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Abstract 

Low power design has emerged as an at tractive theme both practically and theoretically in 

modern VLSI (Very Large Scale Integration) system design. Recently many power optimiza­

t ion techniques at various levels of abstractions such as at the layout , circuit, architectural, 

and systern levels are proposed . In todays system design, power optimizations at higher level 

of abstraction are required , because decisions at the higher level of abstraction strongly af­

fect to the cost , performance, and power consumption of final products. This thesis presents 

system-level power opt imization techniques . A brief summary of system-level low-power de­

sign approaches combined with my own works will be described. It reviews some techniques 

that have been proposed to overcome power issues and gives guidelines for prospective system­

level low-power designs . 

One of the n1ost effective approaches for power reduction is voltage reduction, because the 

power consumption of CMOS circuits is quadratically proportional to the supply voltage. 

However, lowering the supply voltage leads to an increase of circuit delay. Therefore, system 

designers have to determine operating supply voltage, taking the power-delay trade-off into 

account. This thesis, first, introduces a new concept called voltage scheduling. This deals 

with a dynamically variable supply voltage. The voltage scheduling can formally be defined 

as follows: For a given task1 determining a schedule of the processor 1S supply voltage so as 

to minimize th e en ergy consumption for th e task under a time constraint. An integer linear 

program1ning (ILP) model, theorems and an algorithm for the voltage scheduling problem are 

also presented in this thesis. Target systems include a variable voltage processor which can 

dyna1nically vary its supply voltage but can use only a single supply voltage at a time. For 

a given application program and the dynamically variable voltage processor, the algorithm 

finds a voltage schedule for each task so as to minin1ize the energy consumpt ion satisfying a 

ti1ning constraint. 
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This thesis also presents Power-Pro architecture (Programmable Power Managernent Ar­

chitecture), a novel processor architecture for power reduction. The Power-Pro architecture 

has two key functions : (i) The supply voltage and clock frequency of a microprocessor can 

be dynamically varied, and (ii) the active datapath width can be dynamically adjusted to 

the precision of each operation. This architecture aims to enable the software to dynamically 

control the active datapath width and the supply voltage. To make this possible, Power­

Pm architecture employs complex instructions. \.Vith those instructions, programmers can 

dynamically vary the supply voltage, the clock frequency and the active datapath width. Ex­

perimental results show that power consumption for a variety of applications are drarnatically 

reduced by the Power-Pro architecture. 

Reducing the energy consumption throughout the whole system including hardware and 

software is one of the goals of this study. The hard ware is often constructed by an embedded 

processor, an instruction memory and a data memory. The software and data which are 

executed and processed in the processor are usually stored in instruction memory and a data 

mernory, respectively. Therefore, not only the processor but also the memories should be 

opbmized for low power. A memory power optimization technique based on object code 

1nerging is also presented in this thesis . Basic idea is to merge sequences of frequently 

executed object codes into a set of single complex instructions . This complex instructions are 

restored by an instruction decompressor before decoding the object codes. The decompressor 

is implemented by ROM, and no modification to processor architecture is required for any 

application progra1ns . Therefore, the technique is well suited for systems with embedded 

IP (Intellectual Property) cores whose internal architecture cannot be modified. In many 

progra1ns, only a few object code sequences are frequently executed. Therefore, merging 

these frequently executed sequences into a set of single instructions leads to a significant 

energy reduction. Our experiments with actual read only memory (ROM) modules and some 

benchmark progra1ns demonstrate significant energy reductions of up to 1nore than 50% 

compared with processor-based systems without the object code merging. 

The power reduction techniques which are proposed in this thesis can be applied together 

to a wide range of digital system.s. Therefore, significant power reduction can be expected by 

these techniques, even if the power improve1nent by each of the techniques is modest. The 

variable datapath width control sche1ne can reduce the energy consumption of both the data 

n1emory and the processor's datapath by 35%. The energy consumption of the processor can 
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be reduced by 90% at best via the variable voltage control scheme. The energy consumption 

of the instruction memory can be halved by the object code merging technique. For example, 

if the control logic circuit of the processor, the processor's datapa.th, the instruction memory, 

and the data memory dissipate 25% of the total energy in a conventional system, we can 

reduce two third of the total energy dissipation in the same system by applying our proposed 

techniques. 
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Chapter 1 

Introduction 

1.1 Background 

In past years, the most senous concerns for t he VLSI designer were area, performance, 

cost, and reliability. Therefore, power considerations were mostly of only secondary issue. 

Recently, however, this paradigm is shifted, and power becomes more and more in1portant 

issue. The primary driving factor of this paradigm shift must be explosive growth in the 

portable systems which demand high-speed computation and complex functionality with low 

power consumption. 

In these applications power consumption is a critical design concern. The projected power 

consurnption for a portable nmltimedia terminal when implemented components are not 

optimized for low-power operation is around the range of 10-50 W[58]. With advanced Nickel­

Metal-Hydride battery technologies yielding around 65 watt-hours/kilogram, this terminal 

would require an unacceptable six kilograms of batteries for ten hours of operabon between 

recharges[37]. 

There also exists a strong pressure for designers of high-end products to reduce their power 

consun1ption. Contemporary performance optimized microprocessors dissipate as much as 

15-50W at 100-200MHz clock rates[58]. In the future, it can be expected that a 10 cm2 

n1icroprocessor, clocked at 500MHz would consume about 300W. The cost associated with 

packaging and cooling such devices is huge. Consequently, there is a clear advantage to re­

ducing the power consumed in high perfonnance systems. Conversely, lowering the power is 

indispensable for consun1er products whose sales are strongly affected by its price. There-

1 



2 CHAPTER 1. INTRODUCTION 

fore, for VLSI chips which are embedded in the consmner products, a rising heat of the 

chips becomes one of li1niting factor to realize higher transistor density and computational 

speed. Though the motivations for reducing power consumption differ from applicabon to 

application, power reduction is an essential theme in whole of today's electronics industry. 

The most of low power system design process can be divided into the following two phases. 

(i) The power estimabon, and (ii) the power optimization. In todays system design, power 

estimation and optimization at higher level of abstraction are required, because decision at the 

higher level of abstraction strongly affect to the cost, performance, and power consumption 

of final products. This thesis will present both power estimation and optimization techniques 

at the system level abstraction. A VLSI system design can be represented at several levels 

of abstraction such as at the layout, logic circuit, architectural, and system levels. The 

hardware design process is often performed by gradually detailing the abstract specification 

to lower level of abstraction. A behavioral level specifies the functionality of the design 

and may contain no structural information. A structural level represents the circuit as an 

interconnection of elements or building blocks. Synthesis tools can automatically convert or 

refine a design from a higher level of abstraction to a lower level of abstraction, or can convert 

a behavioral level description to a structural level description . At the syste1n level, the design 

may be modeled as a set of abstract communicating processes or tasks, with no knowledge 

of whether the tasks are implemented in hardware or compiled into software running on an 

embedded processor. System level synthesis involves partitioning the tasks into hardware 

and software, choosing the processor architecture that will execute the software, determining 

the hardware/software communication mechanism, and so on. This thesis proposes power 

optimization techniques at the system level abstraction. These techniques perform the power 

optimization taking both hardware and software into account, and have much more impacts 

on the quality of the final products than lower level optimization techniques have. 

1.2 Goal of This Research 

The goal of this research is to develop not only a low power system but also a high performance 

system with low power dissipation. Low power technologies support development higher 

density transistor and increased computational speeds in future VLSis, because the heat 

produced by the VLSI chips is one of the limiting factors in developing larger scale and higher 
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speed computer systems. Low power is also essential to high performance battery powered 

systems. Another important issue for these applications is not only power consumption, 

but also energy consumption, that is a summation of power consumption. The goal of this 

research is to reduce both power consun1ption and energy consumption of VLSI systems. 

To realize high performance computation with low power consumption, a power-delay op­

tin1ization should be done. Basic idea of the power-delay optimization is to lower the supply 

voltage as much as possible satisfying a c01nputation ti1ne constraint. The power-delay opti­

Inization technique can dramatically reduce power and energy consumption without essential 

performance degradation. This thesis presents the01·ies for the power-delay optimization in 

the system design level. This thesis also proposes a technique to reduce redundant switching 

on datapath circuits. This technique can reduce energy consumption in the datapath circuits 

and a data me1nory with a trivial performance degradation. 

Developing low power syste1n within very short time is also the goal of this study, because 

turn around time (TAT) in VLSI system design has strong impacts on the sales of products 

in these days. One of the 1nost effective ways to reduce the time to market is design reuse. 

This thesis propose a memory power optimization technique which aims to develop low power 

instruction me1nory within very short design time. 

Energy reduction techniques presented in this thesis can be applied together to wide range 

of digital systems. Therefore, the great energy reduction can be expected by these techniques, 

even if the energy improvement by each technique is modest. 

1.3 Policy of This Research 

Since the energy consmnption of CMOS circuits is almost proportional to switching activity, 

load capacitances and the square of supply voltage, lowering these design parameters leads to 

the energy reduction. However, lowering the supply voltage causes perfonnance degradation, 

because the clock frequency is almost proportional to the supply voltage. Our policy is to 

reduce energy consumption without essential performance degradation as described below. 

• Eli1ninate wasteful switching activities which are not essential to the result of the com­

putation. 
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• Saving energy by eliminating extra computational speed which is excessive for a required 

computational speed. 

• Reduce load capacitances of frequently used parts, even if the load capacitances of 

rarely used parts are increased. 

Basic idea of the approach to eliminate wasteful switching is to inactivate unnecessary bits 

of a datapath. For example, if all bits of a datapath in a 32-bit processor are switched for 

the computation of 8 bit data, many wasteful switching are occurred in upper 24 bits of 

the datapath. Inactivating such a wasteful switching activity, we can drastically reduce the 

power consumption without any changes of computation scheme. 

A scheme to save energy by elirninating an extra computational speed which is excessive 

for a required computational speed is also proposed in this thesis. In CMOS transistor, power 

dissipation is quadratically proportional to supply voltage . Lowering the supply voltage has 

strong impact on power reduction for C110S circuits. However, this causes computational 

speed degradation. We can reduce the power consumption by lowering the supply voltage 

until the computational speed of a syste1n matches a desired computational speed. A compiler 

technique which can find the supply voltage which adjust the computational speed of the 

target system to the required computational speed are addressed in this thesis . 

This thesis also presents a compiler technique to reduce load capacitances of frequently 

used parts in an instruction memory. A basic idea is to merge frequently executed basic 

blocks into a set of single complex instructions. Although the load capacitances of rarely 

used memory blocks are increased, total energy consmnption can be dramatically reduced. 

1.4 Contributions of This R esearch 

The energy consumption of whole system, Egiobah can be defined as the sun1n1ation of both 

partial and temporal power consmnption of circuits as shown in (1.1). 

X N 

Eglobal = L L Pik 
i=l k=l 

(1.1) 

The Pik denotes a gate 9k 's power dissipated during the ith period of tin1e, X the execution 

ti1ne of a program (software), and N the number of gates in the VLSI chip. In this thesis, 

we treat Eglobal as an objective function to be optimized, because the energy consumption 
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directory affects the heat of chips and the life of battery. Since the PikS are dynamically 

varied according to the behavior of the software and a location of the logic gate on a chip, 

both the software and the hardware should be taken into account to reduce the energy 

consumption. This thesis proposes the system level optimization techniques which consider 

behavior of both the hardware and the software. The most important contribution of this 

research is to develop methods which enables the software to manage the energy consumption, 

and n1ethods to optimize application specific systems utilizing a history of the application 

programs. Detailed contributions of this research are described below. 

• A c01npiler technique to determine the optimal supply voltage which 1ninimizes energy 

consumption under a time constraint is proposed. 

• Some theorems which give guidelines to find an optimal operating supply voltage for 

microprocessors in practical situations are proved. 

• A microprocessor architecture which enables the software to control the supply voltage 

and active datapath width dynamically is proposed. 

• A reconfigurable instruction memory architecture targeting low power application spe­

cific systems is proposed. 

• An object code merging technique to reduce power dissipation in an instruction memory 

is proposed. 

F irst, a new microprocessor architecture, called Power-Pro : Programmable Power Nian­

agement Architecture, is presented. This architecture can vary its supply voltage and active 

datapath width by special instructions. They make it possible to control the power consump­

tion and the performance of microprocessors by software. 

Next, a compi ler technique to determine the optimal supply voltage for dynamically vari­

able voltage processors, which minimizes energy consumption under a time constraint is 

proposed. A procedure to deciding optimal supply voltage for given tasks is called volt­

age scheduling. Two kinds of infonnation are required for the voltage scheduling. One is 

a voltage-delay relations of the dynamically variable voltage processor. The other informa­

tion is a program source in which real-time constraints are explicitly specified. Firstly, the 

con1piler esti1nate the worst case execution cycles of the application program. Secondly, the 
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compiler finds an optimal voltage schedule, using the informations of the esti1natecl execution 

cycles of the program and the voltage-delay relations of the processor. The voltage scheduling 

is clone based on the theorems presented in chapter 3. The optimal voltage schedule rnini­

mizes energy consumption without any real-time violations. Finally, an object code including 

the special instructions which can vary the supply voltage is generated for the dynamically 

variable voltage processor. A problem to find optimal voltage schedule is formulated as an 

integer linear prograrnming (ILP) problem. An voltage scheduling algoritlun for the problem 

is also proposed in this thesis. 

A compiler technique with object code mergmg to reduce power dissipation of an in­

struction men1ory is also proposed. This technique targets a n1icroprocessor which has an 

instruction decompressor to restore the merged sequences of object codes. Merging frequently 

executed sequences of object codes into a set of single complex instructions reduces energy 

during memory access, because the number of memory access to the main program memory 

is extremely reduced. However, merging too rnany sequences of object codes into single in­

structions leads to an increase of energy consumption in the instruction decompressor. The 

proposed technique finds optimal point of this trade-off where total energy consmnption is 

minirnized. A problern to find the optimal point of the trade-off is formulated as an integer 

hnear programming (ILP) problem. An algorithm to solve the problem is also proposed. 

1.5 Organization of This Thesis 

This thesis addresses mainly tree topics, variable voltage scheduli ng, a programmable power 

management architecture, and an object code merging for application specific systems, and 

is organized as follows. 

First, in Chapter 2, low power design methodologies at the system level abstraction are 

outlined. 

Chapter 3 presents the variable voltage scheduling method for the dynamically variable 

voltage processors. Chapter 4 presents a programmable power rnanagement architecture 

which enables the software to control supply voltage and active data path width. Chapter 

5 proposes a new architecture for en1bedded instruction n1en1ories, and presents a memory 

power optin1ization technique with an object code merging. 

Chapter 6 concludes this thesis with a summary and a direction of future research . 

Chapter 2 

Low Power System Design 

2.1 Power Dissipation Models 

\iVith the popularization of portable electronics and the rising demands for cooling down the 

heat of high-end products, it becomes more important for VLSI systems to reduce power 

consumption. Recently, rnany power minimization schemes at various levels of abstraction, 

such as at device, circuit, layout, architectural and system levels are proposed[43]. As for 

the low level design, power optimization techniques are well studied. However, there is much 

scope left to study in the system level area such as architectural, algorithm, or software level. 

In this chapter, we present system level power and energy reduction approaches. 

In many applications, not only power dissipation but also energy dissipation is critical 

design concern. We can define the energy consumption as the summation of both partial and 

te1nporal power consumption in a VLSI circuit as shown in Figure2.1 and 2.3. 

Hotpo 

~Coolpomt 

Location of Gates 

Figure 2.1: Partial power dissipation in CMOS circuits. 

7 
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In this thesis, we treat the energy consumption as an objective function to be improved, 

because the energy consumption directory affects the heat of chips and the life of the battery. 

Our challenge is to model and optimize the energy consumption of whole system at the higher 

level of abstraction. The dominant source of energy dissipation throughout a digital CMOS 

circuit synchronized by a system clock is the dynamic energy dissipation, 

M 

Ei = I: C Lk · Switik · V~n (2 .1 ) 
k=l 

where Ei is energy dissipation while the ith clock cycle is executed, 1\11 the number of gates 

in the circuits, CLk the load capacitance of a gate gk, Switik the switching count of 9k while 

the ith clock cycle is executed, and Vnn the supply voltage. Basically, the dynamic energy 

arises only when the capacitive load of the output of CMOS circuit is charged through the 

power supply or is discharged to ground as shown in Figure 2.2. 

Wire load 

Capacitive lfd l ~ 
Figure 2.2: Power dissipation in CMOS circuits. 

Some researchers have proposed several accurate energy dissipation model for CMOS cir­

cuits [59, 10, 28, 5], and make sure accuracy of their models. VIe have also examined the 

accuracy of (2.1) by measuring the energy dissipation of actual chips[48, 49]. An analog 

a1nn1eter, an oscilloscope, and an in-house energy measuring instrmnent are used to rnea,sure 

the energy of the chips. The experimental result with actual chips and many kinds of test 

vectors demonstrates that the maxirnum error of (2.1) is 12% at most, and the accuracy of 

(2.1) is very good. 

Next, let us consider a task j with the number of total execution cycles Xj, where the task 

1neans a fragrnent of a program. Since the energy for the task is a summation of Ei by the 

number of the execution cycle Xj, the energy consumption for the task is fonnulated as (2.2). 

2.1. POWER DISSIPATION ~t!ODELS 

~ 
.s ...... 
0.. s 
;:::j 
VJ 
c:: 
0 

add rl r2,rl 
sub r2 r2,rl 
jmp #1024 

• 
• 

' .. 
I e 
I e 

• • I a 
I a u 

1-< •• : • • 

~ . . . . . .. .. .. .. . . . .. .. .. . . . : ·~ ... 
;:> •••••••• ,. ....... ... .. • • • • • • 
0 ... • • •• • •••• 
~ ... · 

~-----------------------------------------------. 

Time 

Figure 2.3: Temporal power dissipation in CMOS circuits. 

X 1 X 1 M 

Etask =LEi= L L CLk. Switik. v~D 
i=l i=l k=l 
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(2 .2) 

We can reduce the energy consumption for the task by lowering Vnn, Switik, CLk, A1, 

or Xj. However , lowering these design parameters causes increase of execution time for 

the task. The circuit delay T which determines maximum clock frequency of VLSI systems 

synchronized by a system clock is fonnulated as (2.3), and an execution time for the task 

Ttask can be formulated as (2.4), 

(2.3) 
Vnn 

T CX ---------::-2 rv --

(Vc- Vr) Vnn 

1 

(2.4) 

where Vr is the threshold voltage, and Vc(rv Vnn) the voltage of the input gate. Fonnulas 

(2.2) and (2.4) dernonstrate design trade-offs in CMOS VLSI syste1ns, because of the following 

reasons. 

• The Etask is quadratically proportional to the Vnn, and the Ttask is inversely propor­

tional to the Vnn-

• The Xj strongly depends on the CLk, 1\1, and the Switik· For example, highly paral­

lelized circuits which require large C Lks, M, and Switiks can execute the task within 

a small Xj. Conversely, serialized computation which requires small M, CLks, and 

SwitikS needs large xj. 
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Our challenge is to n11111Imze the total energy consmnption for the task under a given 

computation time constraint. According to the relations among Vnn, Switik, C Lk, Xj, 

Etask and Ttask, we can consider the following approaches for the 1ninimization of the energy 

consumption. 

1. Lowering the Vnn under the computation time constraints. 

2. Reducing the "L.{J1 "L-~ 1 ( Switik) keeping the Ttask· 

3. Reducing the "L-~1 "L-~ 1 ( C Lk · Switik) keeping the Ttask· 

4. Optimizing the xj so as to minimize the Etask under the C0111putation time constraints. 

In this chapter, we will make a brief survey on the above approaches in system level LSI design 

and show several examples in detail. The rest of the chapter is organized in the following 

way. In Section 2.2, we present approaches for supply voltage optimization. Approaches for 

lowering the switching activity and frequently activated capacitance are presented in section 

2.3 and 2.4, respectively. Section 2.5 presents the optin1ization of the number of the execution 

cycles to minimize the energy for the task. The chapter is concluded in Section 2.6. 

2.2 Optimization of Supply Voltage 

Since energy dissipation is quadratically proportional to supply voltage Vnn (see equation 

(2.2)), controlling Vnn has strong impacts on energy reduction[41]. A main difficulty of energy 

reduction by Vnn optimization is how to resolve the trade-off between system performance 

and energy dissipation formulated in (2 .2) and (2.4). We have to develop design 1nethods 

to minimize energy consumption keeping system perforn1ance required in specifications of 

systems. Basically, we have the following two ways to reduce Vnn in system level design. 

2.2. OPTIJ\IIIZATION OF SUPPLY VOLTAGE 

2.2.1 Power Reduction by Parallel Computation 

Energy= lOOJ 
tO - - - - - - - -

s.ov 

s.ov 
t2 - - -

s.ov 

s.ov 
t4 - - -

(a) sequential 

Energy= 25J 
--------

(b) parallel 

Figure 2.4: Power reduction by parallel computation. 

11 

This method utilizes performance improvement by parallel computation. Suppose that our 

cmnputation is completely parallelizable into two parallel tasks. Introducing two circuits for 

the tasks, we can reduce the performance of each task without loss of system performance 

as shown in Fig . 2.4. If ideally we can reduce the performance of each circuit into half of the 

original one, we can reduce Vnns of them into half because of the power-performance relation 

of equation (2.3). Although load capacitance and switching activities in a cycle may increase 

up to twice respectively, we can reduce the number of cycles into half and Vz5n into quarter. 

Although this is a very attractive approach, parallelization of computation is difficult in 

general because of the control and data dependency in many programs . So1ne computations 

are inherently sequential and it is difficult to enjoy the power reduction scheme for them. 

In the past few years, multiple supply voltage scheduling technique were proposed [26, 

39, 34]. The techniques refer to the assignn1ent of a supply voltage to each operation in a 

data flow graph so as to minimize the average energy consumption under given computation 

tin1e or throughput constraints or both. Since in such techniques, supply voltage is statically 
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assigned to each functional module, they become ineffective if performance requirements 

dynamically change according to the operating conditions. 

2.2.2 Power Reduction by Adaptive Voltage Scaling 

More practical approach is adaptive power control techniques. Since the load of our compu­

tation is not constant, we can cont rol power consmnption according to the required computa­

tion load. Preparing multiple supply voltages, we can assign them for tasks of computation 

keeping the total performance of the system. The assignment can be done statically or 

dynamically. In the rest of this section, we will discuss the adaptive power control. 

Low power techniques with dynamic voltage scaling also have been studied [60, 33, 18]. 

Nielsen et al. have shown a lov,1- power system using self-timed circuits . The circuits achieve 

maximum power savings by lowering the supply voltage unt il the performance of chip can 

meet the specific perfonnance requirement. In this system, the supply voltage is controlled 

by hardware directly. This can be a disadvantage for some kinds of applications, because it is 

difficult to know detailed behavior of the application program from the hardware. Therefore, 

a technique to control the supply voltage from software is required for sophisticated power 

management system. 

Intel and Microsoft have proposed a specification called Advanced Power Management 

(APM)[13]. This specification defines an interface between power management software in 

BIOS, and a hardware-independent power management driver in operating system. This 

driver can manage APl\11-aware applications, by notifying them processor state changes. Al­

though the APM makes possible to manage the power consumption from application program, 

how to decide the optimal operating supply voltage, or hardware specification which control 

the supply voltage from application progran1 are not presented. 

Vve have proposed a dynamically variable voltage processor architecture called Power-Pro 

architecture in [52 , 50]. The architecture can use dynamically variable supply voltage but can 

use a single supply voltage at a ti1ne. The architecture has special instruction, called voltage 

control instruction to vary its own supply voltage and clock frequency. Using the instruct ion, 

software programmers can directly specify the operating supply voltage of the hardware in an 

application 1 rogra1n. The most important issue for the variable voltage processor is how to 

select suitable voltages according to the operating condition. We have also proposed a voltage 
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scheduling problen1 which treats dynamically variable supply voltage, and have proposed 

theorem_s and an algorithm for the problem in [53, 50, 56]. In[24, 63] theories to detennine 

the optin1al supply voltage for dynamically variable voltage processors are presented. 

In many practical applications, the number of cycles is changed depending on the sort of 

data. Since it is difficult to know statically the number of execution cycles, which are often 

much smaller than the worst case, an application of the voltage scheduling by the compi ler 

will be li1nited. Dynamic voltage scheduling by operating systems will be an important 

technique for system level power reduction[63]. A real-time operating system which assigns 

voltage as low as possible to each task without any real-time violations has proposed[56]. 

Developing low power DC-DC converters is one of the most i1nportant themes for variable 

voltage VLSis , because the power dissipation of the DC-DC converter is not negligible for 

very low power VLSI circuits. Recently, many types of DC-DC converters have been proposed 

[18, 44, 41, 46, 16]. In [16], a DC-DC converter whose energy efficiency reaches up to 95% 

in the supplying power range of 40-100mW is proposed. These low power DC-DC converters 

promise the variable voltage techniques to be essential in prospective low power applications. 

2.3 Reducing the Switching Activity 

In system level design, we have three basic approaches to reduce the switching activity. 

2.3.1 Reducing Wasteful Switching Activity 

Usually, computation contains many wasteful switching activities, which are not essential to 

the result of the computation. For example, all bit lines of data bus in a 32-bit processor are 

switched for the computation of 8 bit data. If we take care of these wasteful switches, we can 

drastically reduce power consumption without any changes of c01nputation scheme. Gated 

clock is a popular method in this approach [36, 61, 8] . 

2.3.2 Optimizing Signal Protocols and Encoding 

Protocols and encoding schemes of long communication lines, which have large capacitive 

loads, strongly affect power consumption . In system level design, the protocols and coding 

sche1nes can be designed for minimizing power consumption. For application specific system 
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design, statistic information on data and/or control :flows are useful for the optimization. As 

examples of this approach, optimization of ordering of data transfer and coding on buses are 

discussed by several researchers[42, 21]. 

2.3.3 Optimization by Algorithm Selection 

Above two approaches do not require essential change of computa.tion algorithms. The num­

ber of switching is , however , inherently depends on the computation algorithm. Unfortu­

nately, techniques of algorithms selection for power reduction have not been established yet. 

But it is a very important research area both theoretically and practically. In order to 

demonstrate the effects of the algorithms selection, we show, in table 2.2, an example of 

energy consUinption of different multiplication algorithms in table 2.1 [55] . All multiplier cir­

cuits are automatically synthesized with an automatic synthesis tool of SYNOPSYS co. ltd., 

and automatic place and route tool of Avant! co. ltd .. Energy consUinption of each circuit 

is estimated with post-layout simulation. Bit width of the all the multipliers are 16 bits. 

Toggle count is a criterion of switching activity. The toggle count of Mult-3 is 70% of one of 

Mult-4. The energy consumption of Mult-3 is also 70% of one of IVIult-4. 

Table 2.1: Specifications of multipliers. 

Circuits I Algorithms 

Mult-1 A array multiplier with Booth's algorithm 

Mult-2 A Wallace tree multiplier with Booth's algorithrn 

Mult-3 A multiplier with 7-3 parallel counters 

Mult-4 A multiplier with redundant binary adders 

Table 2.2 : Switching activity of multipliers. 

Circuits Area[,um2]( # of cells) Delay[ns] Toggle count/ Cycle Energy/ Cycle [pJ] 

Tvlult-1 666462 .7 (786) 23 .76 926.95 65.48 

Mult-2 800846.2 ( 1 ,067) 15.77 779.78 65.40 

Mult-3 978017.0 (1,344) 12.98 604.37 63.97 

Mult-4 896409.4 (1,440) 13.95 861.42 87 .15 
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2.4 Reducing the Frequently Switched Capacitance 

2.4.1 Memory Power Optimization 

Some parts of a system are more active than other parts. According to equation (2.2), 

reducing load capacitance of the active parts leads to energy reduction of a whole system. 

This kinds of design efforts are usually done in circuit and layout design levels. But there 

are rooms to discuss efforts on the switching capacitance reduction in system level design. 

In 1nany applications , only a few parts of programs are frequently used. Furthermore, some 

parts of the programs or smne parts of circuits are not activated for some kinds of input data. 

Therefore, reducing the load capacitance of frequently accessed memory blocks or frequently 

activated parts of circuits may be effective way to reduce total energy consumption[32]. Here, 

we will show a challenge of the power reduction of memory-intensive systems, such as video 

image processing and speech recognition [54]. Detailed discussion will be done in chapter 5. 

2.4.2 Power Reduction for Cache Memory Systems 

Because of the large load capacitance in off chip buses, local computation with cache memory 

is one of the most effective way to reduce power consumption during memory access. Some 

low power cache approaches which are aiming to reduce the cache miss ratio have proposed 

[40, 29, 20). In [30], way-predictable set-associative cache memory architecture is proposed. 

Basic idea is to predict which way of four way contain a data desired by a processor. The 

experimental results demonstrate that about 70% energy improvement is achieved by the 

way predicting cache with 10% performance degradation , compared with a conventional set­

associative cache. 

2.4.3 Optimization of Standard Cell Library 

An application specific library generation techniqu s for low power VLSI design has been 

proposed[19, 4 7]. Main purpose of the techniques are to suit gate size, P / size rat io, or 

a function set to the applications. In [4 7], a function set of cell library is determined for 

each target circuit so as to take frequently switching interconnects into cells . For example, 

if an output node of a NOR gate in Figure 2.5 is frequently switched, this node should be 

taken into a complex gate so as not to dissipate a wasteful power in this node. V\1hen the 
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logic fundi on Y is realized by a complex gate and the logic value of the C is 1, no energy is 

dissipated in the complex gate ideally. 

~------------------------------~ 

VDD 

VDD 

l~ ~ 
vss 

vss vss vss 
I ------ ----------------------- ---' ' ·------------------------------------------------

Figure 2.5: Power optimization with complex gates. 

It is wide consensus that a power consumption in interconnects becomes much dominant 

in the near future. Therefore, the application specific library generation techniques can 

be much important power reduction technique in the future. The experimental results with 

some benchmark circuits demonstrate that this library generation technique can reduce much 

power consumption. 

2.5 Optimization of the Number of Execution Cycles 

A glance at the equations (2.2) and (2.4) shows that reducing the number of execution cycles 

(Xj) leads to the reduction of both energy consumption and execution ti1ne for the task. 

However, reducing the nmnber of execution cycles without increase of !VI, CLk, or Switik is 

difficult in general (See equations (2.2) and (2.4)). In addition, reducing Xj may cause an 

increase of circuit delay T (See equation (2.3)), because the most simple approach to reduce 

the x.i is utilizing highly parallelized large circuits, and large circuits often contains long 

interconnects which cause large wire delay. Therefore, techniques which resolve trade-offs 

a1nong C Lk, Switik, T and X j are required for energy reduction. In this section, we present 
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a technique to resolve the trade-offs among CLk, Switik, and X j by tuning up the datapath 

width of a core processor. 

The datapath width of a processor strongly affects to the power consumption in the system 

including, the processor, data RAl'v1s, and instruction ROMs. In the following discussion, we 

suppose that the precision of computation should be preserved. 

(a) Change of the number of 
required instructions 

[datapath width= 20 bits] 
add z,x,y 

datapath width =1 0 bits 

add z_low, x_low, y_low 

addc z_high, x_high, y_high 

(b) Execution cycles for various 
datapath widths 

.----.20 
(/) 

CD 
() 
>. 
~15 
(/) 

CD 
() 
>. 
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0 

·.;:::; 
:::J 
() 

~ 5 
w 

0 10 20 30 
datapath width [bits] 

Figure 2.6: The number of execution cycles for various datapath width. 
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The datapath width of the processor also affects to the number of execution cycles of a 

given task, i.e ., narrowing the datapath width causes the increase of the number of execution 

cycles because of the increase of cycles for multiple-precision operations. Assume that an 

addition of 20 bit data shown in Figure 2.6 is executed by only one instruction on a 20 bit 

processor. If the datapath width is 10 bits, two instructions including additions of lower 10 

bits and higher 10 bits with carry (See Fig . 2.6 (a)) are required. Figure 2.6 (b) demonstrate 

trade-offs between datapath width and the number of execution cycles. Although a processor 

with narrower datapath width dissipates lower power per clock cycle, the total energy for the 

task can not always be reduced by narrowing the data path widtb [1). 
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To determine whether computing with wide bit width and small number of execution cycles, 

or computing with narrow bit width and large number of execution cycles is a major concern 

for a hardware and software design. In this section, we present a hardware/software codesign 

approach for the datapath width optimization which minirnize the energy consumption under 

computation time constraints. 

Most important issue for the datapath width optirnization is how to determine the effective 

size of variables. The effective size of a variable stands for the mini1num required size which 

can hold both the largest and smallest values of the variable. A method to analyze effective 

sizes of variables in C program is proposed in [22]. A programming language and a compiler 

technique which support programmers to specify the minimum required bit width for each 

variable directly in source program was proposed in [23, 2] . The proposed language and 

tbe compiler are called Valen-C and Valen-C compiler, respectively. The llalen-C compiler 

preserves the precision of programs in the following manner: If a variable vis defined as a n 

bit variable, the Valen-C compiler allocates physical storage resources (registers and memory 

words) of not less than n bits for v. Arithmetic and logic operations for v are also performed 

with the precision of not less than n bits. In cases that the precision of an operation is larger 

than the datapath width, the operation is performed by more than one machine cycles as a 

multi-precision operation . 

A new design methodology of embedded systerns based on the Valen-C and a user defined 

application specific processor, called a soft-core processor, is proposed in [23]. The soft-core 

processor is a prototype of an embedded processor design, which has some design parameters, 

such as the data.path width, the number of registers, the kind of functional units, and the 

size of rnemories[l 7]. Designers can change the parameters for each application, and then 

obtain a customized processor optimized for the application. In other words, the total power 

consumption of a system including the soft-core processor, ROM and RAM can be optimized 

by changing the word length. 

A syste1n level energy optimization technique using llalen-C and the soft-core processor 

is proposed in [1]. Their objective is to optimize the datapath width so as to minimize the 

energy consun1ption for the task using the method of variable size analysis, the Valen-C, and 

the soft-core processor. 
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2.6 Summary 

This chapter reviews some system level low power design techniques that have been proposed 

to overcome the power issue, and demonstrate that a system level decision has strong effect 

to energy consumption as well as to system cost and performance. Although hardware 

approaches for power reduction at higher level of abstraction are studied well, there may 

be much scope left to explore in software area. The key technologies that we believe to be 

important in prospective VLSI system design are summarized below. 

• Create a model of the system including hardware and software at higher level of ab­

straction. 

• Estimate power consumption of the system including hardware and software at higher 

level of abstraction. 

• Opti1nize the total energy consumed by the system for given applications considering 

behavior of both hardware and software. 

Power concerns must be most important issue for VLSI system design, and breakthrough 

to overcome the power issue will be required in the near future. This thesis will outline future 

challenges to develop high performance and low power VLSI systems. 
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Chapter 3 

Variable Voltage Scheduling 

3 .1 B ackground 

Lowering the supply voltage has strong impact on power reduction , because the power con­

sumption of CMOS circuits is quadratically proportional to the supply voltage. However 

the circuit delay is almost inversely proportional to the supply voltage. Basically, therefore, 

system designers have to consider the trade-off between a computabonal speed and energy 

consump tion to realize high performance computation with low power consumption. In recent 

researches, datapath scheduling techniques and behavioral synthesis techniques with multiple 

supply voltage were proposed [26, 39, 62) . The proposed scheduling problem refers to the 

assignment of a supply voltages to each operation in a data flow graph so as to minimize the 

average energy consump tion for given con1putation time or throughput constraints or both. 

The experimental results demonstrates 20-30% power reduction. However, these techniques 

can sometimes be ineffective when the computation time constraints are dynamically var­

ied, because such techniques statically assign the supply voltage to each functional module. 

Power reduct ion techniques which treat dynamically variable supply voltage have much effect 

for actual systems in which the computation t ime constraints are changed according to the 

performance require1nents of applications . 

3.1.1 Motivation 

In the past few years, some low power techn iques by dynamic voltage scaling have been stud­

ied [60, 33, 18, 45]. L. Nielsen et al. has shown a low-power system using self-t imed circuits 

21 
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and adapbve scaling of the supply voltage in (33]. The self-timed circuits achieve maxi1num 

power savings by lowering the supply voltage until the chip can just meet the specific per­

forn1ance requiremenL. Their approach scales supply voltage dynamically according to the 

quantity of processing data per unit ti1ne . Similar to our approach, their approach can find 

opti1nal supply voltage which is fitting to the desired performance. However, the problem 

definition is quite difFerent from our approach, because their approach is based on an adaptive 

met hod. Our approach is based on an intentional vo ltage scheduling method(53, 50]. In this 

chapter, we address a voltage scheduling problem and formulate it to an ILP(Integer Linear 

Programming) problem. Target systems include the dynamically variable voltage processor 

which can dynamically vary iLs supply voltage but can use only a single voltage at a time[52] . 

T hi s chapter is organized in the following way. In section 3.2 and 3.3, we prove basic and 

1nore generalized theorems, respectively. Section 3.4 and 3.5 present ILP formulation and 

an algori t hm for the problem, respectively. Experimental results are shown in section 3.6. 

Section 3. 7 concludes this chapter. 

3 .1.2 Power Delay Trade-off 

The dominant source of energy dissipation in a digital CMOS circuit is the dynamic energy 

diss ipation, as shown in (2.1), and is quadratically proportional to the supply voltage. Con­

versely, the circuit delay is inversely proportional to the supply voltage as shown in (2.3). 

As is shown in Fig. 3.1 , (2.1) and (2.3) demonstrates the power-delay trade-off in CMOS 

circuits. 

----~ ~- ------ --------:~:- -- 3 5 

1. 5 -------~~- --- ----t-~, . _ --3 0 --------r ~--.,:, -------25 

1.0 ~i!~-~i~-~~l~y?-~~0--- 20 

--------,~------------ 15 

0. 5 ___ _,,~En_ergy _ <!i_ s_s_i p_at! ()!1 10 
3.4 3.8 4.2 4.6 5.0 
Supply Voltage [V] 

Figure 3.1: The power-delay trade-off in CMOS circuits . 
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System designers have to take this design trade-off into account to reduce energy consmnp­

tion without essential performance degradation. 

3.1.3 Motivational Example 

0 5 10 15 20 2:5 time[sec] 
I 

5.0 2 I 
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0 5 10 15 20 25 time[sec] 

Figure 3.2: An example of power-delay optimization. 

The 1nain purpose of our power saving approach is Lo optimize the power-delay trade-off. 

The goal of the power-delay opti1nization is minimizing the power consumption by scheduling 

the supply voltage for each task under a given time constraint, where the task is a frag1nent 

of a program. Assume that the energy consumptions for a given program are 10nJ /cycle, 

25nJ /cycle and 40nJ j cycle at 2.5V, 4.0V and 5.0V, respectively. The computat ional speeds 
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of the processor with 5.0V, 4.0V, and 2.5V are (50 x 106 clock cycles)/second, (40 x 106 clock 

cycles)/ second, and (25 x 106 clock cycles)/ second, respectively. This assumption roughly 

accords to (2 .1 ) and (2.3) . Figure 3.2 shows three voltage schedules for the given program 

whose total execution cycles are 1000 x 106 cycles . In Fig. 3.2(A) , the total energy constnnp­

tion is 40J, because a processor uses only a 5.0V supply voltage. Given a time constraint of 

25 seconds, the voltage scheduling with 2.5V and 5.0V which adjusts the finishing time to the 

given timing deadline reduces the energy consumption from 40J to 32.5J. Fig. 3.2(C) shows 

the lower bound case of this example. If the processor uses a single supply voltage which 

adjusts the finishing time just to the given timing deadline, the total energy consmnption is 

rninirnized. VVe generalize these features in next section. 

3.2 Basic Theorems on a Simple Model 

In this section, we target processors which assume to use continuously variable voltage be­

tween O[V] and Vmax [V](> 0). The energy consumption is assumed to be independent from 

operation types or input data but depends only on supply voltage. We regards the number 

of execution cycles to be a continuous value in this chapter, since the number of execution 

cycles is assUJned to be enough big to regard a continuous value. 

In deep submicron electronics, it is necessary to consider the effect of mobility degradation. 

After this, we use more accurate delay model (3.1) rather than (2.3), which takes the effect 

of mobih ty degradation into account[12], 

k. Vnn 
T=-----

(1/DD- Vr)Q 
(3.1) 

where a is a parameter which reflects the effect of mobility degradation upon circuit delay, 

and k is constant . 

Len1n1a 1 If a processor completes a program before the liming deadline T (0 < execution time < 

T) ) the energy consumption is not minimized. 

Proof. At first , we prove that the circuit delay T( v) and energy consumption of CMOS 

circuits are the monotonous function of supply voltage v. 

Let 
k·v 

7 ( v) = -( v---V-r )-Q (k is a constant) 
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can not ·minim1:ze energy consumption if the pmcessor can use cordinuously variable voltages . 

Proof. For any v, x, and a which satisfy 0 < Vr < 1/1 < v < 1/2 < Vmax , 0 ~ x ~ Cycle, 

and 1 S a S 2 , let us prove (3.3) under the constraint (3.2) . \Nhere Cycle stands for 

total execution cycles of the given program. 

(3 .2) 

(3 .3) 

The left side of (3.2) and (3.3) represent the total execution time and normalized energy 

consun1ption, respectively, when x cycles are executed with voltage Vi and Cycle - x cycles 

are executed with voltage 112 . The right side of (3.2) and (3 .3) represent, total execution time 

and energy consumption, respectively, when all cycles are executed with voltage v. 

Put 

f = 111
2 

• x + V{ ·(Cycle- x), and g = v 2 · Cycle, 

then, x and v are functions ofT. f and g are functions of x and v respectively. 

Therefore, both f and g are function of T. The result which is differentiated by T is 

described below. 

df 

dT 

and , 
a· {2 · Vr + (a - 1) · v} ( v - Vr )2

Q+l > 0 
Cycle2 · {Vr +(a - 1) · vP 

It is obvious that f is a linear function of the timing constraint T as shown in Figure3.4. In 

addition , g is a below convex function of the ti1ning constraint T. 

Consequently, we have (3.4) under the condition (3.2). 

f- g > 0 (3.4) 
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we have, 
dT(v) 

dv 
(a- 1) + k · Vr 

(v- Vr)o+l 

25 

.Therefore, for a (1. 0 :::; a :::; 2.0) and Vr (0 < Vr < V), the T(v) is monotonously 

decreased function of voltage v as shown in Figure3.3. The a strongly depends on the 

mobility degradation of electrons in MOS transistors, and tends to be decreased from 2.0 to 

1.0 according to the channel size shrinkage. Threshold voltage Vr also tends to be decreased 

so as to improve transition delay and propagation delay of transistors. 

[tis immediate that the energy consumpt ion is monotonously increased funct ion of voltage 

vas shown in Figure3.3. Therefore, high speed processing with high energy can be replaced by 

low speed processing with low energy. amely, if a processor completes the processing before 

the timing deadline, slower and lower energy processing than such processing is possible. This 

lemma substantiates a well known power-delay trade-off in CMOS circuits for any practical 

a and Vr. 0 

1.5 2 2.5 3 3.5 4 4.5 5 

Supply Voltage [V] 

Figure 3.3: V-T curve for various Vr and a. 

Lernma 2 ff a processor uses a single supply voltage v and completes a program just at a 

timing constraint T(> 0)1 the v is an unique supply voltage which minimizes energy consump­

t?:on for the given pmgram. In other words1 voltage scheduling with multiple supply voltage 
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Figure 3.4 : Energy consmnption versus timing constraint. 
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(3.4) indicates that the voltage scheduling with two voltages can not mm1m1ze energy 

consumption. Furthermore, it is obvious that the voltage scheduling with more than two 

voltages can not minimize energy consumption. 0 

An important information from Lemma 1 and Lemma 2 is that the voltage scheduling with 

the single voltage is optirnal even if the transistor size and Vr are scaled down. 

For ideal systems which can supply continuously variable voltages, Lemma 2 can be de­

rived. However , using continuously variable voltages may be infeasible[ll], since suppling any 

kinds of stable supply voltages and clock frequency wastes the significant power and hard­

ware cost. In other words, processors do not always bave a specified voltage which minimizes 

energy consurnption. For processors which have only a small number of discretely variable 

voltages, we have the following theorem. 

Theoretn 1 If a processor can supply only a small number of discretely variable voltages, 

the voltage scheduling with at most two voltages minimizes the energy consumption under any 

time constraint . 
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Proof. Consider the followin g two kinds of voltage scheduling : schedule-1 is the schedule 

with three voltages VJ., Y;, and 113 (0 < 111 < Videa/ < 112 < 113 ), and schedule-2, the schedule 

with two voltages VJ. and 112 . ow, let the execution cycles with 111 , 112 , and V3 in sched'ttle-1 

be x1(2. 0), x2(2. 0), and x3(2. 0) , respectively. In addition, y1(2. 0) and y2(2. 0) cycles are 

assumed to be executed with 111 and 112 in schedule- 2, respectively. Vle prove (3.5), under 

the constraints of (3.6) and (3.7). 

(3.5) 

(3.6) 

x1 + x2 + x3 = y1 + y2 (3.7) 

The left and right sides of (3.5) represents the energy consumption of schedule-1 and 

schedule-2, respectively. (3.6) and (3.7) explain that the total execution time and the execu­

tion cycles of two schedules must be sa1ne. 

Firstly, assmning xl < y1: If x1 < y1, the constraints (3 .6) and (3.7) can not simultane­

ously be satisfied. Therefore, the situation x1 < y1 can not be occurred . "V\Te have only to 

consider the situation x1 2_ y1 as shown in Figure 3.5. In this situation, (3 .5), (3.6) and (3 .7) 

can be deformed as (3 .8), (3 .9), (3.10), and (3.11). 

( x 1 - y 1) + x3 = y2 - x2 

(y2- x2) . v2 
(1l2 - llr )a 

x1 - y1 > 0, y2- x2 > 0, x3 > 0 

(3.8) 

(3 .9) 

(3.10) 

(3.11) 
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Execution cycles 

Figure 3.5: Voltage schedule-1 versus schedule-2. 

From Lemma 2, (3.10) can be immediately proved under the constraints of (3.8), (3.9), 

and (3.11). Therefore, voltage scheduling with ~' v;, and 113 can not minimize energy 

consumption, when 0 < ~ < Videa/ < 112 < 113 . Similarly, it is easy to prove that the energy 

consumption of voltage scheduling with V2 and 113 is smaller than that with 111, v2 and v3, 
when 0 < V'i < 112 < Videa/ < V3 . Consequently, voltage scheduling with three voltage can not 

rnini1nize energy consumption . The voltage scheduling with more than three voltages also 

can not minimize energy consumption. 0 

T h eoren1 2 If a processor can use only a small number of discretely variable voltages) the 

two voltages which minimize the energy consumption under a time constmint T are immedi­

ate neighbors to the voltage Videal· 

P roof. Assume that the processor can supply three voltages ~, V2 , and 113. It has already 

been proved that the energy consumption is a linear function of the time constraint when 

the processor uses only two voltages as shown in Figure 3.6. If the time constraint T satisfies 

t3 < T < t 2 , voltage scheduling with V3 and 112 minimi ze energy consumption. In case that 

the time constraint T satisfies t2 < T < t1 , voltage scheduling with 112 and V1 minimize 

energy consumption. Therefore, it is clear that the voltage scheduling with V3 and V1 can 

not n1ini1nize energy consumption. Consequently, the scheduling with two voltages which are 

immediate neighbors to the ideal voltage Videal 1ninimizes t he energy consumption . 0 
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Figure 3.6: Voltage scheduling with two voltages. 

Th eorem 1 and Theorem 2 demonstrate significant feature of voltage scheduling. That is, 

only one ti1ne voltage alteration can minimize the energy consumption . Therefore time and 

power overhead of voltage alteration can be neglected for the practical real-t ime constraints. 

3.3 Generalized Theorems on a More Realistic Model 

Up to here, we do not consider loads of tasks, which can be associated with charging and 

discharging the capacitive load occurred by the tasks. For example, charged and discharged 

capacitive load for an addition operation is quite different from the capacitive load for a 

nmltiply operation. If the capacitive load of each task is taken into account, processing the 

program with a single voltage which adjusts the execution time to the t iming deadline does 

not always 1nini1nize energy consumption. In this section, we introduce a new term capacitive 

load which is formu lated by (3.12). 

ow , let us define new terms to make explanation 1nore clearly. 

• X.i The number of execution cycles of the j th task. ( 1 ::=:; j ::=:; fl). 
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• Cj Average capacitive load for the jth task. 

• .!11 The number of gates in the processor. 

• Switijk The switching count of gatek while the ith cycle of taskj is executed. 

The average capacitive load per cycle of taskj can be calculated by (3.12). 

(3 .12) 

C 1 = 2.0nF 
XI= 250M 

C 2 = 0.5nF 
X 2 = 750M 

0 200 400 600 800 

(D) 

14.0nJ 

1000 cycles(x 106 ) 

(E) 

12.5nJ 
I 000 cycles(x 106) 

Figure 3. 7: Power-delay optimization considering the capacitive load. 

If the Cis are 1nuch different from each other, voltage scheduling with multiple voltages 

s01netimes minimizes the energy consumption for the processing . For a given task set = 

{task1 , t ask2 } as shown in Figure3 .7, the voltage scheduling with 2.5V and 5.0V as shown 

in Figure3 .7(E) reduces much energy compared to that with a single voltage( 4.0V) as shown 

in Figure3 .7(D). For the both voltage scheduling, processor completes the 1000M cycles of 

program just at the ti1ning constraint. The x, y, z axis of both graphs (D) and (E) in 

Figure 3. 7 indicate the execution cycles , the square of supply voltage, and the capacdive 

load respectively. The volume of cubes indicates the energy consumption for processing. 
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Therefore, minimizing the total volume of cubes leads to a solution of the voltage scheduling 

problem. 

Enegy for scheduling(D) = (2.0nF ·250M· 4.02
) + (0.5nF ·150M · 4.0 2

) = 14.0] 

Enegy for scheduling( E) = (2.0nF · 250]\IJ · 2.5 2
) + (0.5nF · 750.fi!I · 5.02

) = 12.51 

This example indicates that the voltage scheduhng with a single voltage does not always 

minin1ize the energy consumption when Cj is much different for each task. For task sets 

which consists of tasks whose Cjs are different from each other, following le1nma is useful for 

voltage scheduhng. 

LeiTI I11a 3 rr a processor uses continuously variable voltages} the voltage scheduling which 

assigns a single voltage for each task minimizes energy consumption to process a given pro­

gmm under a timing constmint. 

P roof. Assume that more than a single voltage are scheduled to a certain task. From 

Lemma 2, it is obvious that this scheduling can be replaced by the scheduling with a single 

voltage, remaining the execution t ime unchanged and reducing the energy consumption for 

the task. 0 

If Cjs are different fro1n each other, the following theorem is useful for energy reduction. 

Theore n1 3 If a pmcessor can use only a small number of discretely variable voltages an d 

Cjs are different from each other1 the voltage scheduling with at most two voltages for each 

task minimizes energy cons·umption to process the program under a timing constraint . 

Proof. Similar to Proof for Lemma 3, Theorem .'J can easily be derived from Lemma 2. 0 

Th eoren1 4 Even if a processor can use only a small mlmber of discrete ly variable voltages 

and Cjs are different from each otheG the number of tasks which are scheduled with two 

voltages is only one or less. Therefore 1 all tasks except the specific task are scheduled with a 

single voltage. 
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Proof. Assume that tvvo tasks task1 and task2 are given and each task is scheduled with 

two voltage as shown in Fig.3.8. The task1 and task2 are scheduled with Vn and Vn+l, and 

Vm and Vm+l, respectively. Let x1, X 1 - x1, x2, and X 2 - x2 denote the execution cycles 

with Vn, Vn+ 1 , Vm, and Vm+ 1 , respectively. In this situation, we have (3.13) and (3.14), where 

Tfinish and Etasks denotes the finish time and total energy dissipation for a given set of tasks. 

Tjinish (3.13) 

(3.14) 

If x 1 and x2 are varied keeping Tfinish constant, Etasks behaves as a. linear function of x1 

and x2 within the range of 0 s; xl s; xl and 0 s; x2 s; x2, because both (3.13) and (3.14) 

are linear function of x1 and x2. Therefore, if xl and x2 are varied keeping Tf inish constant, 

the xl and x2 which reduce or preserve Etasks can surely be found until one of the following 

conditions is satisfied. 

• x1 = 0 

• xl - xl = 0 

• x2 = 0 

• x2 - x2 = 0 

Consequently, the nun1ber of tasks which are scheduled with two voltages is only one or less. 

We can also derive this when the number of the tasks is more t han two . 

Vm+l 

V m 

Vn+ l 

Vn 

A 

---- ------ ---- ---- ---- ---- ---- -- .. -------- ----- ---- -----...--.-.. - .- .- .- . -. ...,.. ..... -... 
I . . . 

- - - - ------------ -- ------- -· -- --- ---- -- -r-.-:-.. - . -. -. -. ...,.... .. .... .....j. X2 :- x2 :: 
·-:""' . . .·~·.· ........ · 

------ -- ----- - -- ·.·.,w .·. ·.·.·.·.·. ·.·.·.·. ·.·.·.·.······· :·: ·:·x2 ·:·:·:·:·:·: ·:·:· :· :·:·: 

)IT;l~~t~~\ :00~ ~ ·················· taskz······· 
Execution cycles 

Figure 3.8 : Voltage schedule with two voltages. 
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0 

Corollary 1 For a given set of tasks, if Cn > Cm, scheduling a taskn with higher voltage 

than a voltage assigned to taskm is not optimal for energy reduction. 

Proof. Let Xn and X m be execution cycles of taskn and taskm, respectively. Now, consider a 

voltage schedule which assign i"i to taskm and i"i+1 (> i"i) to taskn, respectively. This schedule 

corresponds a schedule (A) shown in Figure3 .9. If X n < Xm , we can replace the schedule 

(A) with a schedule (B), keeping the finishing tin1e of the tasks. The energy consumption 

for the schedule (B) is clearly sn1aller than that of the schedule (A). Therefore, if Xn < Xm , 

a voltage schedule which assigns higher voltage to taskn and lower voltage to taskm is not 

optimal. The same proof can be done when Xn ~ Xm . 

v? 
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2 
Vi+l --------

v? 

0 200 

400 600 

400 600 

800 1000 cycles(x 106 ) 
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800 1000 cycles(x 106 ) 

Figure 3.9 : Voltage scheduling considering the capacitive loads. 
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3.4 ILP Formulation 

If a processor can use only a small number of discretely variable voltages, a single voltage 

may not mini1nize t he energy consumption. This situation is feasible, because there is some 

cost involved in supporting several different supply voltages[27, 3]. If the processor can not 

supply a specified voltage, voltage scheduling with multiple voltages which can be supplied 

by the processor 1ninimizes the energy consumption. Consequently, the voltage scheduling 

with a single voltage which adjusts the execution time to the timing deadline does not always 

minin1ize the energy consumption. In the ILP formulation of the voltage scheduling problem, 

we target a processor which equips a small number of discretely variable voltages. 

3.4.1 Assumptions 

In a si1nplified voltage scheduling problem, we target systems which assume the following: 

• The system is a processor based real-time system. 

• The processor can vary its supply voltage dynamically. 

• The processor uses only a single supply voltage at a tirne. 

• The processor uses only a small number of discrete voltages. 

• The processor equips adaptive clock scheme which closely tracks over the supply voltage. 

• The processor can vary the supply voltage at any clock cycle. 

• Time overhead to vary the supply voltage and clock frequency is negligible. 

• Power loss for the DC-DC level converter is negligible. 

• \i\lorst case execution cycles of the given progra1n can be estimated statically. 

3.4.2 Notation 

The variables used in the formulation are defined as follow s. 

• N The nun1ber of tasks. N= l{taskj}l. 

• taskj The j th task . taskj = (Xj, Cj) · 
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• Xj The number of execution cycles of the j th task. (1 ::; j ::; N). 

• Cj Average capacitive load for the j th task. 

• L The number of variable voltages of target processor. L= l{modei} l . 

• modei The i th execution mode of the processor. modei = (V(i), F(i)). 

• V(i) The i th voltage. (1::; i::; L). 

• F(i) The clock frequency when the supply voltage is 'l(i) . (where F(i) is calculated 

by the formula(2.3)). 

• T The time constraint until which all given tasks must be completed . 

• Xij The nmnber of cycles of the task j executed with voltage V( i). 

3.4.3 Formulation 

The voltage scheduling problem is formulated as follows: 

Minimize 

subject to 

N L 
E =:I: :I: cj. Xij. V(i? 

j=li=l 

L 

:I: Xij = X j, 
i= l 

N L 

L:I:~ < T 
j=l i= l F( i) 

(3.15) 

(3.16) 

The voltage scheduling problem is formally defined as follows. aFor the given { taskj} and 

{ modei} ) find Xij which minimize E satisfying th e time constmint T. ') 

The both objective function and constraint are function of the linear variable Xij. The 

computation tirne to solve the voltage scheduling problem strongly depends on N x L. When 

all C'js are sarne from each other, the size of the problen1 is reduced dramatically. In this 

situation, a.n optimal solution can be obtained only to solve the problem of a single task(N = 1). 
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3.5 A Voltage Scheduling Algorithm 

The complexity of the voltage scheduling problem depends on the computation time to solve 

an ILP problem of N XL variables. An algorithm described in Figure 3.10 makes computation 

time of the problem to depend on solution time of an ILP problern of N variables. 

The voltage scheduling algorithm is shown in figure 3.10. The inputs to the algorithm 

include a set of tasks T ASI{, a set of execution modes 1\llODE, and time constraint T. Each 

task taskj E TASK is characterized by its execution cycles Xj, and its average capacitive 

load Cj. Each execution mode rnodei E .Af 0 DE is characterized by operating voltage of the 

processor V(i) , and clock frequency F(i). A levelj (levelj E [1 · · · L]) represents a level of 

supply voltage which is assigned to taskj. The V(levelj) is smaller than the V(levelj + 1). 

A assigni is a set of levelj. Any assignn and assignm (n =/= m) are not the same from 

each other. The number of the elements of assigni is the number of tasks N. Firstly, 

the algorithm calculate a finishing time of the program when processor runs with highest 

clock frequency. If the finishing time is beyond the time constraint T the algorithm is 

finished without any appropriate voltage scheduling. If there are voltage schedules which 

make processor complete the program before the time constraint T, the algorithm successively 

assigns lower voltages to each task. Corollary 1 reduces candidates of voltage assignments to 

be searched. Voltage assignments where higher voltage is assigned to a task whose capacitive 

load is bigger can be rernoved from candidates of voltage assignments. Therefore, we have only 

to calculate the finishing time and the energy consumption only when the voltage schedules 

satisfy levelk ::; levelk+l V k E [1 ... N - 1]. Temporarily, the algorithm assigning a single 

voltage to each task. Theorem 4 makes search space for the algorithm very small . If finishing 

time of the program is less than the time constraint, the algoritlun selects an only one task 

which should be scheduled with two kinds of supply voltages. Theorem 3 demonstrates that 

the voltage schedule with the two voltages which are neighboring each other for the specified 

task can minimize energy consumption. If the two conditions (F(~~l) - ~~) + Tfinish > T) and 

( Etem p- Cj · Xj · { V ( i) 2 - V ( i- 1) 2 } < Em in) are satisfied for the selected tasl< j, the algorithm 

perfonns voltage scheduling for the task j with the two voltages which are neighboring each 

other. This process is repeatedly performed until all patterns of voltage assignments are 

done. Finally, the algorithm returns { Xij} which minimize the energy consumption satisfying 

the time constraint T. 



38 CHAPTER 3. VARIABLE VOLTAGE SCHEDULING 

Algorithm Voltage Scheduling 

N X 
Tjinish = Lj=l ifty I* F( L) is the biggest clock frequency *I 
if (Tjinish > T) 

exit the algorithm without solutions; 

end if 

sort tasks according to the magnitude of Cj; 

for all (i E [1. .. L] and j E [1 .. . N]) 

Xij = 0 ; 

end for 

I* c > C· *I J - J+l 

Let assigni = {levelj llevelj E [1 ... L] V j, j = 1 . . . N}, Emin = oo ; 

Let A= {assigni I i = l. .. LN and assignn ::j:. assignmVn,m (n,m E [l. .. LN], n ::j:. m)} 

repeat 

assign= {levelj I j = 1 ... N} E A; 

if (levelk S levelk+l V k E [1 ... N - 1]) ; 

T . . - "'N X E "'N 2 fzmsh - Lj=l F(levet
1

) ; temp = Lj=] Cj · Xj · V(levelj) ; 

if (Tjinish = T & Etemp < Emin) 

Emin = Etemp ; Xij = Xj ; 

else if (TJinish < T) 

X= Q; 

for each j E {j I 2 ::; leve lj ::; L} 

i = levelj ; 

• X X 
If (~-#)+ TJinish > T & Etemp- Cj · Xj · {V(i) 2 - V(i- 1)2} < Emin); 

find x which satisfy F(t-l) - F(i) + Tjinish = T 

Emin = Etemp- Cj ·X· {V(i)2- V(i- 1)2}; 

Xi-1j = x; Xij = XJ - x ; 

end if 

end for 

end if 

end if 

A = A - assign ; 

until ( A= ¢) 

Output { Xij} ; 

end Algorithm 

Figure 3.10: Voltage scheduling algorithn1. 
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3.6 Experimental Results 

At first, we show the results for a set of tasks : TaskSet = { task1 ,task2 ,task3 }. The average 

capacitive loads and the number of execubon cycles of these three tasks are { C1 , XI} = 

{50pF, 50 x 109 }, {C2, X 2} = {100pF, 50 x 109 }, and {C3 , X 3 } = {150pF, 50 x 109 }, 

respectively. The purpose of this experiment is making clear the effects of the variety of the 

variable voltages to the energy reduction. In this example, we target seven kinds of variable 

voltage processors as shown in 3.1. The processors are assumed to be able to vary the supply 

voltage dynamically but can use single voltage at a time. The results are obtained by the 

algorith1n described in the previous section. 

Table 3.1: Variation of variable supply voltages. 

cases Variable supply voltages 

Processor-1 Only 3.3V 

Processor-2 3.3V and 0.9V 

Processor-3 3.3V and 1.7V 

Processor-4 3.3V and 2.5V 

Processor-5 3.3V, 2.5V and 0.9V 

Processor-6 3.3V, 2.5V, 1.7V, and 0.9V 

Processor-7 Any voltage between 3.3V and 0.9V 

The results are shown in Figure 3.11. The energy consumption of the Processor-1 is 

constant, even if the time constraint is relaxed, because total amount of the task is constant . 

It can be said that the n1uch more energy consumption can be reduced, the more the kinds 

of variable voltages are . If the time constraint is relaxed to x 10, the energy consumption can 

be reduced to 1/10 with an ideal processor (Processor-7). Using only two voltages, we can 

reduce the energy consmnption down to less than one third, if the time constraint is relaxed 

to x 10. Selecting suitable voltages for the time constraint leads to drastic energy reduction 

even if the number of variable voltages is small. Therefore, determining the kinds of variable 

voltages which are supplied by the processor is the n1ost important for the optimization of 

the variable voltage scheduling. 
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F igure 3.11: Variation of volt ages versus energy reduction. 

Next , we show the experimental res ult for four task sets: TaskSet = { ta s k1 , task2 , task3 } ) 

as shown in the table 3.2. The numbers in the left side parentheses represent the number of 

execution cycles of task1, task2, and task3 respectively, and right side parentheses represent 

the average capacitive load of task1, task2 , and task3 respectively. Used processor is processor-

2 app eared in Table3.1. The number of execution cycles of tasks are the same frmn each other 

in this experiment . Sum of C.is of each task set is the same from each other. The assump tion 

for clock frequency properly obeys (2.3 ). The llr in the (2.3) is assumed to be 0.6[V) in this 

experiment. The experiment al results are shown in Figure3.12. 

Table 3.2: Specification of sample programs. 

Task Sets (X1 , X2 , ~)(3) (C1,C2 , C3) [pF) 

TaskSet-1 (50 , 50 , 50) X 109 (100 , 100, 100) 

TaskSet-2 (50 , 50, 50)x1 09 (80, 100, 120) 

TaskSet-3 (50 , 50, 50) X 109 (40, 100, 160) 

TaskSet-4 (50, 50, 50)x1 09 (20 , 40 , 240) 
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The results den1onstrate that the voltage scheduling with 1nultiple voltages becmnes more 

effective for energy reduction, if the difference among Cis becomes bigger, even if the sum of 

Cjs is a constant . Comparing TaskSet-1 with TaskSet-4, the energy consumption is reduced 

by 30% even if the t i1ne constraint is the same from each other at x6. If the Cjs of given 

tasks are much different from each other, scheduling the lower voltage to the tasks whose Cjs 

are smaller , and higher voltage to the tasks whose Cjs are bigger produces drastic energy 

redu ction. Of course, energy consumptions are decreased according to the time constraint is 

relaxed. 
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F igure 3.12: Variation of Ci versus energy reduction. 

From the results , we have the fo llowing observations: 

1. Increase of the nun1ber of variable voltages may have strong impact on energy reduction. 

However if the number of the variable voltages is more than four , the behavior of the 
) 

energy consumption is very similar to that of the ideal processor. 

2. Selecting sui tab le voltages for the time constraint leads to significant energy reduction 

even if the number of variable voltages is very small. 
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3. Even if the time constraint is constant, assigning lower voltage to the tasks whose Cjs 

are bigger and higher voltage to the tasks whose Cjs are smaller reduces total energy 

consumption by 30% at maximum case. For the application progra1n whose capacitive 

load is widely varied by operating condition, voltage scheduling is 1nuch effective for 

the energy reduction. 

3.7 Summary 

In this chapt r, we present theorems, the integer linear programming (ILP) model, and the 

algorithm for the voltage scheduling problem. The targeted processor is the dynamically 

variable voltage processor which can vary the supply voltage dynamically, but can use only 

a single voltage at a time. Important theorems presented in this chapter are sum1narized 

below. 

• Power-delay trade-off in CMOS circuits are substantiated for any practical Vr and a 

(Lemma 1). 

• If a processor can use continuously variable voltage, only a single voltage can 1ninimize 

energy consumption satisfying the timing constraint (Lemma 2) . 

• If a processor can use only a small number of discrete voltages, the voltage scheduling 

with at most two voltages finds the opti1nal solution, and both of the voltages are 

immediate neighbors to the voltage Videa/ which minirnizes the energy consumption 

when continuously variable voltages are supplied. (Theorem 1) 

Theorem 1 demonstrates important feature of the voltage scheduling. That is, only one 

time voltage alteration can minimize the energy consmnption. Therefore time and power loss 

for voltage alteration can be neglected if the real-time system gives a long period of tin1ing 

deadlines compared to the time overhead to vary the supply voltage. The theore1n can be 

extended for a set of tasks where the Cjs are much different from each other. Fro1n the 

experimental results with tree tasks whose Cjs differ from each other, we have the following 

observations: 

• Increase of the number of variable voltages may have strong impact on energy reduction. 

However, if the number of the variable voltages is more than four, the energy reductions 
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by the variable voltage processor is very similar to the results for the ideal processor. 

• If a processor employs suitable voltages, significant energy reduction can be achieved 

even if the number of variable voltages is very small. 

• Even if the time constraint is constant, assigning lower voltage to the tasks whose Cjs 

are bigger, and higher voltage to the tasks whose Cjs are smaller reduces total energy 

consun1ption by 30% at maximum case. For the application program whose capacitive 

load is widely varied by operating condition , voltage scheduling is much effective for 

the energy reduction. 

Our future work will be devoted to extend the proposed optimization problem considering 

actual design of DC-DC level converter and real-time task scheduling. 
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Chapter 4 

Prograllllllahle Power Management 

Architecture 

4.1 Background 

With the recent popularity in portable, battery-powered devices such as digital cellular tele­

phones and personal digital assistants (PDAs), minimizing power consumption of Cl'v10S 

VLSI circuits becomes a more important issue. 

Conventionally, many power optimization techniques at various levels of abstractions are 

proposed, and power consurnption of processors optimized for specific application programs 

can be dramatically reduced in contrast to general purpose processors. At the architectural 

design level, customizing the supply voltage and datapath width for each application program 

has a strong impact on power reduction[4]. 

However, as application programs which run on a portable system diversify, so too must 

perfonnance requirements and precision requirements for each application or each operation. 

Therefore, the optimized processor for a specific application will dissipate large amounts of 

power for other application programs. Now, let us assume that the application programs 

api and ap2 are run successively on a single processor system, and api requires a much 

higher perforn1ance than that required by ap2. If the processor is optimized for ap2, the 

performance requirement of api may not be satisfied. On the other hand, optimizing the 

processor for api, a great speed potential of the processor is unused for ap2, and unused 

power is dissipated when ap2 is processed. Similarly, unused power n1ay be dissipated in wide 

45 
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datapath circuits when the short length data is processed, because many redundant switchings 

occur in extra bits of datapath. Therefore, we need an rnechanisrn to save power consumption 

by inactivating extra bits which are not essential to the results of computation. Contribution 

of this chapter is to propose a dynamically reconfigurable processor architecture which can 

realize high performance or high precision computation with high power consumption , or 

low power consumption with low perforn1ance or low precision computation according to the 

applications. 

In this chapter we propose the Powe1-Pro architecture (Prograrnmable Power 11anagernent 

Architecture), a novel processor architecture for power reduction. The Power-Pro architec­

ture has the following two key functions . 

• PVC: Programmable Vvv Control. 

• PADT,'f!C: Programmable Active Datapath Width Control. 

The PVC scheme makes the software possible to dynamically manipulate the VvD (supply 

voltage) and the clock frequency. For application programs which do not need high perfor­

rnance, this scheme can drastically reduce power consumption by lowering both Vvv and the 

clock frequency. 

For data or operations whose precisions are shorter than the datapath width of the pro­

cessor, the PADvVC scheme can reduce unused energy consumption by adjusting the active 

datapath width to the precision of each operation. We have designed and fabricated a single 

pipeline processor which employs two functions of the Power-Pm architecture to evaluate the 

effectiveness of the Powe1-P1o architecture . 

The rest of this chapter is organized as follows: Section 4.2 presents our basic idea for 

power reduction . In section 4.3, we propose the Powe1-Pro architecture. Applications and 

Experimental results are presented in section 4.4 and 4.5, respectively. Section 4.6 reports 

characteristics and simulation results of the pilot chip . Section 4 . 7 concludes this chapter. 

4.2 Reduction of Wasteful Power Consumption 

Our power saving approaches mainly aim to cut down the wasteful power dissipation caused 

by the following situations. 
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• The performance of the processor is sometimes much higher than the performance 

requirements of the applications. 

• The datapath width of the processor 1s sometimes much wider than the preCisiOns 

required by operations and data. 

4.2.1 Power-Delay Optimization 

As is describ ed in subsection 3.1.3, v.,re can dramatically reduce the energy consumption 

for tasks by the supply voltage scheduling. One of the most important technology for the 

voltage scheduling is a voltage control scheme. Since software knows the behavior of a 

whole system including hardware and software better than hardware generally, controlling 

the supply voltage from software has much advantage for power reduction. Therefore, a 

scheme which enables software programmers to eas ily determine an optimal supply voltage 

for the tasks without any real-time violation is required . In real-time system, each task which 

is a fragment of a program characterized by its arrival time, a worst case execution time and 

a deadline time. Utilizing these informations , software can dynamically select the optimal 

operating supply voltage. The PVC scheme enables software to control the supply voltage, 

and suits for practical systems. 

4.2.2 Reduction of Wasteful Power in Datapath Circuit s 

Since requirements of application programs become diverse, activated hard ware resources also 

differ from each application program or each operation. For a certain application program, 

there are many unused functional modules, but power consumption of unused functional 

modules can not be neglected. This causes significant increase of wasteful power dissipation. 

The idea of clock-gating has been well known as a technique to reduce the power dissipated 

in unused parts[ll] . One difficulty for the conventional clock-gating scheme is to reduce the 

power consumption in datapath circuits, since datapath circuits(including ALU, datapath 

register, data- bus , off-chip driver and data memory) of highly pipelined processor are always 

activated. However the length of data on da.tapath is quite different from each operation 

and many redundant switchings occur for short length data. Therefore, more sophisticated 

techniques to power consumption in datapath circuits are required. The basic idea of PADvVC 

is to inactivate the extra bits which are not essential to the results of computation. 
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Now, let us cons ider t he t hree data A, B, and C are processed through a 16 bits pipeline 

register successively. T he precisions of A, B, and C are assumed to be 16-bits , 4-bits, and 

12-bi ts respectively. Figure 4.1 and 4.2 shows the state of the pipeline register and switched 

bits for each clock cycle. In Figure 4. 1, t he total nun1ber of switching bits is 23 , because 

wasteful bits of datapath are switched . T he wasteful bits stand for the bits which are not 

essential for the results of the computat ion. Stopping the clock supply to wast eful bits of the 

datapath register produces dras tic power reduction , b ecause no data transit ion is occurred 

in the da tapath register where clock supply is disabled . 

Decimal value Value on pipeline register Switching bits 

A. -12349 11 00 1111 11 00 00 11 
"'"'""''"'""""''{J,''""'""'''''i'6'i;it' 11 

B. 4 0000 0000 0000 01 00 ············· 
D 4bit 12 

C. -209 1111 1111 0010 1111 . ....................................... , 
Total: 23 12bit 

Figure 4.1: Switching bits in fi xed datapath with architecture. 

Figure 4.2 shows behavior of a variable datapath width architecture. In this example, 

total switched bits are reduced from 23 to 9 by gating the clock supply of wasteful bits in 

t he datapath register. Power consumption in datapath circuits can drarnatically be reduced, 

using only three kind s(16 , 12, and 4 bits) of datapath width. As is shown in this exa1nple, 

using the small nmn ber of datapath width may be feasible, because hardware cost and power 

di ssipation for additional circuits can not be negligible. 

Decimal value Value on pipeline register Switching bits 

A. -12349 .llQQ .. lJ.l.l .. .l.lQQ .. O.O.l.l .. 
D 16bit 3 

B. 4 1100 1111 1100 .Ql.QQ .. 
D 4bit 6 • .. 

C. -209 11 oo ll.ll.QQlQJJJ.L 
12bit Total : 9 

Figure 4. 2: Switching bi ts in variable datapath with architecture. 
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4.3 The Power-Pro Architecture 

We present two functions, PVC and PADH' C, of the Power-Pro architecture in this section . 

4.3.1 PVC: Programmable 11nn Control 

Basic concept of the P 1!C scheme is enabling the software to control the supply voltage and 

clock frequency. Optimal supply voltage and the optimal timing to vary the supply voltage 

are decided in the fo llowing manner. (i) At first, the worst case execution cycles of the 

program is estimated statically at the compiling phase[64]. A static technique to estimate 

the worst case execution time has been studied in [14]. (ii) Next, the optimal supply voltage 

and the optimal ti1ning to vary the supply voltage are decided. The optimization problem 

which fi nds optimal voltage schedule for a given program under a timing constraint has 

already formulated as an ILP (In teger Linear P rogram1ning) problem in Chapter 3. The 

optimal voltage and alteration timing are also decided at compili ng phase. (iii) At last, the 

cmnpiler insert special instructions t o vary the supply voltage into object code, or the timer 

interrupt control routine vary the supply voltage at prescribed t iming. 

( }Voltage-Delay Characteristic ( ')Application Programs 

MPEG2 encode 

1. #loop/sec=20 
2. function!(); 
3. end loop; 

Voltage tasks 

( )Compiler 
n: 

( }Variable Voltage Processor 
1. Performance estimation. 

2. Optimization of variable 

,t::. ... 7 voltage scheduling. 
: ~: 

3. Code generation. 

Figure 4.3: Vari able voltage opt imization . 
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Con1piler techniques to decide the optimal supply voltage which minimize energy con­

sumption under a timing constraint is very important technology for PVC scheme. Next, we 

present a optimization of the variable voltage scheduling with the compiler. Two kinds of 

informations are required for the optimizations of the variable voltage scheduling. One of the 

required information is a voltage-delay characteristic of the dynamically variable voltage pro­

cessor. The other information is a prograrn source in which real-time constraints are explicitly 

specified. Firstly, the compiler estimate the worst case execution cycles of the application 

progran1. Secondly, the compiler finds an optimal voltage schedule, using the informations of 

the estimated execution cycles of the program and the voltage-delay characteristic of the pro­

cessor as shown in Figure4 .3. The optimal voltage scheduling minimize energy consumption 

without any real-time violation. Finally, an object code including voltage control instructions 

is generated for the variable voltage processor. 

A detailed optimization techniques have already been presented in chapter 3. In this 

chapter, we describe the PVC scheme concentrated on an architectural feature for power­

delay optimization. 

Inst ROM CPU Power Source 

¢ t addi rl ,r2,#1 ID ~ Power cont. reg. ~-change 3V 
~- .... 

DC-DC orPLL l 
• ••••••••• vco 
• in st. 

beqz rl,#-128 D data ~ ~~ ~ Inner Inner Power 
clock Supply 

~ ~ ~ ~ 

Data RAM 

J ~~ ~ 

Figure 4.4: Programmable VDD control. 

Details of the PVC scheme are described below. 

• The architecture has a register nan1ed power control register which saves a level of VDD 

as shown in figure 4.4 . 

4.3. THE POT¥ER-PRO ARCHITECTURE 51 

• The architecture employs special instructions by which programmers can set an m­

tended value to the power contml register. 

• The architecture has a power converter which can control supply voltage of the processor 

according to the value of the power control register. 

• The architecture employs the variable clock frequency which closely synchronizes the 

supply voltage. 

The most unique point of the Power-Pro architecture is that VDD and clock frequency are 

varied by the special instructions named power control instructions. 

Detailed design of the power converter such as DC-DC converter or PLL is beyond the scope 

of this chapter, and any architecture of power converter does not lose originality of the Power­

Pro architecture. Current research in low power portable electronics includes designs of low 

voltage on-chip DC-DC converters, and efficiencies above 90% have been reported[l8, 44, 41]. 

However, for very low power implementation, the following features must be necessary. 

1. A energy consumption for voltage conversion is much smaller than current designs . 

2. Overhead time to vary the VDD and clock frequency is negligible compared with running 

time of the application programs . 

4.3.2 PADWC: Programmable Active Datapath Width C ontrol 

Basic concept of the PADWC scheme is to vary the active datapath width by disabling 

clock supply to extra bits of datapath registers . One of important technologies which makes 

the PADWC scheme more effective is a software technique which supports programmers to 

specify t he bi t width for each variable in prograins[23, 7]. However, software techniques to 

realize such mechanis1n is beyond the scope of this chapter. This chapter concentrates on 

architectural methods to adjust the active datapath width for each variable whose bit width 

is specified by the progran1mers. 
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4.3.3 Architecture for PADWC scheme 

Master Clock 

... . ........... 
::::::::::::::::::::::::::.: :,... ....... 
... ····· · · · · ............... 

<<Bl(X;k:>: 
:::<::::<:A::::::::::: 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
··············· ..... ........ . 

Data Bus 

. ...... ....... . 
' . . . . . . . . . . . . . . 
... ... ... ...... -..-• 
<<Block:>: 
::::::::::::c::::::::::: 

Figure 4.5: Architecture forPADT;VC scheme. 

For the application programs which treat short length data very frequently, the PADvVC 

scheme works effectively for power reduction. For example in Fig. 4.5, if an application 

program which has only 8-bits width variables are processed on 32-bit microprocessor, dis­

abling the upper 24 bits of datapath reduces power consumed by clock ports of flip-flops . 

In addition, when 8-bits width data and 32-bits width data are operated alternately by the 

32-bit microprocessor, power consumed by datapath circuits may be reduced by disabling 

clock supply to unnecessary bits of datapath register for each operation. 

Detailed functions of the PADWC scheme are described below. 

• Each instruction can specify not only operation but also active datapath width. 

• Clock supply to certain bits of datapath register can be stopped by gated clocks ac­

cording to the instructions. 

4 .3 .4 Special Instruction for P ADWC scheme 

All instructions of the Power-Pro architecture has tag field to specify the active datapath 

width. The bit width of the tag field which specifies the active datapath width is pog2 Vl 
(V represents the number of variat ion of variable datapath width). 

4.4. APPLICATIONS 

opecode Active datapath width ~o 
specification field 

"'------'--"-------

Figure 4.6: The instruction to specify an active datapath width . 
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We do not define an instruction set architecture for the Power-PTO architecture, except 

the functions which mentioned above. Any operation set is applicable to the Power-Pro 

architecture. However, the limited number of variations of the datapath width may be 

feasible, because hardware cost and power expense of additional circuits for the PADvVC 

scheme n1ay be significant, if any bits of the datapath can be disabled. 

4.4 Applications 

4.4.1 Applications for PVC 

The best application for the PVC sche1ne may be a hard real-time systems. In hard real-time 

systems, programmer and hard ware itself must guarantee that the worst case execution time 

satisfies the timing deadlines. Many real-time operating syste1ns rely on this data for process 

scheduling. In processor design, the worst case execution time strongly depends on execution 

cycles and clock period. Therefore, for given execution cycles, the power consumption is 

minimized lowering the supply voltage until the total execution time meets to the specific 

timing deadline. 

Now we show an example of voltage controlling. To make an example more simple, we 

assume a target system as follows. 

• Core processor can vary its supply voltage at any clock cycles. 

• Variation of variable supply voltages are 5.0V and 1.8V. 

• Clock frequencies of the processor with 5.0V and 1.8V are lOOMHz and 25MHz, re­

spectively. This data is based on (2.3) . The Vr in (2 .3) is assumed to be a 0.7V in this 

exarnple. 

• Execution cycles of application program is 26 x 109 cycles. 
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• Timing deadline is 50 seconds 

The limited number of variations of the variable voltages may be feasible, because preparing 

any bnds of stable supply voltages and clock frequency wastes the significant power and 

hardware cost. However, in an ideal system model which can prepare any kinds of supply 

voltage without any power loss, the energy consmnption is 1ninimized when the processor 

uses a single supply voltage just to meet the given timing deadline. 

c 1 ase- Time Cons traint 

~ 
9 

26x10 cycle Disabling clock 
@5.0V/ lOOMHz 

I I 

10 20 30 40 
Time [sec] 

Case-2 

18x10 9 c cle 8xl09 c cle 

@5.0VIlOOMHz @1.8V/25MHz 

10 20 30 40 50 

Time [sec] 

Figure 4.7: Example for dynamic voltage controlling . 

Two ways of voltage controlling can be considered as shown in Fig. 4. 7. Horizontal axis 

and vertical axis of the graph indicate time and square of supply voltage, respectively. One 

way is to execute always with 5.0V and then stopping the power supply after the program 

is executed. Other way is to execute with 1.8V as long as possible to satisfy the timing con­

straint. Of course, scaling down the supply voltage causes increase of the execution ti1ne even 

if the execution cycles are constant. Therefore, the PVC scheme ach ieves 1naximmn power 

savings processing with lower voltage as long as possible adjust finishing t ime to the deadline 

time, as shown in the Processor-2 of Fig . 4.7. For example in Fig. 4.7, energy consumption in 

P rocessor-2 is reduced by 20% compared with Processor-1. The most i1nportant knowledge 
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from this example is that processing a program lazily is better than processing snappy for 

power reduction. 

4.4. 2 Applications for PADWC 

The PAD vVC scheme is effective when short length data are processed on a microprocessor 

which equips very wide datapath circuits. Such as PDAs (Personal Digital Assistances) which 

have an audio processing functions, image compression functions, an electrical dictionary, a 

simple calculator, a telephone directory and so on, treat 1nany kinds of precisions. For exam­

ple, audio data requires much higher precision than that of characteT type data. In addition, 

real-ti1ne image compression requires high performance computation, and therefore, highly 

parallelized datapath circuits are required for real-time processing. For such a applications, 

processors usually e1nploy large bit width of datapath circuits. Therefore, much power is 

dissipated when the characteT type data are processed on such large width datapath. When 

only character type data are operated, power reduction can be performed by disabling the 

clock supply to extra bits of datapath registers. However, PAD r;yrc scheme becomes ineffec­

tive for operations which need large precisions and use full bits of datapath width, because 

there are no wasteful bits in datapath circuits when such operations are executed. 

Active 

Disabled 

F igure 4.8: Power reduction for off-chip driving. 

The PAD vVC scheme has secondly effect on reducing power for off-chip driving. For exam­

ple in Fig. 4.8, which holds values of off-chip data-bus with bus repeater, not only switching 
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in processor core but also the power of off-chip data- bus can be cut off. Since power dissipa­

tion in off-chip driver, off-chip data-bus and bus repeater( sense amplifier) is vary don1inating, 

cutting off wasteful switching in datapath leads to drastic power reduction. 

4.5 Experimental Results 

4.5 .1 Experimental Results for PVC 

In this section we evaluate PVC scheme with 41Gx386 pixels MPEG2 encoding program. This 

sort of real-time applications must process given data until a certain timing deadline. So, 

if the processed data per unit time are decreased, processor can slow down the computing 

speed . In this experiment, we would like to make sure how much power can be reduced by 

PVC scheme when the operations per unit time are reduced. 

At first, we measured the number of executed instructions for the MPEG2 encoding. The 

numbers of total execution cycles are estin1ated by (4.1) . Where, N, ei and ni represent the 

number of basic blocks in the program, the execution counts of basic block i, and the number 

of instructions in basic block i, respectively. 

N 

Total execution cycles L:(ei X ni) ( 4.1) 
i=l 

Estimated execution cycles per second for each frame rate is shown in Table 4.1. The 

frame rate stand for the number of frames processed per second . The optimal supply voltage 

and opti1nal timing to vary the supply voltage can be calculated by the data in Table 4.1 

and (2.3) . Since execution cycles are reduced in proportional to the reduction of frame rate, 

energy consumption can also be reduced in proportional to the decrease of fra1ne rate at the 

worst estin1ate. 

Table 4.1: Execution cycles for decreased frame rate. 

Fraine Rate 25 19 13 9 5 

Exec. Cycles( x 109 ) 19.79 13.63 10.83 7.45 3.89 
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Four kinds of target variable voltage processors are shown in Table 4.2 to make clear the 

relation between the number of the variable supply voltages and power reduction of the 

processor. In Fig. 4.9, we show experimental results with MPEG2 encoding for each variable 

voltage processor in Table 4.2. 

z 
0 

Table 4.2: Variable supply voltages. 

Processors Variable supply voltages 

P rocessor-1 Only 3. 3 [V] 

Processor-2 3.3[V] and l.O[V] 

Processor-3 3.3[V], 2.2[V] and l.O[V] 

Processor-4 Any level between 3.3[V] and l.O[V] 

1.0 

9 
PJ 0.8 
~ 

~ · 
N 
(tJ 

0.. 

~ 0.6 
(tJ 
~ 

(Jq 

'-< 
Q0.4 
~ 
C/) 

c 

~ 0.2 
~ · 
0 
~ 

0 
0 5 10 15 20 

Frame Rate 

Figure 4.9: Experimental results with MPEG2 encoding. 
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Fr01n the experimental results in Fig. 4.9 demonstrate the following. 

1. If the processor can use only a single supply voltage(3.3[V]), the energy consumption 

is reduced in proportion to reduction of fra1ne rate (Processor-1). 

2. If the processor can use three kinds of supply voltages (Processor-3), energy consump­

tion is reduced by 50% compared with the Processor-1. 

3. If the processor can use any kinds of supply voltages between 3.3[V] and l.O[V], energy 

consumption is rninimized at any frame rates . 

These results show that energy consumption can be reduced dramatically by controlling 

the supply voltage sophisticatedly, even if the variable supply voltages are few kinds. 

4.5.2 Experime ntal R esults for PADWC 

VVe use benchmark progran1s shown in Table 4.3 to evaluate PADvVC scheme. We use only 

byte data for bubble sorting progra1n in this experiment. Accordingly, all programs in Table 

4.3 treat a byte data vary frequently, because these programs process mainly for a character 

type data. 

Table 4.3: Set of benchmark programs. 

Program Description 

We Word counter from UNIX application. 

Split File divider from UNIX application. 

Sort Bubble sorting program from UNIX application. 

For each program, we compare the power consumption of the following two types of pro-

cessors . 

PADWC A RISe processor which equips functions for PADVVC scheme. Variable datapath 

width are 32-bits and 8-bits. 

Fix ed A 32-bits RISe processor whose active datapath width is fixed. 

4.6. SIAI!ULATION RESULTS OF PILOT CHIP 

Table 4.4: Expense for PADl11C scheme. 

Processor Number of Cells Critical Path Delay 

PADWC 3,478 (42,524 tr.) 28.46ns 

Fixed 3,199 (39,496 tr.) 27.4 7ns 

Table 4.5: Power reduction by PADlf!C. 

Program PADWC Fixed Power Reduction Rate 

we 52.79mV/ 63.04mW 16.27 % 

Split 60.57mW 72.39mW 16.32 % 

Sort 69.18mW 96.05mW 27.98% 

P d 
. Power of Fixed- Power of PADWC 

ower r e ucizon rate=---------------­
Pow er of Fixed 
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Power consumption is est imated by post layout simulation . In the power estimation, power 

consumption of logic circuits, clock system and off-chip driving are considered. A 25MHz 

clock frequency is assumed for each power esti1nation. 

Experimental results in Table 4.4 shows that area and critical path delay of P ADWC 

processor is increased by 7.6% and 3.6%, respectively compared with Fixed processor . Since 

the clock controller for PADvVC scheme does not include critical path, the expense in delay 

t ime for P ADWC processor is very small . Increase of hardware cost can also be negligible. 

Experimental results in Table 4.5 show that power consumption of P ADWC processor is 

reduced by 28% compared with Fixed processor at the maximum case. 

4.6 Simulation Results of Pilot Chip 

We designed and fabricated a Power-Promf which equips minimal functions of the Power­

Pro architecture[51] . 
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Table 4.6 : Specification of Power-PTomf. 

Process 0.5 J1 m CMOS double metal 

Chip size 4. 76m x 4. 76m = 22.66n~rn2 

The number of cell 2907 (35,282 tr.) 

Signal pin 76 pin 

Clock frequency 25 MHz 

We joined VDEC (VLSI Design and Education Center) pilot chip project so as to implen1ent 

an actual chip. The Power-Prom! is a 32-bit RISC tnicroprocessor 'Nith five pipeline stages, 

and it s basic architecture is presented in a well-known textbook by J.L .Hennessy and D. 

A. Patterson[25]. Of course, the Power-Promf equips functions to vary the VDD, clock 

frequency and active datapath width of its own dynamically by the special instructions . 

Vve used VHDL for logic design, SYNOPSYS tools for logic synthesis and simulation, 

and automatic P&R tools of Avant! co.,ltd .. Used process is 0.5 J-lm CMOS double 1netal 

standard cell array technology provided by NEL (NTT Electronics Technology co.,ltd .). We 

took about two weeks to complete the design. 

Since the gated clock scheme is adopted to vary active datapath width and to invalidate a 

clock activity of inactive modules, we use 65 logic gates for clock control. Chip specifications 

are shown in Table 4.6. 

We verified designed chip and estimated power consumpt ion by the post-layout simulation. 

Esti1nated power consumption is shown in Table 4. 7. 

Table 4. . 7: Power consmnption of Po weT-PTomf. 

Voltage/ Clock Datapath Width Power Consumption 

3.3V /25MHz 32 bit mode 106.86mW 

8 bit mode 76.46mW 

2.0V /15MHz 32 bit mode 23.55mW 

8 bit mode 16.85mW 

4. 7. SUJvi!viARY 61 

32-bit n1ode All instructions are executed in 32-bits data path VI idth. 

8-bit n1ode Operations whose precisions are shorter than 8-bits are executed in 8-bits data­

path width. 

Power consumption in the 8-bit mode is less than that in the 32-bit mode by 29%. Since power 

consumption of the datapath circuits account for only 50% of the total power consumption , 

the power of the 8-bit mode can not be quarter of the 32-bit mode. When clock frequency is 

slowed down to 15l\1Hz, the processor can run correctly in 2.0V, and power consumption is 

less than quarter of the power consumption in 3.3V. 

4.7 Summary 

In this chapter, we propose a novel processor architecture and its key functions, the PVC 

sche1ne and the PADvVC scheme for power reduction. 

Experi1nental results with MPEG2 encoding shows that the PVC scheme can halve the 

power consumption compared with that of fixed voltage processor. The most important 

knowledge from this result is that processing a program lazily is better than processing snappy 

for power reduction. This concept can also be applied to power optimization techniques of 

process scheduling[50]. 

For the application programs which treat a lot of byte data , the PADWC scheme works 

effectively for power reduction. Experimental result with bubble sorting program shows that 

the power consumption of the processor which adopts the PADWCscheme is reduced by 28% 

compared with that of the fixed datapath width processor at maximum case. 

Since, these two low power techniques are independent from each other, these techniques 

are applicable in the same system. Therefore, the total effect of power reduction is sum of 

each earnings , and power consumption can be one third of conventional microprocessors. 

In future, we would like to apply the system level power management techniques to the 

Power-Pro architecture . 
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Chapter 5 

Men1ory Power Optimization with 

Code Merging 

5.1 Background 

An important class of digital systems includes applications, such as video image processing 

and speech recognition, which are extremely memory-intensive. In such systems , a much 

power is consumed by me1nory accesses. In most of today's microprocessors, an instruction 

memory including a cache memory is one of the main power consumer. The on-chip caches of 

the 21164 DEC Alpha chip dissipate 25% of the total power of the processor. The StrongARM 

SA-110 processor from DEC, which specifically targets low power applications, dissipate 

about 27% of the power in the instruction cache[40]. Thus, utilizing low-power me1nory 

organizations can greatly reduce the overall power consmnption in the system. In addition, 

it is a noteworthy that the power consumed by memory accesses certainly increases as ITieinory 

size is increased[9, 65, 31]. Therefore, low power techniques which reduce power consumed 

by n1emory accesses become more important for prospective memory-intensive applications. 

Especially for embedded systems, these low power oriented applications also require design 

flexibility, which results in the need for implementation on programmable hardware platform. 

Current semiconductor technology allows the integration of processor cores and memory 

modules on a single die, which enables the implementation of a syste1n on a single chip. 

Consequently, the design productivity along with the traditional synthesis process has not 

followed the exponential growth of both applications and implementation technologies. The 
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shrinked time-to-market has made this situation worse. There is a wide consensus that only 

a reuse of highly optimized cores can match the demands of the pending applications and 

the potential ultra large scale integration. Therefore, a low povver core-based systern-on-chip, 

consisting of easily reconfigurable cores attracts much interest of all VLSI system designers. 

In this chapter, we propose an application specific power optimization technique with 

object code merging. The decompressor is used to restore the 1nerged object codes and 

implemented by a small ROM which is placed between main program men1ory and CPU 

core. Frequently executed sequence of object codes are merged into a single instruction. 

Our ITieinory opti1nization technique targets a typical application specific syste1n-on-chip, 

· consisting of a si1nple processor core and reconfigurable two instruction rnemories. A n1ajor 

premise of the target system is that the programs are stored in embedded ROM because the 

programs need not to be modified after syste1n design is completed. We target the system­

on-chip which assumes that (i) instruction memories are organized by two on-chip 1nemories, 

a main program memory and a instruction decompressor , (ii) these two me1nories can be 

independently powered-up or powered-down by a special instruction of a core processor, and 

(i ii) a compiler optimizes size of the two me1nories and determines which sequence of obj ect 

codes should be merged into a single instructions so as to 1ninimize average of read energy 

consu1nption. 

The rest of the chapter is organized in the following way. In section 5.2, we prove that the 

lower bound of read energy consmnption in memory is square root of rnernory size. Based on 

this fact, we discuss the rnotivations for our work and present our concept to optirnize the 

instruction rne1nory organization . A novel power optimization technique with object code 

merging is proposed in section 5.3. Section 5.4 presents experin1ental results and discussion 

on the effectiveness of the approach. This chapter is concluded in Section 5.5. 

5.2 Motivations and Our Approach 

Our rne1nory optimization technique is based on the following two notable facts. 

• Read energy consumption in memory is certainly increased as the size of the n1emory 

is increased. 

• Most of parts of the prograrn is rarely executed. 
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5.2.1 Area-Power Correlation 

If memory circuits satisfy following conditions, we can derive Corollary I. 

• Mernory cells whose size are the sa1ne from each other are located into a two-dimensional 

matrix. 

• Capacitive loads of bit lines are large enough to take into account and are in proportion 

to its length. 

• Only horizontal or vertical bit lines are available. 

• Every stored data is read out from a single point on boundary of men1ory. 

• Every n1e1nory cells are accessed in the same probability. 

(Corollary!) 

A lower bound of an average of read energy consumption is f2 (NH1112
), where NW represents 

the number of words of a 1nen1ory circuit. 

(Proof) 

To make explanation more simply, we target a memory system which assumes 1 bit for bit 

width and NW words for the number of words. These assumptions do not lose generality. 

Let X, Y, Ax, and Ay be the number of 

columns , the nmnber of rows, width of a 

memory cell, and height of a n1emory cell, 

respectively. Then, average of bit line length 

from any men1ory cell to the output point is 

y 

X 

NW=X·Y 

Output Po10t 

Av + Ax + Ax · X + Av · Y 
2 

( 5.1) 

Since NW =X x Y, values of X andY which minimize average of bit line length (5.1) are 
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Consequently, average of capacitive load of bit line from any memory cell to the output 

point is in proportion to the square root of the number of words. If capacitive loads of 

bit lines are enough big to take into account, a lower bound of an average of read energy 

consumption is also in proportion to the square root of the mernory size. 0 

Many researchers have proposed low power techniques which make energy consumed during 

rnernory access not to be in proportion to n1en1ory size[38, 35, 15, 57]. The basic idea is to 

divide the memory in different blocks and pO\i\rered-up only a subset of thern for any one 

access. However, even if a memory block partitioned into srnall sub-blocks and a bit line 

frmn each sub-block to an output point is independently charged or discharged, average of 

energy consurnption can not be lower than the order of square root of rnemory size. 

bit lines 

------------------------------- -·-·--------~----- -- ------ -: 

cell array 
Oiobal word lines 

Globtl bit lines 

I I I I 

bit lines 

~-i ________ _ 
bit lines 

! ~± ! 
: .. uuumumuuuu--um' ~ 

A divided word line A divided bit line 

Figure 5.1: A divided Word-Line and a divided Bit-Line structure. 

A curve labeled Divided Array appeared in Figure5 .1 shows energy consmnption in ROM 

modules whose array part is divided so as to minimize energy consun1ption. The basic idea of 

the divided array is to divide the memory in diff'erent blocks and powered-up only a subset of 

them for any one access[38, 35, 15, 57] . This memory power model assumes weak correlation 

between power consumption and size of memory, con1pared with the rnemory power rnodel 

used in [65]. This curve is approximated using information of load capacitance of sense 

amplifiers, bit lines, word lines, and address decoders of actual ROMs . The 32 bits ROMs 
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ranging in words from 64 to 4, 096 are generated by Alliance CAD System Ver. 3.0 with 0.5{lm 

double metal CMOS technology. The curve demonstrates that the energy consumption in 

ROMs is proportional to square root of the nmnber of words . We can approximate Divided 

Array curve as (5.2). The energy consumption of 32 bits RISC microprocessor designed with 

0.5{lm double metal C:M:OS technology is a.lso appeared in Figure5.1. Experimental results 

shown in Section 5.4 are derived using (5.2). 
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Figure 5.2: The number of words VS. read energy consumption. 

Emodel = 190 + 4.8 · vfNW [pJjcycle] (5.2) 

5.2.2 Memory Reference Locality 

In n1any applications, only a few parts of programs are frequently executed. Furthermore, 

some parts of the programs are not executed for some kinds of input data. To demonstrate 

this fact, we measured access locality of instruction memory with three kinds of programs: 

Arithrnetic calculator, MPEG2 decoder, and MPEG2 encoder. The measured results are 

shown in Fig. 5.3. Vertical axis of a line chart in Fig. 5.3 represents the nun1ber of execution 

cycles produced by a few basic blocks whose tota.l size( the number of v.rords) is only 1% of 
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total program size. A basic block means a sequence of consecutive program staternents in 

which flow of control enters at the beginning and leaves at the end without halt or possibility 

of branching except at the end[6]. In the benchn1ark programs, only a few basic blocks 

whose total size is only 1% of total program size produce more than 50% of execution cycles. 

Reducing the energy dissipation of frequently accessed rnemory blocks is effective way to 

reduce total energy consumption in mernory. 

Arithmetic Calculator MPEG2 decode MPEG2 encode 

Figure 5.3 : Memory reference locali ty for sarnple programs. 

5.2.3 Our Approach 

As rnentioned in Section 5 .2.1, read energy consmnption strongly depends on the physical 

memory size. Therefore, large size memory consumes higher energy than smaller size mem­

ory. Under t his situation, allocating frequently executed instructions into srnaller rnemory 

block called an instruction decompressor leads to t he significant energy red uction. How-

ever , merging too many instructions into the instruction decompressor causes an increase 

of energy consumption in the instruction decompressor. Our power optirnization technique 

finds optimal point of this trade-off where average of energy consumption is rninimized. The 

optin1ization technique targets systems which assmne the following. 

• Instruction mernories are organized by two on-chi p ROMs, a main prograrn m.emory 

and an instruction clecompressor. 
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• These two ROMs can be independently powered-up or powered-down by special in­

structions. 

• A cmnpiler optimizes size of the ROMs and determines which sequence of object codes 

should be merged into single instructions so as to minirnize total read energy consump­

tion. 

In n1any ernbedded systems, object code of the application programs need not to be mod­

ified after system design is completed. Therefore, the object code of the programs are stored 

into ROM. In this chapter, we also target systerns which assume that the object code is 

stored into ROivr and is not modified after the system organization is fixed. 

The rnost important features of the technique are that (i) the size of two instruction ROMs 

and allocation of object code are optimized for each application, and (ii) no other structures 

except for instruction ROMs need to be modified for each application. The feature (i) and 

(ii) produce significant energy reduction of instruction ROMs, and short turn-around-time 

of en1beclded system design, respectively. Our optimization technique realizes application 

specific low power system design within short turn-around-time. 

System on a chip 

Instruction 
memory 

Instruction 
fetch 

:::Instruction 
decode 

CPU core Data 
memory 

Figure 5.4: Power reduction considering memory reference locality. 
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5.3 Power Optimization with Object Code Merging 

At first, we propose a novel power optimization technique with object code n1ergmg, m 

this section. Next, we formulate a memory optimization problem as an ILP(Integer Linear 

Program1ning) problen1, where memory optimization problem is a problem to determine which 

sequences of object codes should be merged into single instructions. 

5.3.1 Optimization Flow 

Original Object Code 
Basic Block: 00101 

OxOOOOlOdO: add r30,rO ,r29 
Ox000010d4 : sw -8(r29),r31 
Ox000010d8: addi r8,r8,#1 
OxOOOOlOdc: jal main -
OxOOOO 1 OeO: nop 

~ 
Basic Block: 00110 

OxOOOO 1 Oe4: addi r29,r29,#-8 
Ox000010e8: addi r20,r0,#0 
OxOOOOJOec: jal exit 
OxOOOOl OfO: sw (r29),r20 

I \ 

Main Progrmn Decompressor 

\ 
original inst. 

original inst. 

1 ClSC insL 
. 

.... 
CJSC inst. "" " 

/1 ""' 
original in st. ,.. 

original inst. 

original inst. 

Marged instr 

.... 
.• n•~--------~ 

/ ~dd r30 ,rO,r29 
•• sw -8(r29),r31 

• • addi r8,r8,# 1 
jal _matn 

• • • • • ••• nop ..... -. . . 
... -------------1 

i .... .... . . addi . addi . . jal . . SW . . 
• . . .... 

uctions 

r29,r29,#-8 
r20,r0,#0 
exit 

(r29),r20 

Figure 5.5: Power reduction with an instruction decompressor. 

The procedure of our power optimization technique is described below. 

1. Given an object code of the target program. 

2. Measure the execubon count of each basic blodc using some sarnple data. 

3. Fonnulate energy dissipation of ROM n1odules as the function of memory size. The 

energy dissipation model must be made considering circuit and process technologies 

applied to ROM rnodules. Detailed discussion of ROM power models has been presented 

in Section 5.2 .1. 
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4. For a given set of basic blocks with the infonnation of the executlon count of each 

basic block and a given energy dissipation model of ROM modules, optimize n1en1ory 

organization so as to minimize average of energy consumption. Vve give a detailed 

explanation about the memo1'Y optimization problem in Section 5.3.3. 

5. Adjust the physical size of both the main program memory and the instruction decom­

pressor to the 1ninimum required area. 

5.3.2 Architecture 

The frequently executed basic blocks are replaced with a special instruction, named CISC 

instruction and the special instructions are allocated into main program memory as shown 

in Fig. 5.5. When the CISC instruction is executed, the decompressor is activated. The 

instruction decompressor is also implemented by ROIVI circuit. When instructions except 

for the CISC instruction are fetched from the main program memory, these instructions 

are executed without activating the decompressor. The key point of this power optirnization 

method is that only a few parts of object code are replaced with the special instruction at 

compiling phase, so as to keep energy consumption in the decompressor very small. 

OP Code Address Field 

Figure 5.6: CISC instruction format. 

As shown in Fig. 5.6, the CISC instruction consists of an operation code field and 

an address field . The original object codes are started to readout from the address of the 

dec01npressor. 

Our optimization technique targets a system as shown in Fig. 5.7. In this system, an in­

struction is fetched from main program memory, at first. If the instruction fetched from main 

progra1n is CISC instruction, the decon1pressor is activated, otherwise, the fetched instruc­

tion is direcLly executed without a.cbvating the decompressor. When the CISC instruction is 

fetched, main program 111emory is powered-down until a branch instruction is fetched from 
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the decompressor. If branch instructions are fetched from the deco1npressor, the decompres­

sor is powered-down and main progran1 1nemory is powered-up. The instruction next to the 

branch instruction is always fetched from main program memory. 
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• Main program memory is on 

while (the main program state) { 
pel ++; 
if ( next instruction = crsc instruction ) 

• Instruction decompressor is off Power-up the instruction decompressor 

Power-down the main program memory 

• Main program memory is off 

• Instruction decompressor is on 
} 

whle (the decompression state) 
pc2 ++; 

if( next instruction = branch ) { 

} 

Power-up the main program memory 

Power-down the instruction decompressor 

Leave from the subprogram state 

else 

Readout instructions from decompressor 

else { 
~~E~x-ec-u-~-m--ai_n_p-ro-g-ra-m------------~ 

73 

Figure 5.7: Memory architecture for power opti1nization. Figure 5.8: State transition graph of execution mode. 

We define a state of processor while the instructions are being fetched from th e instruction 

decompressor as dec01npression state. In this state, the main program memory does not 

dissipate any energy. Conversely, a state while the main progra1n memory is being accessed 

is defined as n1ain progran1 state. In this state, decompressor is inactivated and does not 

dissipate energy. State transition is occurred only when CISC instruction is fetched in the 

1nain program state or branch instruction is executed in the decon1pression state. The 

execution of instruction is delayed one cycle only after the branch instruction is executed. 

Since the decompressor is accessed at the next of a pipeline stage where main program is 

accessed, the CISC instruction needs no delay cycles . We suppose that the interruption 

routine is processed only in the n1ain program state. Detailed discussion of interruption 

processing is our future work . 

5.3.3 ILP Formulation 

In this section, we present an ILP(Integer Linear Programming) formulation for the memory 

optimization problem. Firstly, we give notat ions used in the formulation . Next, we present 

an ILP formulation. 

• N : The number of basic blocks appear in a given program. 

• B : A set of basic blocks 

• Si : The nun1ber of instructions included in ith basic block. 

• Xi : The execution count of ith basic block. 
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• E(S) : The average of read energy consumption in ROM module whose size isS bit. 

• ai : Integer variables associated with bi. 

ai = 1 if bi is merged into the CISC instruction; otherwise, ai = 0. 

• !11 ain : The average of read energy consumption in the main program memory. 

• Dec : The average of read energy consumption in the decompressor. 

N N N 
OBJ = !11ain. L {Si. xi. (1- ai)} + !11ain. L (Xi. ai) +Dec. L (Si. xi. ai) (5.3) 

i=O i =O i=O 

Main= E (t, {S, · (1- a;))+ ~a;) (5.4) 

Dec= E (t, (S, ·a,)) (5.5) 

The memoTy optimization problem can be formally defined as follows. 

" For a given set of basic blocks B, find a set of ai which n1.ini1nize OBJ". 

5.3.4 Algorithm 

The worst case computation time to solve the memoTy optimization pToblem is 0(2N), where 

N represents the number of basic blocks appeared in a program. Therefore, if a naive 

algorithm is applied, the proble1n can not be solved within feasible time for programs which 

consist of a lot of basic blocks. Experimental results shown in the succeeded section are 

derived by the greedy algorithm shown in Fig. 5.9. The complexity of this heuristic algorithm 

is O(N2
). 

The input to algorithm Memory optimization is a set of basic blocks B, where each basic 

block bi E B is characterized by its execution count Xi, its size Si, and its location ai· 

The ais are integer variables associated with bi The ais are set to one if bi is 1nerged into 

the CISC instruction , otherwise, ais are set to zero. All the ai is set to zero at first step. 

This means that all the basic blocks are allocated into the main program tnemory. Next, 

the algorithm provisionally selects a single basic block and merges a basic block into the 

CISC instruction . The selected basic block is temporarily allocated into the decmnpressor. 
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After calculating Cost= OBJ, the provisionally selected ba.sic block is returned to the main 

program n1.en1ory. This process is performed for each basic block in the program. After that, 

the algorithm selects a single basic block which minimize the Cost, and the selected basic 

block is allocated to the decompressor so as to be restored the original object codes. Basic 

blocks located in main program memory is successively moved in this manner while the Cost 

is reduced. If the Cost becomes not to be improved, the algorithm stops after outputting an 

updated set of basic block B. 

Given: a set of basic blocks B, where each basic block bi E B is characterized by 

its execution count Xi, its size S'i, and its location ai. 

Algorith1n Memory optimization 

for each bi 

end for 

Emin = oo; 

while (the algorithm leads to reduction in Emin) 

for (i = 0 ... N- 1) 

if ( ai = 0) 

bi = (Si, Xi, 1) ; 

Cost= OBJ ; 

if (Cost< Emin) 

Emin = Cost ; m = i; 

end if 

bi = (Si,Xi,O); 

end if 

end for 

bm = (5m,Xm,1); 

end while 

Output a set of basic blocks B ; 

end Algorithm 

Figure 5.9: Algorithm for the memory optimization. 
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5.4 Experimental Results 

We use three benchmark programs shown in Table 5.1, in the experiments . The benchmark 

programs are compiled by gcc-dlx con1piler which is based on GNU CC Ver. 2. 7.2 for DLX 

architecture[2.5). Table 5.2 shows description of three kinds of sa1nple video i1nages used 

as input to the MPEG2 program. Three kinds of sample input data, were also used for 

Arithmetic calculator and TV remote controller, respectively. 

Table 5.1: Description of benchmark programs. 

Benchmark 

Arithmetic Calculator 

TV Remote Controller 

MPEG2 decoder 

MPEG2 encoder 

The number of basic blocks 

2,103 

2,994 

5,361 

6,087 

Table 5.2: Description of sample data. 

Data The number of fra1nes The size of frames 

Image1 50 416x386 

Image2 26 352x224 

Image3 14 704x480 

The following two object code merging techniques are evaluated in this section. 

• A basic block merging approach 

This approach merges a frequently executed basic block into the CISC instruction . 

Detailed discussion is done in succeeding subsection . The basic block merging approach 

is also evaluated under the memory area constraints. 
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• A sequence merging approach 

This approach n1erges together a few basic blocks into the CISC instruction. Detailed 

discussion is clone in the Section 5.4.2. 

5.4.1 A Basic Block Packing Approach 

Our power opti1nization techniques can be expected to get much effectiveness under the 

following conditions. 

1. The execution count of the frequently executed basic blocks and that of the rarely 

executed basic blocks are extremely different from each other. 

2. The execution count of each basic block weakly depends on input data. 

In section 5.2.2, we have shown that the execution count of each basic blocks are extremely 

different frmn each other. Next, we experimented our memory optimization technique by the 

following way. 

1. Measure the execution count of each basic block with a sample data. 

2. Determine which basic blocks are packed into the CISC instruction. Consequently, 

3. 

physical size of the two memories and allocation of basic blocks to the memories are 

decided. 

Estimate the average of energy consumption for three kinds of input data with the 

previously opti1nized memory organization . 

The purpose of this experi1nent is to show the effects of data which are used for memory 

optimization on finally evaluated energy consumption . The optimized memory size are shown 

in Table 5.3. Each value represents the number of words of two instruction memories which 

are optimized for each input data. The results indicate that the size of the instruction 

decon1pressor are from 2% to 4% of main program memory for all benchmark programs. 

It is a key point of our 1nemory optimization technique that the size of the instruction 

decompressor is restrained very small. This leads to a drastic reduction in total read energy 

consumption. 
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Table 5.3: The optimized 111emory size. 

Arithmetic Calculator 

Optimized for DATA1-1 DATA1-2 DATA1 -3 

Decompressor 271 308 272 

I'v1ain program 10,682 10,645 10,679 

TV Remote Controller 

Optimized for DATA2-1 DATA2-2 DATA2-3 

Decompressor 1,067 357 1,083 

1v1ain progra111 14,151 14,777 14,135 

MPEG2 decoder 

Optimized for Image1 Image2 Image3 

Decompressor 1,134 1,212 988 

IVIain program 28,407 28,338 28,542 

MPEG2 encoder 

Optimized for Imagel Image2 Image3 

Decompressor 752 787 622 

Main program 35 ,975 35,946 36 ,088 

Approximated access time in ROIVls are shown in Figure 5.10. A target process technology 

is 1.2 micron CMOS . A solid line represents the 111easured access time of actual 32 bits ROMs 

ranging from 64 words to 4096 words. A broken line is approximated by the measured values. 

The access tin1e includes the time for a precharge and evaluation. This figure demonstrates 

that the access time of the decompressor is aln1ost half of that of the main program n1e111ory. 

It is also possible to develop the dec0111pressor with the wired logic. However, developing 

the decompressor with the wired logic requires modification to the processor architecture. 

It needs much more turn around time than the decompressor design with ROMs does . The 

111erits of utilizing ROMs for the decompressor are design flexibility and suitability for IF­

base syste111 design. Our code merging technique is well-suited for systems employing IP 

cores whose in ternal architecture can not be modified, because our technique requires no 
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modification to the processor architecture. 
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Figure 5.10: Approximated access time in ROMs. 

The energy reduction rates are shown in Table5.4. All the values appeared in Table5.4 are 

calculated by (5 .6). 

Optimized energy with code Jl![ arging 
-=----- -----:-:-----;--::-;- X 100 (%) 
Apploximated energy accouding to (5.2) 

(5.6) 

The second column of Table5.4 shows the input data which are used for me111ory optimiza­

tion. The leftmost row of Table5.4 shows the input data which are used for evalu at ion of 

energy consumption with the previously optimized memory organization. We have used the 

divided bit and word lines structure as memory models in this experiment. Therefore, read 

energy consumption is assumed to be in proportion to the square root of memory size. 

The results show that energy reductions strongly depends on the kinds of program, but 

weakly depends on input data. Therefore, optimizing memory organizations with appropriate 

input data can be almost optimal memory organizations for the other input data. In addition , 

the results show that the energy is always the smallest when the data used for optimizations 
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and the data for energy evaluations are the same. Therefore, we can regard that the heuristic 

algorithn1 described in Fig. 5.9 can find almost optimal solutions which are very close to the 

optimal solutions. 

Table 5.4: The energy consumption in 1nemory optimized without area constraints. 

Ari t hmetic Calculator 

Optimized for DATA1-1 DATA1-2 DATA1 -3 

Executed data 

DATA1-1 58.45% 59 .70% 58 .82% 

DATA1-2 60. 27% 59.72% 60.08% 

DATA1-3 59.78% 59 .96% 59.69% 

TV Remote Controller 

Optimized for DATA2- 1 DATA2-2 DATA2- 3 

Executed data 

DATA2- 1 64.84% 67.51% 66 .39% 

DATA2-2 63.29% 61.57% 62 .94% 

DATA2- 3 64.32% 66.93% 65.83% 

MPEG2 decoder 

Opt imized for Image1 Image2 Image3 

Executed data 

Irnage1 45.82% 46 .11% 46.48% 

Irnage2 46.81% 46.46% 48 .80% 

IInage3 46.42% 46 .23% 45.76% 

MPEG2 encoder 

Optimized for Image1 Image2 Image3 

Executed data 

Image1 48.65% 48 .90% 48 .88% 

hnag 2 50 .11 % 49.67% 50.38% 

hnage3 49.00% 49.22% 48.82% 
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5.4 .2 A Sequence Merging Approach 

The issue for the basic block packing technique is an increase of the energy dissipation for 

reading the CISC instructions from the main program memory. The CISC instructions are 

frequent ly readout from main program memory and the energy for reading CISC instruction 

from the 1nain program memory can not be neglected. Therefore, merging a sequence of few 

basic blocks into the single CISC instruction as shown in Figure 5.11 is more effective. The 

basic idea is to merge more than one basic block, which is on the frequently executed loops , 

into the CISC instruction. Of course, this technique needs some extra jump instructions 

to retu rn to the main program from the basic blocks allocated in the decompressor. These 

jump instructions cause performance overhead. Evaluation of the worst case execution time 

considering t hese overhead is our future work. We applied the sequence merging technique 

to the benchmark programs appeared in Table 5.1. The environment for the experiments are 

the same from the environment of experiments described in the previous subsection. The 

optimized memory sizes and energy consumptions of memories in which the sequence merging 

technique is applied are shown in Table 5.5 and 5.6, respectively. We can see the tables 5.5 

and 5.6 in t he same way as the tables 5.3 and 5.4, respect ively. 

Decompressor 

Figure 5. 11: An example of sequence merging. 
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Table 5.5: The optimized memory size. 

Arithmetic Calculator 

Optimized for DATA1-1 DATA1-2 DATA1-3 

Decompressor 312 296 327 

Main program 10,620 10,626 10,596 

TV Remote Controller 

Optimized for DATA2-1 DATA2-2 DATA2-3 

Decompressor 1,534 401 1,504 

Main program 13,827 14,935 13 ,863 

MPEG2 decoder 

Optimized for Image1 Image2 lmage3 

Decompressor 1,027 1,171 1350 

Main program 28,483 28,337 28,165 

MPEG2 encoder 

Optimized for I1nage1 Image2 Image3 

Decompressor 921 880 734 

Main program 35,768 35,816 35,970 

The size of the decompressors and the main program memories shown in Table 5.5 are 

evenly matched to the size of memories which are applied the basic block packing technique. 

This is because the basic blocks allocated into the decompressor by the sequence merging 

technique will be almost the same from the basic blocks allocated by the basic block packing 

technique. Because of higher memory reference locality, the energy reduction rate for stream 

data processing programs will be higher than that for control dominated progratns . For 

example in the I\1PEG2 encoder, more tban 65% energy reduction can be achieved, which 

is better than the results for the TV controller by 25%. From 7% to 10% improve1nents 

in energy consumption are achieved by the sequence rnerging technique compared with the 

systetns in which the basic block packing Lechnique is applied. 
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Table 5.6: The energy consumption of memory with a sequence compression. 

Arithmetic Calculator 

Optimized for DATA1-1 DATA1-2 DATA1-3 

Executed data 

DATA1-1 47.00% 49.95% 47.65% 

DATA1-2 50.39% 47.86% 48.71% 

DATA1-3 49.23% 49.64% 48.66% 

TV Remote Controller 

Optimized for DATA2-1 DATA2-2 DATA2-3 

Executed data 

DATA2-1 53.35% 60.71% 52.98% 

DATA2-2 52.22% 51.56% 52.05% 

DATA2-3 52 .20% 59 .75% 51.97% 

MPEG2 decoder 

Optimized for Image1 Image2 Image3 

Executed data 

Image1 40.70% 41.32% 42.45% 

Image2 41.41% 40.35% 42.14% 

Image3 48.67% 48.15% 42.25% 

MPEG2 encoder 

Optimized for Image1 Image2 Image3 

Executed data 

Image1 37.35% 37.81% 38.66% 

hnage2 33.31% 32.85% 34.14% 

Image3 36.54% 36.52% 36.59% 
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5.4.3 A Basic Block Packing Approach under Area Constraints 

Up to here, we discuss on the memory optimizabon without considering the area of rnernory. 

If we can ignore an increase of memory area, it can be said that reducing energy consumption 

with divided bit and word lines structure is feasible solubon. However, this solution may be 

infeasible when an increase of memory area is not negligible, since dividing bit lines or word 

lines lead increase in area as shown in Fig. 5.12. Therefore, memory modules which follows 

(5 .2) can not always be developed under area constraints. In this section, we discuss on t he 

memory optimization under the area constraints. 
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Figure 5.12: Increase of memory area caused by divided bit and word line structure. 

Area of memory depends not only on the number of bits but also on the number of di­

vided sub-blocks. Therefore, the size of divided sub-blocks should be restricted for the area 

reduction. To take the area of rnemory into account, we use an original area model based on 

actual designs of ROM modules which are created by Alliance CAD Systen1 Ver. 3.0 with 

0.5!J.m double metal CMOS process technology. To make possible to activate only a single 

specified sub-block, some logic cells and 10S switches are required as shown in Figure 5.12. 
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The power-area trade-off in the men1ory should be considered to develop a low-power and 

small mernory. The energy consumption for the arithmetic calculator TV remote controller 
' ' 

MPEG2 decoder, and MPEG2 encoder under area constraints are shown in Fig. 5.13 , 5.14, 

5.15, and 5.16, respectively. Curves labeled Divided array structure shown in Fig. 5.13, 

5.14, 5.15, and 5.16, represent energy consumption in ROM modules which employ only 

divided bit and word lines structure under area constraint. V1/e assume that only a single 

specified memory block is activated if the divided array structure is applied. Curves labeled 

Object code packing represent energy consumption in ROM modules opbr11ized by the 

object code packing technique under the area constraints . Of course, both the 111ain program 

memories and the inst ruction decmnpressors are applied t he divided bit and word lines tech­

nique. The horizontal axis of Fig. 5.13, 5.14 , 5.15 , and 5.16 represent rates of memory area 

normalized by the memory which is optimized so as to minimize the area occupancy wi thout 

applying divided bit line, divided word line, or the basic block packing technique. 
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Figure 5.13: The results for the arithmetic calculator. 



86 CHAPTER 5. MEJVIORY POVlER OPTIMIZATION WITH CODE l\1ERGING 
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Figure 5.14: The results for the TV re1note con troller. 
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Figure 5.15: The results for the MPEG2 decoder. 
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Figure 5.16: The results for the MPEG2 encoder. 

The results show that energy consumption in memones optimized by our optirnization 

technique can be less than one third of energy of memories which is appli ed divided bit and 

word lines structure. For example, experimental results for MPEG2 decoder demonstrate that 

the energy consumption in the memories optimized by the memory optimization technique 

exactly be one third of energy consumption in 1nemory which is applied divided bit and word 

lines structure where area constraint is x 1.09 . Therefore, our memory power optimization 

technique is more effective under the area constraints. The results demonstrate that the 

proposed memory optimization technique can reduce energy consumption with smaller area 

loss. 

5.5 Summary 

In this chapter we propose an applicabon specific power optimi zation technique for en1bedded 

syste1ns utilizing small instruction decmnpressor. In addition, we experimentally show that 

average of read energy consumption in a memory is proportional to square root of the size 

of the memory. Therefore, frequently executed sequences of object codes should be merging 
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into the low power decompressor so as to reduce total read energy consumption. 

Experimental results demonstrate the following. 

• The energy consumption in the 1nemories opti1nized by our n1en1ory power optimization 

technique can be less than half of energy consumption in memories which are applied 

only divided bit and word line structure. 

• The energy reductions strongly depends on the kinds of progra1n, but weakly depends on 

the kinds of input data. Therefore, optimizing memory organizations with appropriate 

input data can be almost optimal memory organizations for the other input data. 

• The energy consumption in memories optimized by the proposed technique under the 

area constraints can be less than one third of energy of memories which are applied 

only divided bit and word lines structure. 

Our future work will be devoted to extend the proposed optitnization technique considering 

access time of memory and to apply this technique to the data men1ory. 

Chapter 6 

Conclusions 

6.1 Summary of Contributions 

Today, one of the most serious concerns for the VLSI designer is a power consumption. The 

primary driving factor of the power issue must be explosive growth in the portable systems 

which demand high-speed con1putation and complex functionality with low power consump­

tion. Furthermore, there is a clear financial advantage to reducing the power consumed in 

high performance systetns, because the cost associated with packaging and cooling such de­

vices is huge. Therefore, both a heat reduction of chips and a battery weight reduction are 

required in the prospective VLSI systems . 

In todays system design, power optimizations at higher level of abstraction are required, 

because decision at higher level of abstraction strongly affect to the cost, performance, and 

power consumption of final products. A VLSI system design can be represented at several 

levels of abstraction such as a layout level, a logic circuit level, an architectural level, or a 

syste1n level. The system level optimization involves partitioning the tasks into hardware 

and software, choosing the processor architecture that will execute the software, determining 

the hardware/ software communication mechanism, and so on. This thesis has concentrated 

on power optimization techniques at the system level abstraction. The techniques addressed 

in t his thesis have perfonned the power optimization taking both hardware and software into 

account, and have de1nonstrated much 1nore impacts on the quality of the final products than 

lower level optimization techniques have. 

The goal of this research is to realize not only low power system but also high performance 

89 
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system with low power dissipation. Reducing the energy consumption in a whole system 

including hardware and software is also the goal of this study. The hardware often iinple­

mented by embedded processor. The software and data which are executed on the processor 

are usually installed in an inst ruction memory and a data memory, respectively. Therefore, 

not only the processor but also the memories should be opti1nized for low power. 

In Chapter 2, low power syste1n design methodologies concentrated on the system level 

approaches are outlined. These approaches demonstrate that a systen1 level decision has 

strong impacts on energy consumption as well as on system cost and perfonnance. 

In Chapter 3, we have introduced theories for the dynan1ically variable supply voltage 

processor. Vle also have proposed a voltage scheduling problem and a voltage scheduling 

algorithm. The study of the variable voltage scheduling is a challenge to answer the basic 

question that how low energy processing can be done for a given task under a time constraint. 

The theore1ns described in chapter 4 give answers for this ques tion . We can summarize basic 

theorems to find the optimal voltage schedule as follows: 

• If a processor can use arbitrary variable voltage, a voltage which adjusts the finishing 

time of the program to the deadline ti1ne is an unique supply voltage which mini1nizes 

energy consumption. 

• If a processor can use only a small number of discretely variable voltages, the voltage 

schedule with at most two voltages minimizes the energy consumption;. 

This research is very important in both theoretical and practical points of view. 

In Chapter 4, a new microprocessor architecture, called Power-Pro architecture, have been 

presented. It is a. first challenge for a system design that datapath width and supply voltage 

which are "hard" part so far are enabled to softly be controlled by the software. Since software 

usually knows how n1uch clock frequency, supply voltage and datapath width are required for 

processing a program, it often have an advantage to control them by the software. In these 

days, some papers propose ideas where supply voltage or datapath width are controlled by 

the operating system (OS ) or application programs. It gradually becomes common sense of 

low power system des ign that enabling supply voltage and datapath width to be controlled 

by the software has much advantage for power reduction. Experi1nental results with several 

benchmark programs demonstrate energy reduction by 35% by using the variable datapath 
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width scheme, and energy reduction down to 1/10 at best case by the variable supply voltage 

scheme. 

In Chapter 5, memory power optimization techniques with object code merging have been 

proposed. It can be said that the object code merging technique is one of the typical hard­

ware/ software codesign approach. Especially for the digital signal processor (DSP) designers, 

1nerging frequently executed sequence of object codes into a single cmnplex code has conven­

tionally been done. For example, in MPEG decoding and encoding programs, many addition 

instructions are executed im1nediately after the multiply instructions. This results in the 

need for a new complex instruction called multiply-add instruction which performs the ad­

dition i1nmediately after the multiplication within a single clock cycle. Determining what 

kinds of complex instructions are effective for the system performance, cost, and power is the 

most important process for hardware/software partitioning. This research has challenged to 

generalize the process to optirnize an instruction set architecture of complex instruction set 

computer (CISC) processor. Utilizing the object co de merging technique, the energy con­

sumption during the instruction memory access can be halved '"lithout any modifications of 

computational scheme. 

The power reduction techniques which have been presented in this thesis can be applied 

together to wide range of digital systems. Therefore, the great power reduction can be ex­

pected by these techniques, even if the power improvement by each of the techniques is not 

so much. The variable datapath width control scheme can reduce the energy consumption of 

the data men1ory and the datapath part of the processor by 35%, respectively. The energy 

consun1ption of the processor can be reduced by 90% at best case by using the variable volt­

age control scheme. The energy consumption of the instruction memory can be halved by 

the object code merging technique. If the control logic circuit of a processor, the processor 's 

datapath, an instruction memory, and a, data n1emory dissipate 25% of total energy dissipa­

tion in a conventional system, we can reduce two third of the total energy dissipation in the 

same system by applying out proposed techniques. 

6.2 Future Directions 

Our future work will be devoted to extend the work presented in this thesis to the following 

directions. 
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For the variable voltage scheduling technique which has been presented in this thesis , the 

worst case execution cycles of the application program n1ust statically be estimated. However , 

we have never established the method to estirnate the worst case execution cycles for actual 

systems which include cache memory or support a interruption processing. The method to 

accurately estimate the worst case execution cycles for actual systems should be established. 

The study of dynamic voltage scheduling with operating systerns is going on now[56] . The 

voltage scheduling algorithms which take switching delay to change the supply voltage into 

account should also be established. 

This thesis also proposes a novel microprocessor architecture which enables the software 

to control the datapath width, the supply voltage, and clock frequency of the processor. 

However, the methodology to determine what kind of datapath width and supply voltage 

should be employed by the processor is not presented . The method to deten11ine the kinds of 

variable datapath width and variable supply voltage to be equipped by the processor should 

be studied. 

The object code merging technique utilizing a history information of the execution counts 

of basic blocks has been proposed and has dernonstrated the good improvements in energy 

dissipation. However, packing the basic blocks into a single complex instructions s01netimes 

is not optin1al solution. Merging a short object code sequence which are smaller than a basic 

block into a single instruction can achieve more energy reductions . The generalization of the 

object code merging approach should be done in the future . 
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