to the selection policy of the rate se-

lection algorithm such that the total energy of computation is minimized. This section aims

to minimize the computational overhead associated with the rate selection algorithm.

The final rate selection algorithm presented in the last section comprises three main steps:

1) calculation of total workload in the buffer, 2) calculation of average workload, and 3) the

selection of rate quantization. This section shows two methods of reducing the complexity

of steps I and2.

From these three steps, step 1 involves a repetitive, fixed-overhead summation operation

which provides the best opportunity for optimization. In order to accomplish this goal we

propose an alternative implementation to step 1. This implementation is shown in Figure

6.22. As this figure shows, the total buffered workload of a sample period is calculated rela-

tive to the total workload in the previous sample period. In other words, the total workload

in the buffer is equal to what was there in the previous sample period, plus the workload

of the new sample buffered in (wlB - 1]), minus the amount of workload processed by the

rate r in the last sample period. Thus, the algebraic sum provides a simpler computation in

calculating the total buffered workload. In order to get this technique to work, the wt and r
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Figure 6.20: Rate quantization distributions for the rate selection algorithm with

enhancements 1, 2, and 3

values must be initialized to 0 at the beginning of processing, and these values need to persist

throughout the computation.

By using this technique, calculation of total buffered workload can be accomplished by

2 operations (one add and one subtracr). Consequently, the total computational overhead of

the rate selection algorithm varies between 6 and 19.

In terms of using this implementation in the rate selection algorithm and dynamic voltage

scaling, the biggest advantage is its independence of computational complexity from buffer

size. Thus, larger buffer sizes can be used with the rate selection approach without affecting

the computational complexity.

Step 2 of the algorithm involves a more complex division operator. However, the com-

plexity of this step can be reduced by selecting the buffer size such that B - 2n, where n is

an integer (n > 0), and using a right shift operation for division.
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Step 1: ca1culate total workl_oad in the buf fer
wt = Q (initialized before zeroth sample period)
| = 0 (initialized before zerolJn sample period)

wt=wt+w[B-l] r

Figure 6.222 Complexity reduced implementation of step 1 of the rate selection

algorithm

6.4 Summary

This chapter presented a number of enhancements that improve the energy efficiency and re-

duce the computational complexity of the rate selection approach. The chapter also presented

the results of our experimental analysis performed on these enhancements.

Based on these enhancements, the final rate selection algorithm is presented in Figure

6.23. Using this algorithm, the overall energy and transition reduction is shown in Figure

6.24. Based on this figure, it is clear that use of final rate selection algorithm provides sig-

nificant data processing and transition energy savings for all test data sequences. Moreover,

the algorithm produces significant reductions in voltage transitions for all data sequences

as well. Quantitatively, the magnitude of savings achieved range from 44Vo (Hall) to 627o

(Akiyo) for data processing energy, 527o (Sllent) to 78Vo (Coastguard) for transition energy,

and 5 47o (Container) to 7 47o (Coastguard) for transition count.

The next chapter uses this algorithm in evaluating its effectiveness across a number of

voltage quantizations and buffer sizes.
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6.4. Summary

Step 0: rnitialize variables
wt = 0 (initialized before zeroth sample period)

! = 0 (initialized before zeroth sample period)

Step l-: calculate total workload in Èhe buffer

wt = wt + w[B-l] - t (Note r <= vrt)

Step 2: calculate the average workload in the buffer
ra = wt/e

Step 3: select the rate quant'ization

if (wt >= o .25 a w [0] <= o .25 & ra <= 0.25) {

r = 0.25

)

else if (wt >= 0.5 & t[O] <= 0.5 & ra <= O'5)) {

r = 0.5

)

else if (wt >= 0.75 c w[0] <= 0.75 & ra <= 0.75)) {

r = 0.75

)

else if (wt >= 1) {

r=1
)

else if (wtOl == O & wt < 0.25) {

f=0

)

else t

f=Wt

)

Figure 6.23: Final Rate selection algorithm
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Chapter 7

Performance Analysis of Rate Selection

The previous two chapters demonstrated the concept of the rate selection approach and a

number of enhancements to minimize idle energy loss and computational complexity. This

chapter extends the work of the previous two chapters by providing an extended performance

analysis of the rate selection approach.

7.1 Introduction

The development of rate selection approach in the last two chapters were driven mainly by

the need to minimize idle loss or the Eo, termof Equation 4.5. As the results of last chapter

shows that the rate selection approach is effective in reducing Eo,, this chapter performs a

full analysis of the algorithm to show its effectiveness in minimizing total number of voltage

transitions and E¡, as well. This chapter also presents the performance of the rate selection

approach as a function of buffer size and the number of voltage quantizations. Finally, per-

formance comparisons to prior art is also presented. Since E , and E¿, can be significantly

different in terms of orders of magnitude (depending on the computation), this chapter eval-

uates the two variables separately.

7.2 Buffer Size Variation

Since rate selection approach depends on sample buffering, it is important to evaluate the

effect of buffer size on energy efficiency, and the total number of voltage transitions. This
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Chapter 7. Performance Analysis of Rate Selection

section presents the results of this analysis. As in the previous two chapters, this analysis

uses a 4-level voltage quantization corresponding to normalized rate quantizations of 0.25,

0'5,0.75, and1.0. Asforthebuffersize,itisvariedfrom2to12. Buffersizeof lisnot
used because such a buffer will not provide any opportunity to decouple the rate from the

workload, and rate selection approach requires such decoupling of rate and workload. The

results are shown in Figure 7.1. Figures 7.1(a), 7.l(b), and 7.1(c) show the data processing

energy, transition enetgy, and the transition counts, respectively. As these figures show, both

the energy costs and transition costs are reduced as the buffer size is increased. Thus, it can

be concluded that increasing buffer size is beneficial to the rate selection approach, and for

resource limited systems, any buffer sizes higher than B : 2 can provide additional energy

savings and reductions in transitions.

7.3 Voltage QuantizationsVariation

Throughout this thesis, analysis of the voltage quantization model used a 4-level voltage

quantization. This section evaluates the performance of the rate selection approach for volt-

age quantizations of 2, 3, 4, and 5. For these voltage quantizations, the data processing

energy, transition energy, and ffansition counts are evaluated and the results are shown in

Figure 7.2. As these curves show, the energy costs are reduced as the number of voltage

quantizations is increased. This is consistent with the voltage quantization model where the

energy efficiency improves as the number of voltage quantizations is increased. As for the

transition counts, the same trend applies to the majority of data sequences. For this analysis,

a buffer size of 6 is used.

7.4 Comparison to Prior Work

This section compares the rate selection approach with the voltage dithering approach pro-

posed by Gutnik et. al [Gut96]. Moreove¡ comparison to continuous voltage level model

with buffering and workload averaging is also performed. The comparisons will be made

against voltage quantizations and buffer size. As before, separate comparisons will be made

on data processing energy, fansition energy, and transition counts.
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7.4.1 Versus Voltage Quantizations

The average normalized energy cost and transition count for all data sequences are shown in

Figure7.3. (TheplotsforeachdatasequencearegiveninSectionB.l of AppendixB)' In

Figures 7.3(a) and (b), the curves for the continuous voltage levels remain flat across voltage

quantizations. This is because the continuous voltage levels uses infinite voltage levels, and

has no impact on voltage quantizations. As Figure 7.3(a) shows, rate selection approach

provides additional savings of 167o to 21Vo in data processing energy compared to voltage

dithering. However, comparison with continuous voltage levels shows that rate selection

is 2Vo to 407o less energy efficient compared to continuous voltage levels model. As for

transition energy, Figure 7.3(b) shows that rate selection achieves additional energy savings

of 8l7o to 84Vo compared to voltage dithering. However, comparison with continuous voltage

levels shows that additional savings range from427o to about -147o. The results for transition

count as shown in Figure 7.3(c) provides the key sfrength of rate selection approach: it

provides the the least number of voltage transitions compared to both voltage dithering and

continuous voltage levels. Quantitatively the reductions in voltage transitions range from

7 5Vo to 84Vo compared to voltage dithering, and 47 Vo to 527o compared to continuous voltage

levels. Based on these results it can be concluded that for all voltage quantizations, the rate

selection approach reduces both energy costs and voltage transitions compared to the voltage

dithering technique. Moreover, if reduction of voltage transitions is of importance (i'e. to

reduce switching noise for application areas such as wireless communication systems), the

rate selection approach is superior to both voltage dithering and continuous voltage level

models.

7.4.2 Versus Buffer Size

The average energy cost and transition count for all data sequences are shown in Figure 7.4.

(The plots for each data sequence are given in Section 8.2 of Appendix B). In Figures 7 .a@)

and (b), the curves for the continuous voltage levels remain flat across voltage qtant\za-

tions. This is because the continuous voltage levels uses infinite voltage levels, and has no

impact on voltage quantizations. As Figure 7 .4(a) shows, rate selection approach provides

additional savings of 5Vo to 32Vo in data processing energy compared to voltage dithering.
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However, comparison with continuous voltage levels shows that rate selection is 57o to 24%o

less energy efflcient compared to continuous voltage levels model. As for ffansition energy,

Figure 7 .4(b) shows that rate selection achieves additional energy savings of 246Vo to 642Vo

compared to voltage dithering. However, comparison with continuous voltage levels shows

that additional savings range from627o to about 847o. The results for transition count is

shown in Figure 7.4(c). As this frgure shows, the transition count is less for rate selection

approach compared to both voltage dithering and continuous voltage levels, except at B : 2.

At B :2, continuous voltage levels provide an additional saving of I27o in transition count.

At all other buffer sizes, rate selection approach provides 62%o to 84Vo savings in transition

count compared to dithering, and upto 52Vo saving compared to continuous voltage lev-

els. Based on these results it can be concluded that for all voltage quantizations (except 2),

the rate selection approach reduces both energy costs and voltage transitions compared to

the voltage dithering technique. Moreover, if reduction of voltage transitions is of impor-

tance (i.e. to reduce switching noise for application areas such as wireless communication

systems), the rate selection approach is superior to both voltage dithering and continuous

voltage level models.

In these figures, curves for voltage dithering technique stay flat across buffer sizes. This

is because the voltage dithering technique does not use buffering. As these figures show, the

rate selection approach is more energy efflcient and reduces total voltage ffansitions com-

pared to voltage dithering technique for all test data sequences. As buffer size is increased,

the Eo, of rate selection approach decreases in a fashion similar to continuous voltage levels

model, and E¡, for RSA is lower than continuous voltage levels model. For the test data

sequences used in our experiments, the maximum energy savings achieved by the rate selec-

tion approach compared to voltage dithering were 307o and917o for data processing energy

and transition energy, respectively. As for ffansition counts, the maximum saving was 89Vo.

Comparison to continuous voltage levels shows that energy costs can be as close as 0.87o

of the energy cost of continuous voltage levels or as high as 4.4 times the energy cost of

continuous voltage levels. As for the transition counts, rate selection provides a maximum

saving of76Vo.
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7.5 Summary

This chapter presented the performance of the rate selection approach and compared the

results with existing approaches. The results indicate that rate selection is more energy effr-

cient than the best existing technique for voltage quantization model (the voltage dithering

technique). Moreover, the rate selection approach significantly reduces the number of volt-

age transitions. Comparison to ideal continuous voltage levels with workload averaging also

reveals that the rate selection technique can achieve data processing energy values very close

to continuous voltage level model, particularly with higher voltage quantizations and buffer

sizes. Moreover, if reduction of total voltage ffansitions is of utmost importance due to

noise issues, rate selection approach provides a better alternative to any existing approach,

including continuous voltage levels model.

133



Chapter 7. Pertormance Analysis of Rate Selection

t34



Chapter I

Conclusions

3.L Summary of the Research

This study focused on evaluating the voltage quantization model and developing a novel ap-

proach for improving its effectiveness for dynamic voltage scaling. The voltage quantization

model uses a small number of discrete voltage levels to represent the full voltage range used

for scaling. The advantage of this approach is faster voltage transitions. The main disadvan-

tage of this approach is the inability to scale voltage for all workload values and this results

in selection of higher than ideal processing rates. Consequently, processing at higher voltage

levels than ideal leads to idle times and idle losses. There are two existing approaches to

reducing this idle loss: 1) clock gating, and 2) voltage dithering. Clock gating is a hardware

approach that turns the clock off when idle time is identified. However, in the context of fixed

throughput mode of computation, clock gatingbecomes less effective because most samples

in a data sequence will need clock gating, and hence clock gating will be performed at avery

high frequency. Voltage dithering on the other hand requires additional voltage transition

per data sample, and this incurs an energy cost and increased number of voltage transitions.

Moreover, if the sample period of the computation is very small, voltage dithering becomes

infeasible.

The research work presented in this thesis involved developing an approach that not only

improved the energy efficiency, but also minimized the total number of voltage transitions.

Our approach, the rate selection algorithm, is a low overhead, algorithm-level technique that
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uses sample buffering to decouple processing rate from actual workload values and where

possible selects rate qaantizations as the processing rate. This thesis describes a simple rate

selection algorithm and a number of enhancements such as prioritization, use of average

buffered workload, and idle rate selection for improving the energy efûciency of dynamic

voltage scaling using voltage quantization model. The thesis also demonstrates a technique

that also minimizes the computational overhead of the rate selection approach.

The development and perfoÍnance analysis of the rate selection approach was done using

a MPEG-2 video test data set. Since dynamic voltage scaling in fixed throughput mode

computations requires the a priorl knowledge of workload, we used the IDCT portion of

the MPEG-2 decoding computation as our computation because of the availability of the

FMIDCT implementation for IDCT computation which enables the a priori calculation of

workload based on the number of non-zero coefficients in image blocks. In order to test the

performance of the rate selection approach across a wide variety of workload distributions,

8 data sequences comprising different levels of motion, content, and camera panning were

used.

Based on our data set, our experimental results demonstrate that the rate selection ap-

proach is very energy efficient compared to existing approaches for the voltage quantization

model. Based on our research, the following conclusions can be made:

1. The rate selection approach improves the energy effrciency of the voltage quantization

model by reducing both data processing energy and transition energy, compared to

the best existing approach (voltage dithering). The maximum savings achieved were

around 307o for data processing energy, and around 90Vo for transition energy, com-

pared to voltage dithering.

2. '|he rate selection approach reduced the total number of voltage transitions, compared

to voltage dithering. Based on our data sets, the maximum reduction of voltage transi-

tions was around 907o, compared to voltage dithering.

3. The rate selection approach has a very low computational overhead. More specifically,

determination of rate values in the rate selection algorithm involves between 6 and 19

arithmetic operations per sample. More importantly, computational overhead is buffer

size independent.
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4. The increase of voltage quantizations and buffer size causes the rate selection approach

to produce increased energy savings and reduced voltage transitions. However, even

at smaller voltage quantizations and buffer sizes, the rate selection approach is more

effective than the voltage dithering technique. This in turn makes the rate selection ap-

proach useful in applications supporting a very small number of voltage quantizations

and small buffer sizes.

5. If reduction of voltage transitions is the most important consideration (such as for

wireless applications), the rate selection approach is even more effective than the con-

tinuous voltage level model. Moreover, if data processing energy dominates transition

energy, increasing the buffer size and using a higher number of voltage quantizations

enables the rate selection approach to achieve energy efficiencies that approach the

continuous voltage level model.

Based on these conclusions, it is clear that our rate selection approach is a very effective

replacement for existing voltage dithering technique for voltage quantization model. More-

over, by selecting the number of voltage quantizations and buffer size, the energy efflciency

of the rate selection technique can approach the ideal energy efficiency of the continuous

voltage level model, while incurring the least number of voltage ffansitions compared to any

existing technique.

8.2 Summary of Research Contributions

The key contributions of this research are given below

o Successfully demonstrated that total energy of computation for the voltage quantiza-

tion model can be minimized through transformation of the workload distribution of

data sequences. This was a new direction compared to all existing research which only

focuses on energy minimization through optimization of the energy model. Conse-

quently, we were able to use a very general energy model, which in turn resulted in

making less assumptions about the energy model.
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o Developed a novel approach called rate selection that uses sample buffering to where

possible select rate values that are equal to rate quantizations or idle rate. This ap-

proach ffansforms the workload distribution of data sequences to minimize the energy

cost and total transitions. We also proposed a number of enhancements to the rate

selection approach that improve the energy efficiency while minimizingthe computa-

tional overhead. The performance analysis of the rate selection approach with a wide

variety of workload distribution patterns also demonstrated that the approach is very

effective in transforming workload distributions and minimizing total energy cost and

voltage transitions.

o Successfully analyzed the total number of voltage transitions and their energy cost

as part of our experimental work. This was done because transition energy can be

significant in computations where sample period is comparable to voltage transition

time. In prior research transition energy and transition counts have been ignored. For

our analyses, we used the transition energy model recently proposed by Burd [BurO1].

8.3 Limitations and Future Research

This thesis introduced workload distribution transformation as a new direction of research

for improving the energy efficiency of the voltage quantization model. We also successfully

demonstrated a very effective approach for transforming workload distributions to achieve

better energy efficiencies and low transition counts for the voltage quantization model. How-

ever, our approach has a number of limitations, and exploring solutions for these limitations

can be done in future research.

The design idea for the proposed approach is very highly dependent on buffering as a

means of decoupling rate from workload. However, this can be a serious limitation in some

applications because buffering requires allocation of some memory to store data samples

(and workload values), and this would mean that larger buffers will be required for computa-

tions with larger data samples. Moreover, buffering also introduces a processing delay to the

computation. Typically a buffer size of B delays the processing of the entire data sequence

by B sample periods. Thus, in some applications, limitations on memory and acceptable
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processing delay may limit the use of the rate selection approach. Some future research may

be carried out to investigate alternative approaches to buffering as methods for decoupling

workload from rate.

The proposed approach is also dependent upon the a priori knowledge of the work-

load. This means that exact workload determination must be possible for the computation

before the rate selection approach can be used. However, this is infeasible in most real

f,xed throughput mode computations even though they are data dependent and their work-

load varies with the data. Moreover, current multimedia standards do not support embedding

workload values in header information, and until this occurs, the proposed rate selection

approach will only have limited use. Thus, future research for incorporating workload pre-

dictions and prediction effor handling into the rate selection approach can make the approach

more useful to a wide range of fixed throughput mode computations'

Another limitation of the proposed approach is its design for fixed throughput mode

of computations. Even though fixed throughput mode of operation is common in many

dedicated portable systems, a large proportion of portable systems also operate in burst mode

of operation. Thus, future research that improves the rate selection approach to operate in

burst mode of operation can also increase the use of the approach in portable devices.

The final limitation of the proposed approach is the assumption of a single computation

mode of operation. Since this type of signal processing application is common at the mo-

ment, reduction in the cost of faster general purpose processors running operating systems

are becoming more and more common. Thus, research into using the rate selection approach

in general purpose processors with operating systems would be another area of future re-

search.

8.4 Recent Developments

Since the completion of the research presented in this thesis, feature sizes have continued

to shrink towards sub-micron levels with each technology generation, and this has lead to

lower threshold voltages. One of the key problems associated with low threshold voltages is

the exponential increase in leakage current and consequently the leakage power component

IMFBMO2I. Chandrakasan [CV/801] predicts that as technologies continue to scale, leakage
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power component to become comparable to dynamic power component. This trend is clearly

evident in the recently released Intel Pentium{ 3.}GIJz processor that has comparable dy-

namic and leakage power components [Int]. Thus, leakage power reduction techniques will

be very important for reducing the overall power in submicron technologies.

Current research demonstrates two main leakage power reduction methods. These are

adaptive reverse body biasing IMIS+99], [KSN01], tLMO2l and forward body biasing [MKC02],

[NMH02]. These adaptive body biasing (ABB) methods conffol the leakage current during

standby mode, and have the important advantage of exponentially reducing the leakage cur-

rent [MFBMO2].

In addition to leakage power reduction, DVS would continue to be important for reducing

dynamic power component in sub-micron technologies. In addition to dynamic power sav-

ings, DVS also provides a linear reduction in leakage current [MFBMO2]. Thus, combined

approaches that reduce both dynamic and leakage power components (i.e. DVS and ABB)

will be very important in future research.
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Appendix A. TestVideo Sequences
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Appendix B

Energy Cost and Tþansition Count

Comparison to Prior Work

B.L Versus Voltage Quantizations

This section shows the energy costs and transition count comparisons with prior approaches

for all individual data sequences. These are shown in Figures B'1,8.2,8.3,8.4,8.5, and 8'6.

8.2 Versus Buffer Size

This section shows the energy costs and transition count comparisons to prior approaches for

all individual data sequences. These are shown in Figures 8.7,8.8,8.9,8.10,8.11, and 8.12.
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Appendix C

Source Code

The attached CDROM contains the C and Matlab code, video sequences, and MPEG codec

used in developing and evaluation of the rate selection algorithm.

I
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