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ABSTRACT

In embeddedystemspff-chip busesand memory(i.e., L2 mem-
ory asopposedo the L1 memorywhich is usuallyon-cip cace)

consumesignificantpower oftenmore thanthe processoitself. In

this paper for the caseof an embeddedystemwith one proces-
sor chip and onememorychip, we proposefrequencyand voltage

scalingof the off-chip busesandthe memorychip and usea known
micro-architectual enhancemerdalleda store buffer to reducethe

resultingimpacton executiontime Our bendimarksshowa sys-
tem(processor+ off-chip bus+ off-chip memory)owersavingsof

28%to 36%, an enegy savingsof 13%to 35%,all while increas-
ing the executiontimein the range of 1% to 29%. Previouswork

in poweraware computinghasfocusedon frequencyand voltage

scaling of the processas or selectivepowerdown of sub-setsof

off-chip memorychips. This paper quantitatively explores volt-

age/frequencyscaling of off-chip busesand memoryas a means
of trading off performanceor power/enegy at the systemevel in

embeddedystems.

Categoriesand Subject Descriptors

B.6.3[DesignAids]: AutomaticsynthesisOptimization,Simula-
tion.

General Terms
PerformanceDesign,Experimentation.
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Voltage/frequengc scaling,pover-performancerade-ofs, embed-
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1. INTRODUCTION

A typical embeddedystemconsistf atleastthreemaincom-
ponents:a processol(often with L1 cache),an off-chip memory
(calledL2 memory)andan off-chip bus connectingthe processor
andmemory The off-chip componentspeing highly capacitve,
may consumesmuchor morepowerthantheprocessorThis sug-
geststhat we cangain significantreductionsin powver andenegy
by reducingthe off-chip voltageandfrequeng. However, power
reductionfrom voltage (and correspondingrequeng) reduction
could be compromiseddy anincreasen executiontime, thusre-
sulting in overall increasein enegy dissipation(notethat the in-
creasen executiontime is dueto increasednemoryaccesgime
andis afunctionof thecachemisses) We demonstratbow theper
formanceimpactof voltageandfrequenyg scalingcanbereduced
by implementinga knovn micro-architecturatechniquecalled a
storebuffer. While ourapproacttanapplyto dynamicvoltagescal-
ing, this paperonly shavs the tradeofs betweenstatically setting
the off-chip busandmemoryvoltageat 3.3 Volts andfrequeng at
100MHz versu2 Voltsand50 MHz. As is evidentfrom theabove
description,it is necessaryo have anintegratedframework in or-
derto quantitatvely explore the power-performancedesignspace
atthesystemlevel. Specifically the contritution of this paperis as
follows.

We have combinedthe techniquef frequeng/voltagescaling
of off-chip busesandmemory(circuit level techniquewith a store
buffer (architecturatechnique}o realizereductionsn bothsystem
power and systemenegy dissipationwith a negligible impacton
the executiontime.

Therestof the paperis organizedasfollows: Section2 discusses
the motivation for this work. Section3 givesan overview of the
previouswork. Sectiord describesheexperimentainfrastructure.
Section5 discussethemethodology Section6 presentsheresults
andSection7 concludeghe paper

2. MOTIVATION

In embeddedsystems,especiallymobile applications,battery
life is a significantconcern.lt hasbeenestablishedhatthe battery
drainsfasterwhenpaoweris dravn atahigherrate[1]. Forexample,
a batterywhich lastsfor 1000 hourswhendraving 10 milliamps
at 1.5 Volts will only last for 80 hourswhen drawing 100 mil-
liamps at the samevoltage[1]. Also, an old batterydischages
fasterthana new one. Currently few hooksexist to trade-of per
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Figure 1: Experimental Infrastructur e

formancefor power to prolong the batterylife of an embedded
system. For example,whenthe useris executinga time-critical
applicationlik e real-timevideo-conferencinghe might decideto
operateat peakperformanceandhigh powver. Or he might opt for
low performanceandvery low power whenexecutinglow priority
applicationdik e checkinge-mail. Or he might choseanintermedi-
atepower-performanceointbasedntheexisting batterycapacity
Note thatturning off memorychips may not be possiblebecause,
for example,video datamight be storedin the memoryand may
needto be used. Also notethat, as presentedn this paper this
is a statictechniqueand happensat the beginning of the program
execution. We currently do not addresslynamic(run-time) scal-
ing of voltage/frequengc of off-chip memory This paperpresents
an approachthat canallow the compilerand/orthe userto decide
at which power-performancepoint to operate,e.g., basedon the
knowledgeof batterycapacityandbatterydischage pattern.

3. PREVIOUS WORK

Therehasbeensignificantwork in the field of voltageandfre-
gqueng scaling.Voltagescalingtechnique$ave beeninvestigated
atalmostall levelsof the designhierarchyfrom the systemlevel to
the device level dueto the quadraticeffect on the switchingpower
dissipation.However, asthesupplyvoltagebecomedower, thecir-
cuit delayincreaseandthe performancalegradeq2]. Techniques
to improve performanceall into threemain cateyories: reducing
the thresholdvoltageto improve circuit speedsintroducingparal-
lelism into the architecturewhile usingslower device speedsand
usingmultiple supplyvoltagesto choosehe lowestsupplyvoltage
for differentcircuit componentshatstill satisfieshespeedequire-
ments.Our approactalls into thethird category.

At the system/architecturevel, anumberof memoryoptimiza-
tion schemedor low power have beendeveloped[3, 5]. Briefly,
thoseapproachegan be categyorizedas follows: cacheoptimiza-
tion, memoryaccesseduction(especiallyfor off-chip memory),
memorysizing/structuringand memory-intensie voltagescaling.
Our work falls in the categyory of memoryintensie voltagescal-
ing.

Therehasalsobeena lot of work on systemlevel power anal-
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ysis for software power dissipation. In [6], profiling hardwareis

usedto identify tightly coupledregions of codeand dynamically
optimize the configurationof the microprocessoso as to mini-

mize performancepenalty Our work is similar to this approach
in the sensethatwe setthe performanceparameterspamely volt-

ageand frequeng basedon the requirementsf the application.
However, notethatoursis a statictechniqueratherthana dynamic
technique. Also, there hasbeenwork on dynamically adjusting
thespeedgi.e., eitherlower thefrequeng or shutdevn theunused
modules)whichever givesthe bestresults[7]. At thetechnology
level, varioustechniqueshave beenresearcheduchasgatingthe

supplyvoltageto cachememorieq14].

A similarframeawork to our powver measuremernhfrastructuras
introducedin SimplePaver[4]. SimplePaver is basedon a subset
of the SimplescalalnstructionSet Architecture. Currently Sim-
plepaver doesnot captureheenegy consumedy thecontrolunit
of the processonor the clock generatiomor the distribution net-
work [13]. On the other hand, our work more accuratelymod-
elsthe specificRISC processoasthe measurementarebasedon
cycle-accuratdunctional simulationsand Register TransferLevel
hardware modelsusedalongwith anactualtechnologylibrary. An
additionalaspecbf our work is the inclusionof power modelsfor
both off-chip memory[19] andthe PrintedCircuit Boardbus.

4. EXPERIMENT AL INFRASTRUCTURE

We consideran embeddedsystemwhich consistsof a classic
five stagepipeline RISC processorcore with 4 kilobytes of in-
structioncache,4 kilobytes of datacache,a single off-chip syn-
chronousSRAM memoryof size0.5Megabytesorganizedas128K
X 4 bytes,anda bus interface consistingof a 32 bit addresgus,
32 bit databus andthe read/writecontrol signalsbetweerthe pro-
cessorcoreandthe SRAM memory

Our experimentalinfrastructurg(Figure 1) consistof four main
componentsa C Compiler;MARS — obtainedrom the University
of Michigan— a cycle-accurat&/erilog Model of aRISCprocessor
capableof runningARM instructiong[12]; a power modelfor off-
chip buses;anda power modelfor memory

We usethe GNU-gccARM crosscompilerversionegcs-2.91.66.
For eachbenchmarkve considerwe compilethebenchmarko re-
locatableARM assemblycodeusing GNU-gccARM crosscom-
piler. Thenwe usethe GNU cross-assembldo generatea binary
executabletargetedtowards ARM architectures. Thenwe trans-
latethebinaryinto anasciiformatcalledVHX (Verilog HeX) [20]
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Figure 3: Memory Power Dissipation Pattern

which is suitablefor beingsimulatedon MARS usingthe Synop-
sysVCS simulator[8]. Thesimulationexperimentsarecarriedout
in two modes.In thefirst mode,the CPU coreandoff-chip buses
andmemoryareall operatingat L00MHz, a setupthatis very sim-
ilar to a hardware setupwe have in the Hewlett-Packard"Skiff"
PersonalSener board[17] with a StrongARM SA-110 processor
and 16 megabytesof off-chip memory[18]. (Notethatwe modela
smalleroff-chip memoryof size0.5 megabytesn accordancevith
the smallerapplicationswve consider) We obtainedthe simulation
modelfor the off-chip memoryfrom IDT Technologies|nc. [15].
In the secondmode,the processocoreincludesa Verilog descrip-
tion of a storebuffer integratedinto the coreandinterfacedto off-
chip busesandoff-chip L2 memoryoperatingat 50 MHz. In both
casesusingthe setof benchmarksn Table 1, eachbenchmarks
simulatedandswitchingactiity is collectedfor theprocessocore,
off-chip busesandoff-chip memorymodels.Theswitchingactivity
is fed to the power modelsof the core,off-chip busesandoff-chip
memoryalongwith the technologyparametersf a TSMC 0.25.
CMOStechnologystandarccell library from LedaSystemd9] to
obtainpowver andenegy estimates.

4.1 On-chip Datapath Power Estimation

We usea synthesidasednethodologyfor developingthe power
modelsfor the submodule$elongingto the datapath(we consider
the datapathto consistof the fetch unit, decodeunit, registerfile,
arithmeticlogic unit, datacacheaccesaunit and writebackunit).
The synthesisinfrastructureconsistsof two software tools from
Synopsysinc.: the DesignCompilerandPowver Compiler[8]. De-
signCompilergeneratethegatelevel netlistfrom thehardwarede-
scriptionof the submodulesandPowver Compilergeneratepower
estimatedor eachof the synthesizeahetlists. The Verilog RTL de-
scriptionis givenasinput to the SynopsysDesignCompiler The
outputnetlistis generatedisinga TSMC 0.25, CMOStechnology
standarctell library from LEDA Systemg9]. Thetechnologyde-
tailsincludefeaturesuchastransistomwidth, transistotength,gate
capacitancedrain capacitancetransistorrise time and transistor
fall time. The TSMC 0.25: standardcell library is characterized
for leakagepower, thus enablingus to include both dynamicand
staticpower andenegy in our analysis.

The synthesigprocessvasguidedby fixing the maximumdelay
andmaximumarea.The maximumdelaywassetto 10 nsandthe
maximumareawasfixedto infinity soasto getthe fastestmple-
mentation. In our case,the moduleswere synthesizedo operate
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| Benchmark| Size(bytes) | Explanation
bubble 8131 BubbleSortProgram
factorial 6641 FactorialProgram
fib 6815 FibonacciSequence€alculation
matmul 8058 Matrix Multiplication
sort_int 7241 Integer Array Sort

Table 1: Benchmarks

at greaterthanor equalto 100 MHz (i.e., atlessthanor equalto a
10nscycletime).

We usePawver Compilerfrom Synopsygo estimatethe power of
on-chipcomponents.The Pover Compiler obtainsthe switching
activity of thevariousfunctionalmodulesbasedon the simulation
of benchmarkon MARS. Then, Paver Compiler annotateghis
switchingactivity ontothe synthesisernvironmentandobtainsesti-
matesof thedynamicandstaticpower dissipatiorfor the particular
technologychosen(in our case,TSMC 0.25, CMOStechnology).

4.2 Off-chip BusPower Analysis

We useSpectresimulationto obtainthepower for off-chip buses.
Thedriver componenis modeledby a seriesof inverters(buffers)
of increasingsize andthe modelis designedusing TSMC 0.25,
CMOS procesgechnologyparametersThe parameter®f TSMC
0.25, procesgechnologyareavailablethroughMOSIS[11]. The
busline capacitanceraluesareobtainedfrom actualmeasurement
on a PCB boardusingthe Intel StrongARM processof18]. The
detailsof the measuremengrocedurénasbeenexplainedin [20].

Thegraphin Figure2 describeshedependencef thepower dis-
sipationon the switchingfrequeng of the bus andalsothe power
supply voltage V4. The power dissipationis found to decrease
asthe switching frequeny andthe supply voltageare decreased.
(Switchingfrequeng is how often a signalactually switchesval-
ues. Clearly switchingfrequeng of a signalis data-or profile-
dependent,e.,dependentn a particularbenchmarlanddata.)As
thesupplyvoltagedecreasesheaveragepower dissipatiorreduces
quadratically As the switchingfrequeng decreaseghe average
power dissipationdecreasealmostlinearly. Notethatthe simulta-
neoushalving of both voltageandfrequeng resultsin cubic sav-
ings.

4.3 Memory Power Analysis

We usean analytical SRAM model [19] for the off-chip mem-
ory andcachepower dissipation. For the off-chip memorypower
model,weupdatedheanalyticalmodel[19] usingtheTSMCO0.25;
procesgechnologyparametersWe usethe switchingactivity from



simulationsto obtainestimatesor SRAM memorypower dissipa-
tion. The variationof power for the memorywith supplyvoltage
Vaq andthe switchingfrequeny is thusfound.

Thegraphin Figure3 describeshedependencef thepower dis-
sipationof the memorywith the powver supplyvoltageV;, andthe
switchingfrequeng for amemorysizeof 0.5 megabytegnotethat
switchingactiity periodis thereciprocalof switchingfrequeng).
Asthesupplyvoltageis decreasedheaveragepower dissipatioris
foundto decreasguadratically Also the memorydelaywasfound
to doubleaswe reducedhe voltagefrom 3.3 Volts to 2 Volts, re-
ducingthe maximumclocking frequeng possiblefrom 100 MHz
at 3.3 Voltsto 50 MHz at 2 Volts.

For theon-chipcachepower dissipationrmodel,we usethesame
SRAM model[19]. The modelis combinedwith the capacitance
valuesobtainedfrom the TSMC 0.25: CMOS technologyparam-
eters. Note thatthe main differencebetweerthe off-chip memory
modelandon-chipcachemodelis thatthe off-chip modelhassig-
nificantly highercapacitancealues(dueto size)thanthe on-chip
model.

4.4 SystemLevel Power/Energy Model

We definethe sumtotal of the processorcorepower, bus power

andthememoryhierarchypower asthe systempower Py
Psys Pcpu+Pbus +Pmem

P.,, is thepower dissipatedy the processocore,
Py, is the power dissipatedy the off-chip buses,
Pp,em is thepower dissipatedy thememory

@)

Also, we calculatethe systemenepgy E,,s for eachbenchmark
by multiplying the executiontime collectedby simulationandthe
correspondingysempower Py .

Esys =

P,y is thepower dissipatedy the system,
t is thetotal executiontime of thebenchmark.

@)

sys * T

5. METHODOLOGY

We now explain the methodwe useto explore voltageandfre-
gueng scalingasa statictechniquefor designspacesxplorationin
termsof power versusperformancerade-ofs.

5.1 Voltage/FrequencyScaling

In particular we analyzethe casewherewe reducethe voltage
of the off-chip memoryandoff-chip busesrom 3.3 Voltsto 2 Volts
(notethat our original systemconsistsof the MARS [12] proces-
sorpoweredat 2.75Volts with thememorybusesandmemorychip
poweredat 3.3 Volts). The resultingincreasdn memorydelay (it
doubles)is taken careof by reducingthe off-chip bus andoff-chip
memoryfrequeng from 100 MHz to 50 MHz. Of course reduc-
ing off-chip busandoff-chip memoryfrequeng increaseprogram
executiontime in proportionto cachemisses.We help offset this
effect by addinga storebuffer to the processomodel. The store
buffer helpsto reducecachemisspenaltiegeneratediueto "store"
instructions(sincethe cachemodelfollows a read-writeallocation
policy, cachemissservicingtakesup a significantamountof time).
Onacachemissonstore theprocessostoreshedatainto thestore
buffer. The storebuffer assumeshe responsibilityof flushingthe
datainto the mainmemory

We achieve frequeng scalingby simulatingthe off-chip com-
ponentsat the lower frequeny of 50 MHz. We achieve voltage
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scalingby usingthe resultingswitching actiity with the reduced
voltagevalue of 2 Volts to calculatethe off-chip busandmemory
power dissipatiorvalues.

5.2 Store Buffer Technique

Figure4 shavs anarchitecturablescriptiorof theembeddedys-
tem with a storebuffer included. Note that the store buffer is a
16 entry buffer. Storesto externalmemoryarefirst placedin the
storebuffer and subsequentlyaken out whenthe off-chip busis
available. Thus, we reducecachemisslateny dueto "store"in-
structions.The storebuffer maintainssynchronizatiorwith the on-
chip datacacheaswell aswith the off-chip memory We usethe
SynopsysPaver Compilerto estimatethe additional power con-
sumeddueto the addition of storebuffer into the processorcore.
Sincewe have integratedthe descriptionof the store buffer into
MARS, the new systemlevel power dissipationincludesthe store
buffer overhead.

5.3 DesignSpaceExploration

In this section,we discussthe designspaceexploration of the
power-performancepacaisingvoltageandfrequeng scaling.The
Verilog model (MARS) is simulatedin two modes. In the first
mode, processqroff-chip busesand off-chip memoryoperateat
100MHz. In the secondmode,the processopperatesat 100 MHz
while the off-chip busesandoff-chip memoryoperateat 50 MHz.
In both casesthe Powver Compiler collectsthe switching activity
andusesthe collectedswitchingactiity to give anestimateof dy-
namic and static power dissipationof all the moduleswithin the
core.We alsocollectthe switchingactiity of off-chip memoryel-
ementsandoff-chip busesandfeedthe collectedswitchingactiity
informationto the analyticalmodelsto obtainthe pover estimates
for off-chip bus andoff-chip memory We obtainthe systemlevel
power/enegy estimatesasexplainedin Section4.4.

Our calculationsdo not include the extra overheadof multiple
supplyvoltagegeneratiorsincewe assumehat the boardalready
hasthe multiple supplyvoltagesneeded.For example,the "Skiff"
PersonnaSener Boardfrom HP/Compad18] has2 Volt, 3.3 Volt
and>5 Volt power supplies Also, currentlytherearememorychips
from NEC Semiconductorsvherethe chip componenbperatesat
3.3Voltsandthel/O buffer componentanoperateateither3.3Volts
or2.5Volts[16]. Forexample thememorychip puPD44423615yn-
chronousSRAM canoperateat3.3Volt chip corevoltageandeither



| benchmark| Executablesize (kB) | Dynamicinstructioncount

Inputdatasize

Datacacheaccesses| Datacachemisses| Datacachemiss%

bubble 34.852 7503 50integersarray 1675 107 6.39
factorial 34.634 6033 1integer 2006 250 12.46
fib 34.651 30602 linteger 11840 262 2.21
matmul 34.857 21642 0.5kB 7358 4916 66.81
sort_int 34.763 23171 0.5kB 7808 104 1.33
Table 2: Execution Statisticsfor Various Benchmarks
Off-chip Bus,Memoryat 100MHz, 3.3V | Off-chip Bus,Memoryat50 MHz, 2 V | % Improvement
Benchmark | cpu+cachéW) | bus(mW) | L2 memory(mW) | Total(W) | cpu+cache(W)| bus(mW) | L2 memory(mW) | Total (W)
bubble 1.24 301.64 1276.49 2.817 1.22 96.14 541.08 1.857 34.07
factorial 1.18 444.35 1236.96 2.861 1.15 93.16 797.08 2.040 28.69
fib 1.25 287.68 1228.23 2.766 1.25 92.50 516.06 1.859 32.79
matmul 1.07 637.48 1713.34 3.421 1.04 129.04 1143.51 2.313 32.39
sort_int 1.27 336.78 1485.92 3.093 1.27 111.91 604.11 1.986 35.79

Table 3: SystemLevel Power Estimates

3.3Volt or 2.5 Volt I/O buffer voltage. The uPD4442361s avail-
ablein threespeedgradesof 133 MHz, 117 MHz and 100 MHz
with thecorrespondingccessimesof 6.5ns,7.5nsand8.5ns[16].
Thereforewe think it is reasonabléo assumehatour systemwill
have at leastthree supply voltagesreadily available and that the
systemmemory chips are capableof operatingat dual voltages.
Thechoiceof frequeng of off-chip busesandmemoryis currently
assumedo be madestaticallyby a mechanicabr electricalswitch.

6. RESULTS

The benchmarkdn Table 1 are chosento be computationally
intensive. Also, the size of the datahasbeensuitably modified
so asto generatea significantnumberof L1 cachemissesascan
be seenfrom Table 2. For example, with matmul we increased
the array sizesso thatthe 4KB L1 datacachecould not hold the
working set. Someof thesebenchmarksonstitutethe kernel of
mary signal-processinglgorithms.

Table2 shaws the dynamicinstructioncount, cacheaccessand
miss statisticsfor the given benchmarks Note that the final miss
ratesaresmallerthantheaveragemissratesatthebeginning/middle
of the executionof the programdueto thetemporalandspatiallo-
cality of the cachememories. Also note that the matmulbench-
mark hasa very high missrate. As a direct consequencef this,
this benchmarkexperienceshigh off-chip traffic. As we will see
later, benchmarkssuch as this, which needhigh off-chip band-
width, shawv correspondinglyower improvementin termsof en-
ey by ourtechniqugalthoughthey still benefitin termsof power)
asthepower savingsarenullified by the high increasesn program
executiontime.

Table 3 presentghe resultsrelatedto systemlevel power. The
first threecolumnsindicatethethreecomponentsf pover, namely
corepower dissipation pff-chip buspower dissipationandoff-chip
memorypower dissipatiorfor the casewherethe MARS processor
coreoperatesat 2.75 Volts and 100 MHz andthe off-chip system
operatest 3.3 Volts and 100 MHz. The next threecolumnsindi-
catethe samethree componentof power for the casewherethe
off-chip bus and memory operateat 2 Volts and 50 MHz while
the MARS processorcore still runsat 2.75 Volts and 100 MHz.
The systemlevel power estimateds obtainedby addingup the core
power, buspower andthe memorypower asshawvn in thefifth and
ninth "Total(W)" columnsin Table3. Notethatthe proposedech-
nigue hasreducedhe power dissipationby an averageof 32% on
the five benchmarks.Also note that the averagepower reduction
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is almostuniform acrossall benchmarksrrespectve of their exe-
cution characteristicdik e executiontime and dynamicinstruction
mix. This highlightsthe dominanteffect of voltageandfrequeny
onthe power dissipation.

Table 4 presentshe statisticsfor the architecturaland circuit
level designspace=xplorationwhereexecutiontime representshe
performancexisandsystenrpowerrepresentthepoweraxis. Note
that,asexpectedmatmulbenchmarkasa higherpenaltyin terms
of the executiontime dueto high off-chip traffic for loadingand
storingthe dataarrays.

Theenegy columncombinedoththedesignspaceaxes,namely
performanceaxis andthe powver axis and senes as a baselinefor
analyzingpower-performancdrade-ofs. Thetrade-of shavn, for
example thefactorialbenchmarkshawvs a performanceenaltyof
11.37%in returnfor a pawer reductionof 28.69%andan enegy
reductionof 20.48%.All benchmarkshav improvementsin both
power and enegy. However, as expected,the executiontime in-
creases. This shavs that our techniquereducesboth power and
enepgy by virtue of reducingthe fraction of the off-chip bus and
memorypoverconsumedata (possiblysmall)penaltyin increased
executiontime.

Figure5 presentshe overall resultsof the systemlevel power
andsystemlevel enegy. Ourtechniqueof staticvoltage/frequengc
scalingcombinedwith thestorebuffer is seerto reducebothpower
andenepgy atthesystemlevel.

7. CONCLUSION AND FUTURE WORK

In conclusionwe have shawvn how a simpletrick of cutting off-
chip voltagefrom 3.3 Volts to 2 Volts (notethat this alsocutsthe
voltagefor the processol/O paddriver logic), togetherwith the
enabled(dueto extra latengy available)reductionin frequeng of
off-chip busesand memory reduceshoth pover andenegy. The
basicpointis that both the compilerandthe programmeicantake
adwantageof smartarchitecturaland memory hierarchyfeatures,
whichallow thereductionof powerwith somecorrespondingrade-
offs in termsof performanceFor example,the choiceof 100MHz
versusb0 MHz for off-chip bus frequeng could be madedynam-
ically programmablée.g.,by writing to a specialon-chipregister
or a memory-mappedbcation). In this case,then,codecould be
written which operatest high performancexindhigh power during
critical times,but scalesdown to lower performancendlow power
during non-criticaltime periods. This paperlays the groundvork
for sucha systemwhereoff-chip busesand memoryand possibly



Off-chip Bus,Memoryat 100MHz, 3.3V |

Off-chip Bus,Memoryat50 MHz, 2V

| PercenChange |

Benchmark | ExecnTime(us) | Paover(W) | Enegy (mJ) | ExecnTime(us) | Pover(W) | Enegy (mJ) | ExecnTimeincreas€%) | Enegy decreas¢%)
bubble 113.945 2.817 0.321 122.265 1.857 0.227 7.3 29.3
factorial 116.115 2.861 0.332 129.325 2.040 0.264 11.37 20.48
fib 456.795 2.766 1.263 463.245 1.859 0.861 14 31.83
matmul 924.735 3421 3.164 1192.98 2.313 2.759 29.0 12.8
sort_int 296.425 3.093 0.917 300.265 1.986 0.596 1.29 35.0

Table 4: SystemLevel DesignSpaceExploration

moreperipheraldiave their power dissipationsnodulateceitherby
theuseror by the compiler

We will look at further hiding the load-instructionrmemoryac-
cesslateny causedby slowing down the off-chip busesand off-
chip memory We will explore other configurationsfor off-chip
memoryandalsoothermemorytechnologiege.g.,SDRAMSs). We
will pursuemakingthevoltageandfrequeng scalingdynamic.
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