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1. ABSTRACT

The purpose of this paper is toeport the power
and performance of an application on a eal
system as the CPU fquency \aries. Previous
work in CPU speed-setting considexd only the
power of the CPU and only CPUS that vary
supply voltage with frequency This work tak es
a broader approach, considering total system
power, battery capacity and main memory
bandwidth. The results, which ae up to a fac-
tor of four less than ideal, shw that all three
must be consideed when setting the CPU
speed, whether the speed is fixed at a single
value or varied dynamically during operation.

2. INTRODUCTION

Technical deelopments in recent years Viea enabled
designers to uild hand-held and wearable computers. In
mary of these computers, the CPU consumes a substant
fraction of the total pwer, making the CPU a prime gt
for power saings. The purpose of this paper is to report th

system as the CPU frequenés varied. The goal of the
research @s to decide whether the IlfsyStrongARM
SA-1100-based hand-held computer from Congpaq
Western Research Lab [17],0uld benefit from hang a

3
battery dischaye measurements of an application on a reaj
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setting. Section 4 describes the three maotdis in CPU
speed-setting from a system perspectiSection 5 details
the perimental method. Section 6 presents the results of
the experiments, shweing the impact of theafctors described

in Section 4. FinallySection 7 ®plains haev these results
affect CPU speed-setting policies in general and outlines
future work in the area.

3. RELATED WORK

Several researchers Y& irvesticated saing paver by
dynamically setting the clock frequgnof the CPU. \Wiser

et al. first pointed out that it is wdfeasible to hild systems

that can use dynamic speed-settingrying CPU wltage

and frequeng on-the-fly to reduce engy consumption
[18]. The speed wuld be set by the operating system to
reduce the engy consumption of the CPU while still
meeting the performance requirements of the. Weiser et

al. and Guwil et al. [8] used trace-drén simulation to study
several dynamic speed-setting policies thatvdd the CPU
when it wvas mostly idle and sped it up when isvmostly
active. Yao et al. proposed a scheduling model for dynamic
I§"Eeed—setting and compared some on-line algorithms to an
off-line algorithm that computed a minimum emer
chedule [20]. Pering and Brodersen applied the concept of
eal-time scheduling to dynamic speed-setting [13]. All of
these researchers assumed that the CPWemponas

proportional tos, wheres is the fictor by which the CPU
frequeng and \ltage are changed. This assumption is based

dynamic CPU speed-setting poliand if not, to determine UPon the dynamic weer of CMOS deices being equal to
the fixed speed at which the CPU should be operated 6V2f, whereC is the efective switching capacitance/ is
balance pwer and performance. The papemmines the voltage, and is the frequenc[19]. Because the maximum
power, performance, and battery life of the Itsy while frequeny of the deice is limited by its wltage, it is not
running an MPEG video playerver a range of CPU possible to lwer the wltage without also leering the
frequencies. The xperimental results are up to nearly afrequeng. In addition to assuming pe@r proportional te>,
factor of four less than whatowld be @pected gren ideal  they assumed thexecution time of an operation to be
assumptions about the systembattery capacity and inversely proportional to the clock frequgner 1/s. Given
performance. these assumptions, the emeiper operation is proportional

to s> and is minimized by running at the wiest CPU
frequeng. Furthermore, based upon these assumptions, the
concluded that it wuld not be beneficial to reduce the CPU
frequeng without also reducing theoltage, because in this
case the engy per operation wuld be constant.

The remainder of this paper isgganized as follas: Section
3 describes the relatedovk in the area of CPU speed-

This paper talgss a more general approache \dbnsider the
enegy consumption of the entire system rather than the
consumption of just the CPU, and ¢alkito account the loss
of battery capacity with increasing \wer. We measure the
performance of an application on a real systeer @ range



of CPU frequencies and the number of computations the*

the system completes during a battery disphafhe results
shav that een with a fixed-wltage CPU, there are
situations where running at less than its maximum
frequeng is adwantageous.

4. SYSTEM FACTORS IN SPEED-SETTING
When the performancexgectations of a user are met by a
mobile computerthe nat major consideration should be
the number of computations per battery disgharThe
computations per dischgg is essentially the battery
capacity dvided by the engy per operation for a gn
computation. From a system perspegtithe three major
factors in setting the CPU speed to increase thi
computations per disctge are battery capacity as a
function of system peer, system pwer as a function of
CPU frequeny, and application performance as a function
of CPU frequeng The relationship between thesectbrs
and the number of computations per disgkds gven by

Computations per Discharge =

Capacity(SystemPower (f)) x Performance(f)
SystemPower (f)

wheref is the CPU clock frequegcand the battery capacity
is given in Watt-hours, the peer in Watts, and the
performance in iterations per hour

The first fictor battery capacityis typically assumed to be

constant. When battery capacity is constant, maximizing

computations per disctgg is the same as minimizing the
enegy per operation. In realitthovever, battery capacity
decreases as the loadnm increases, typically by as much
as 20%-40% wer a useful range of load wer [10]. In
situations where battery capacity is not constant,
minimizing the enagy per operation may not maximize the
computations per disclgg. We sheved preiously the

impact of loss of battery capacity on computations per

dischage using Peudt’s equation, a first-ordeempirical
battery model for continuously-on loads [11]. Since most
mobile computers are used intermittently rather than
continuously we looled for a model capable of calculating
battery capacities for intermittent disches. Dgle and
Newman implemented a one-dimensional, finitdedénce
model for Li-ion cells, which has been used by their
industrial partners to study the fexft of cell design
parameters and to exfy a technique for quick
determination of the capacity vs.vwper [5][6]. We used
Doyle’s model to study the fetct of intermittent dischaes

on the capacity and found that peakvpo predicts battery
capacity better thanvarage pwer. Figure 1 shas the
model results for battery capacitgrgus aserage pwer for
continuous dischges w@er a range of loads, and for
intermittent dischayes at duty ycles of 25, 50, and 75%
and three alues of peak poer. The intermittent dischges
were square aves with an df power of 0 W/kg. The tw
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Figure 1. Li-ion model results for capacity versus average
power, showing difference between continuous and
intermittent loads of same average value

batterys capacity For example, the 300 W/kg continuous
load results in a battery capacity of 90 Wh/kg (point A in the
figure) and the 75 W/kg continuous load results in a battery
capacity of 140 Wh/kg (point B), while the intermittent load
with a peak paer of 300 W/kg and dutyycle of 25% (i.e.,

an arerage pwer of 75 W/kg, point C) results in a capacity
of approximately 100 Wh/kg. Thus using theage pwer

of this intermittent load wuld overestimate the battery
capacity by about 40%, while using the pealw@owould
underestimate it by only about 10%o0 put these results in
more common terms, the 75 W/kg continuous loadild/
have a battery life of about 1.9 hours, while the intermittent
load C, with the samevarage pwer, 75 W/kg, would have

a battery life of about 1.3 hours. Only when the peakepo

is belav about 50 W/kg (about a 3 hour disa@mwhen
continuously on) wuld the peak andvarage pwer give
about the same estimate of battery life. Similar results were
obtained in gperiments with actual Li-ion batteries, so this
behaior is not simply a product of the model.

The seconddctor in setting the CPU speed is thevpp of
the system as a function of frequgnchis factor together
with the performance as a function of frequenietermines
the CPU frequencwhich gives the minimum engy per
operation. The préous research considered only the CPU
power. But the total system peer determines the battery
life, not just the paver of the processolf a system were to
be actually constructed using ariable-wltage CPU, with

CPU paver proportional ts® as described in Section 3, one
would expect there wuld be other terms in the function of
system pwer \ersus frequenc due to subsystems that
operate at a fed wltage, changes infefiengy of the paver

supply wer the range of loads, and other reasors. F

major features of the results are that the capacity decreaseé(amme we cure-fit the paver wersus frequerycdata for a
as the load pmer increases for continuous loads, and that variable-’\oltage CPU [9] and found thaven the paer of

there is a range where the pealwvpoof an intermittent load
rather than theva@rage pwer is a stronger indicator of the

the CPU alone may ke lowver order terms that amount to



about 10% of the total peer at the dstest speed. These
lower-order terms mean that the wkst CPU frequenc
may not result in the minimum eggrper operation. If the  Agarwal [1]. Measuring the engy of an application that fits
lower-order terms are lge enough, running too sity may into the cache or that uses no operating system resources
increase the engy per operation. Most systems currently would not be representedi of a mobile computer capable of
available, havever, are constructed with a CPU operating at running a wariety of applications. Uhlig et al. describeaho

a fixed wltage, with subsystems that operate at frequenciesthe programs in the SPEC suitevéanuch lever cache miss

code that adequatelyercised the memory hierarctand
operating system for reasons similar to thosesmiby

independent of the CP&'’frequeng. The paver of the
system is then a linear function of CPU frequenc

The final fictor in setting the CPU speed is the performance

as a function of frequegc The assumption used in our
previous work, in other speed-settingonk, and in the
previous paragrapk’statements about eggrper operation
is that performance is proportional to frequenc
[8][11][18][20]. This ignores the memory subsystenor F

example, in applications with a high cache miss ratio,

ratios than real applications, and the MPEG player is one of
the applications thechose for their alterna& benchmark
suite with more realistic cache and system thiehnd16].

In the battery life measurements, the MPEG player ran in a
continuous loop. Each run of the MPEG playeasw
followed by decompression and manipulation of>a fide

in order to clear the caches of the MPEG instructions and
data. The MPEG player accounted for more than 90% of the
run-time of the loop, heever, so it was the dominant

performance can be limited by memory bandwidth rather enegy component. The loop ran withoutyaidle time.

than CPU frequeryc Once an application becomes limited
by memory bandwidth, increasing the CPU freqyendl
have little efect on the application performance and will
increase the engy per operation.

In the followving sections, we study each of these three

factors using a system based on adixoltage CPU.

5. METHOD
The «periments described in this paper were performe
using the ltsy a hand-held computer from Compag’

Western Research Laboratory [17]. The Itsy is based on th

StrongARM SA-1100 [4] and runs the Linux operating
system.

We added tw calls to the Linux &rnel for changing the

While this does not reflect the b&fa of mobile systems in
actual use, it allws us to estimate the computations per
dischage in actual use because of the peakgrdimited
behaior of the batteries as described in the vimes
section. Since there is agien of operation where peak
power is a stronger indicator of the battsrgapacity than
average pwer, one can obtain an estimate of the number of
computations that can be completed in a digghany

glooking at continuous dischges. The number of

computations completed when the system is used

dntermittently is the continuous number times the ratio of

active time enggy to the total engly in an actre-idle g/cle.
This estimate is better than the estimate obtained by
dividing the ideal capacity by theverage pwer of the
cycle. Furthermore, studying continuous operationaglas

CPU frequeng based upon the clocking scheme for the to focus on the threeaétors discussed in the piaus

StrongARM, which is shan in Figure 2. During normal

section--battery capacity as a function of systerveno

operation, the CPU core runs at the primary clock frequenc system pwer as a function of CPU frequsncand
and the memory controller runs at half the primary clock application performance as a function of CPU frequenc
frequeng. On a cache miss, the CPU core clock switches towithout having to consider theariables of idle/actie duty

half the primary clock frequegicso that the core and the
memory controller run synchronousiyhe first lernel call

cycle and idle pwer.

forces the CPU core clock to run at half the primary 6. RESULTS

frequeng at all times. The seconcekel call selects the
value of the primary clock frequepcsetting it to one of
eleven possible alues between 59 and 206 MHz. The
combination of the tw calls allavs the CPU core frequepnc
to vary from 29.5 to 206 MHz.

The code chosen for thepmeriments \as the Itsys MPEG
video player The justification for this choice is ti#old.
First, we a@pect a video player to be one of the typical
applications for a mobile computeBecond, we anted

SA-1100
Primary Divide Core
clock by 2
> Memory
Controller

Figure 2. Clocking scheme for the StrongARM SA-1100

This section describes the measurements of performance
versus frequeng power versus frequeng and iterations per
dischage of the Itsy running the MPEG playdhe results
shawv that setting the CPU speed depends on all three of the
factors discussed in Section 4.

Figure 3 shws the normalized performanceergus
frequeng for the MPEG loop. The measured performance
is nearly ideal until about 100 MHz, where there is a
breakpoint. From 100 MHz to the maximum frequent
206 MHz, the measured performanceedies from ideal.
Examining the performance of the functions of the MPEG
player eplains wly.

Figure 4 shars the normalized performancersus the CPU
frequeng for the two functions with the mostxecution
time in the MPEG playeiThese times were measured using
gprof [7]. The points she the measured performance, the
solid line shavs the &pected performancewgin the change
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Figure 5 shws the epected iterations per disclgar

. calculated from performance andwer measurements and
the iterations per dischge if the performance speedup were
1 ideal. Both cures assume ideal batteries and are normalized
to the slavest speed, 29.5 MHz. The iterations per disphar
. with a non-ideal performance speed-upfedd from the
ideal iterations per dischge by 40%. This prediction ag

. confirmed with actual battery disclgas while running the
MPEG playerusing Sayo UF-510 and UF-310 Li-ion cells

. [14][15]. The results of the disclggr measurements are
shavn in Figure 6. These cells are nearly ideatrothe

. range of the peer of the Itsy Consequent|ythe measured
iterations per dischge agree with thexpected curg quite

Normalized performance
S
T

ol == 3 Main memory bandwidth | well, although the measured pointsglveto be less than
: Clock speed-up . .
+ mpeg__rev_dct expected at the higher frequencies due to loss of battery
0 w w w w w w fi Craybifierimage, capacity Figure 6 shas that ideal assumptions about
20 40 60 80 100 120 140 160 180 200 220 . . .
Frequency, MHz performance ersus frequenccan be quite misleading.
Figure 4. Performance versus frequency for two of the But Figure 7 shas that ideal assumptions can beremore
MPEG player functions, with expected speed-up and misleading when the peer of the system lies in the non-
measured main memory bandwidth ideal range of a battey’ capacity These results were

collected using the AAA alkaline cells which the Itspsv
designed to use. Because of the loss of battery captgty
iterations per dischge decreases at higher CPU
frequencies een though the engy used per iteration
remains nearly constant. One might suspect that the results
in this figure are due to the batteries being loaded at an
unrealistic alue. The “on time” of the highest frequgnc
case is approximately 40 minutes, certainly a realistic load
since the system is continuously aeti For comparison,
notebook computers oftenvebattery Wes of 1.5-3 hours

on the ZDigit BatteryMark test, which is aetiless than
20% of the time, ging them a continuous “on time” of less

in clock speed, and the dashed linevehidthe normalized,
measured main memory bandwidth. The routine
mpey_j_rev_dct has the »xpected performance speed-up
over nearly the entire range of CPU frequencies. But the
other routine, GrayDitherimage, sh® little increase in
performance after 133 MHz, where the main memory
bandwidth becomes limited by the speed of the memory
chips. Belov 133 MHz the memory bandwidth is
determined by the minimum number ofctes per access
required by the SA-1109’'memory controllerwhile abae

133 MHz the memory bandwidth is determined by the
access time of the memory chips. So, as the CPU freguenc . o
increases ahe 133 MHz, yaccepsses to main memoryﬂtak than 40 minutes [12]. Thus weowld epect to see similar
more CPU ycles. The performance of GrayDitherlmage results if the gperiments were conducted using the
tracks the memory bandwidth rather than the CPU NOtePoOk computers.

frequeng, limiting the performance speed up of the Figure 7 shws that assuming ideal befiar for
program eerall. performance &rsus frequencand battery capacityevsus



25 performance acceptable to the user if AAA batteries are the
power source. If instead a battery with ideal habiais the

- power source, such as the $arli-ions, the system could

oL R i benefit from a speed-setting pglicthat \aried from
approximately 133 MHz to 206 MHz based upon the
performance ersus frequenc characteristic of the aut
application.

15F “ =
R : While we hae focused on only the MPEG playehe

> : characteristic of the program upon which the results
e e % i depend--performance limited by memory bandwidth--is

/ likely to be shared by other applicationgected to be
typical in a mobile evironment. Cache interference of
05l i operating system and application code could lead to more
~ — Expected: Ideal performance main memory bandwidth limitations tharould be found in
e casured performance the applications alone. As part of our futurerky we intend
. ‘ ‘ ‘ ‘ ‘ ‘ ‘ to study other typical applications. Wever, the results
0 1 2 3 4 5 6 7 8 shav that there xist real applications with non-ideal

Homiedclocqueney.n performance beléor that impacts the choice of CPU
Figure 6. Expected and measured results with speed.

Li-ion batteries, Sanyo UF-510 and UF-310

Normalized computations per discharge
ok

The results also shed light on the characteristics of a system
pover can be mist@n. The measured iterations per built with a \ariable-wltage CPU. First, the memory
dischage were up to nearly adtor of four less than the subsystem should be a major design consideration, so that it
iterations per dischge predicted by ideal be¥iar for both does not limit performance ver the range of CPU
factors. Een using measured performanceersus frequencies. Second, the portion of the system thatagn v
frequengy, the iterations per disclgg decreased as the voltage is important. & example, if the SA-1100 were a
clock frequeng was increased, rather than increasing as variable-wltage CPU, only its 1.5V supplyownld be able to

predicted by assuming an ideal battery capacity vary. The 3.3V supply peers the CPL$ I/O pins and must
remain fided. Figure 8 shes the measured systemvya,
7. CONCLUSIONS the measured peer on the 1.5V and 3.3V supplies, and an

A CPU speed-setting pojicfor a general purpose system estimate of the total systemper if the 1.5V supply were
must consider system wer, battery capacity and memory gjlowed to \ary with the frequenc The system peer

bandwidth. This paper has st that there are gions of versus frequerycwould then be of the forra333 + ags+a,

operation where ideal assumptions abouy af these ) . .
factors will lead to a decrease in the number of Figure 8 shws thatif only the 1.5V CPUoltage is alloved

: ; to vary, then the paer of the system will be dominated by
computations performed per dischargcle. The results X ; )
shed light on the necessary ingredients for a successful’® 3-3V supplywhich supplies the CPU I/O pins and other
speed-setting polic For the Itsy with its fixed-wltage subsystems. The systemwsr appears to be more linear

CPU, the speed should be set to tivestst speed that yields han cubic. Consequentigven if system performance and

battery capacity were ideal, the assumption that the system
power is proportional ta® would be ivalid, and the goal of
“running as slaly as possible” this assumption leads to
would be iwvalid as well.

25

When system performance and battery capacity are non-
ideal, thg must be accounted for by a speed-setting yolic
The desirable features of a system thatwalthe OS to set
, T the speed may include hints from applications, cache
L performance mgisters in the CPU li those found in high-
T ; end systems [2], and battery information using batteag “g
x gauge” intgrated circuits [3]. The impact of I/O
x . performance bottlenecks on speed-setting also needs to be
x considered. Whereas ideally a pgligould hare the CPLB
_ . Expected: \deal performance minimum operating speed as itsvier bound, these results
. Expected: Measufed performafios have shavn that the laver bound should be the speed that
maximizes the computations per disger
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This paper has sha that there are multiple feedback
variables for a speed-setting pglid¢f the OS is to set the

Figure 7. Expected and measured results with AAA batterie CPU speed, it must f1@ adequate feedback about each of
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