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Abstract—Texture mapping is a techniquefor adding re-
alism to an image by mapping a texture image onto a sur-
face. Realistic texture mapping requires large processing
power and high memory bandwidth. Portable graphics de-
vices,however, cannot afford largecachesdue to systemre-
quir ementssuch as gate count limitations and low power.
We proposeemploying a very small (128-512bytes) tex-
tur e cachebetweenthe graphics acceleratorand the texture
memory. Simulation resultsshow that a small texture filter
cacheachievesremarkably high hit rates and significantly
reducesthe total power consumedby the memory hierar-
chy. For example, a 256-byte dir ect-mappedcachewith a
line sizeof 16 bytesreducespower dissipation by a factor of
7.0 compared to a conventional 16KB cachewith a line size
of 32 bytes,while reducing performance by a factor of 1.5.
This correspondsto a reductionof the energy-delayproduct
by a factor of 3.1. It is alsoshown that a widely-usedbench-
mark exhibits anomalousbehavior.

Keywords—Graphics accelerator, embeddedsystems,tex-
tur emapping, low power.

I . INTRODUCTION

Low power is becomingmore and more of a concern
in microprocessordesign.Especiallywhendesigningmi-
croprocessorsthatareto beembeddedin portabledevices,
energy consumptionis an important issue,sinceit must
be suppliedby batteries.Of the overall power dissipated
by modernmicroprocessors,thepower dissipationdueto
on-chipcachesconstitutesa significantpart.For example,
theon-chipD-cacheof theStrongARM110,a low-power
RISC microprocessor, consumes16% of its total power
[1]. Furthermore,the rapidly growing portableelectron-
ics market is demandinglow power devices,makingtech-
niquesfor energy-efficient cachesan important research
area[1], [2], [3].

In this paperwe proposea low-cost, power-efficient
cachearchitecturefor portablegraphicsdevices.In partic-
ular, we proposea cachearchitecturefor texturemapping,
which is oneof themostexpensive tasks(bothin termsof
processingpoweraswell asmemorybandwidth)thatneed
to be performedby 3D graphicsapplications.Real-time
texturemappinghasbecomepossibledueto improvements
in semiconductortechnology, but supplyingenoughmem-

ory bandwidthremainsa problem. Consequently, many
high-performancetexture cachearchitectureshave been
proposed(see,e.g.,[4] andthereferencesthere).A com-
mon techniqueto improve memorybandwidthis to em-
ploy large caches.In portablegraphicsdevices,however,
large cachesareunaffordabledueto systemrequirements
suchasgatecountlimitationsandlow powerconsumption.

In this paperwe, therefore,proposeemploying a very
small (128-512bytes)texturecachebetweenthegraphics
acceleratorand the texture memory. Sucha small cache
hasbeencoinedfilter cacheby Kin et al. [1], sinceit fil-
tersreferencesto lower memorylevels. Our hypothesisis
that a small texture filter cacheis able to exploit the ac-
cesscharacteristicsof texture mappingfor the following
reason. Texture mappingconsistsof mappingan image
(texture) to an object. Any objectcanbe decomposedin
trianglesafter which eachtrianglecanbe renderedsepa-
rately, having its own coordinatesin thetexturespace.One
methodto rendera triangleis to decomposeit in horizon-
tal lines(scanlines)andthento walk alongeachscanline.
In orderto find the color componentof eachpoint of the
scanline,aprojectionin thetexturespaceis performedand
avaluecorrespondingto aninterpolationamongneighbors
is computed. The caseof bilinear interpolationis illus-
tratedin Figure1. As canbe seen,point

���
corresponds

to point � � in texturespace.Thevalueof � � is computed
by bilinear interpolationamongthetexels � � , ��� , ��� , and��	 . Whencomputingthecorrespondingvaluefor thenext
point of thescanline,

� � , the texels ��� and ��� arereused.
In general,for eachnext point of the scanlinetwo previ-
oustexels from the texture spacearelikely to be needed
again. Furthermore,in the caseof the more often used
trilinear interpolation,it is likely that four of theprevious
eight texelsareneededagain.Dueto this spatiallocality,
weassumethatevenasmalltexturecachecanimprove the
performanceof texturemappingsubstantially.

This paperis organizedasfollows. SectionII describes
themodelusedto estimatecachepowerconsumption.Sec-
tion III presentstheexperimentalmethodsandworkloads,
andpresentstheexperimentalresults.Conclusionsanddi-
rectionsfor futureresearcharegivenin SectionIV.
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Fig. 1. Bilinear Interpolation.

I I . CACHE POWER CONSUMPTION

In this sectionwe describethe modelusedto estimate
cachepower consumption,and discussand motivate the
metricschosento measureenergy efficiency. We did not
usethemodeldescribedby Kin etal. [1] becauseit canbe
ratherinaccurate.For example,they assumethathalf the
addresslines switch during eachmemoryrequest.How-
ever, this assumptionis not valid for caches(and,more-
over, biasessmallblock sizes)dueto temporalandspatial
locality of references.In our estimationswe, therefore,
usedprecisecountsobtainedby simulation.

A. CachePowerModel

Thecachepowermodelisbasedonthecachetimingand
powerconsumptionmodelusedin theCACTI 2.0tool [5],
which in turn is basedon the cachemodel proposedby
Wilton andJouppi[6]. Thesourceof power dissipationin
this modelis thecharging anddischarging of capacitative
loadscausedby signaltransitions.The energy dissipated
for a voltagetransition 
���
 or 
���
 is approximated
by: �������� 
 ��� (1)

where � is thecapacitancedriven.An analyticalmodelof
the cachepower consumptionincludesthe equivalentca-
pacitanceof cachecomponentsconsideredandthevoltage
swingof atransition.Thepowerconsumptionis estimated
by combiningEq.(1)andthetransitioncountat theinputs
andoutputsof eachmodeledcomponent,usuallyobtained
by simulation.

To reducewordlineandbitline capacitance,andachieve
minimalaccesstime,thecacheSRAM arrayis subdivided
into subarrays.Thewordlinesaresubdividedin �����! par-
titions,eachcontainingthetotalnumberof cacherowsand
a full row decoder. The bitlines are subdivided in ���#"$ 
parts,eachcontaining

�%�&('*) of the total cacherows. An-
otherparameter, �,+.-/� , allows to mapmoresetsin a sin-
glewordlineandthuschangetheoverallaccesstimewith-
out breakingthearrayinto smallersubarrays.Thepower

modelusedtakesinto accountthevalueof theseorganiza-
tional parameters.The optimal valuesfor thearrayorga-
nizationparameters�����! � �0��"$ � �0+.-/� dependon thecache
sizeandtheblock length,andarecomputedusingCACTI.

The other cacheparametersusedin the formulaepre-
sentedbelow aresummarizedin TableI. The numberof
columns�01324 5+ androws ��6 27��+ of theSRAM subarraycan
bederivedfrom thecacheparameters.

parameter description8
Associativity.9
Cachesize(in bytes).:
Block size(in bytes).;=<?>A@*B
DataWord size.8 <.>5@*B
Addresssize.CEDFD
Supplyvoltage.CHG#I7J
Bitline prechargevoltage.KML�N$N
Accesstime.O L�N$N
Numberof cacheaccesses.O I D
Numberof cachereadaccesses.OQP I
Numberof cachewrite accesses(write hits).O I(R >SB3B
Numberof cachemissesona read.OQP R >SB3B
Numberof cachemissesona write.O L @ I(T R
Total addressbit transitionson the outgoing
lines.OUL @ I(T N
Total addressbit transitionson the cachede-
coders.V
Averagenumberof bitswrittenperwrite oper-
ation.

TABLE I
CACHE PARAMETERS AND TRANSITION COUNTS.

To obtaingoodestimatesof thepower dissipated,accu-
ratetransitioncountsareessential.Transitioncountscan
be determinedexactly by simulationor, whenthis is not
possible,canbeapproximatedby multiplying theexpected
transitionprobabilityat a nodeby thecycle count[7]. In
our estimationswe useprecisecountsfor cacheaccesses
andaddressbit transitionsto andfrom memory. The av-
eragewidth of a dataitem written to memory( W ) is esti-
matedassuminganequaldistribution of bytes,half-words
and32-bitwords,asin [1]. Wealsoassumethatthetransi-
tion countsof addressanddatabits areevenly distributed
betweenaccessesthathit andmissthecache.

Thefollowing cachecomponentsarefully modeled:ad-
dressdecoder, wordline,bitline, senseamplifiers(seeFig-
ure2), anddataoutputdrivers(Figure3). In addition,the
addresslinesgoingoff-chip andthedatalines(bothgoing
off-chip andgoingto theCPU,aretakeninto account.The
following sectionsdescribetheenergy contributionslisted
above to theoverall dissipation.
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Fig. 2. Componentsof a staticRAM consideredin thecachepower model: (a) 6-transistorbit cell; (b) bit line precharging logic;
(c) word line drive logic.

B. Bitlines

A majorfractionof thepowerconsumptionis neededto
drive thebitlinesof thedataSRAM arrays.Thecachebit-
linesaredrivenduringprecharging (Eq.(2)),read(Eq.(3))
andwrite (Eq.(4)).

� "YXSZY[ - 6F\ � �� 
M�#�]
 - 6F\�^/��_ 131 ^]�01324 5+`^ � "YXSZa AXcb \ � (2)� "YXcZY[ 6 � � �� 
 ��#� ^/� 6 �d^]e�"YXSZ*+gfh^ � "YXcZa AXSb \ [ 27i/Zj �� 
k���]
 - 64\�^/� 6 �l^/�01324 5+m^ � "YXSZa nXSb \ � (3)� "YXSZY[ � 6 � �� 
M�#�]
 - 6F\�^poY� � 6q^rW j ��64s Xa+7+ ^utrvxw^ � "YXSZa nXSb \]y (4)

Thecapacitanceof thebitline, � "YXSZa AXcb \ , is givenby:

� "YXSZa nXSb \ � ��6 2(��+ ^ z �� � �{[ | � j � "Y�!X 64\#} j � � �{[ |M- _j � �~[ |�- j � �{[ s i]�
The value of drain and gatecapacitancesdependon the
sizeof thetransistorandarecomputedusingtheequations
presentedby Wilton andJouppi.Thefactor

�� accountsfor
the fact that the drain of the passtransistorof a bit cell
is sharedwith theadjacentcell, thereforethecapacitance� �{[ | � is reducedby half. � "Y�!X 6F\ is the capacitanceof a
bitline segmentone bit cell high. � �{[ |�- _ � � �~[ |�- are the
drain capacitancesof precharge andequilibrationtransis-
tors,respectively. Thedraincapacitance� �{[ s i/� is dueto
thebitline multiplexor at theinputof thebit line senseam-
plifiers,which is presentonly if trv�^]���#"$ a�0+.-/�=��e�"YXSZ*+ .

The capacitance� "YXSZa nXSb \ [ 27i/Z is dueto the input transis-
torsof thesenseamplifiersat theendof thebitlinesand,if

present,thedrainsof thebitline multiplexors.

� "YXSZa AXcb \ [ 2(i]Z � � �q� [ + \ bH+ \7_�s - j z trv�^/�0��"$ .�0+.-/�e�"YXcZ*+ } ^ � �{[ s i]�
Noticethatthecachesmodeledarewrite-through,there-

fore a write operationcausesa cacheupdateonly if the
word is alreadyin thecache(write hit).

C. Wordline

Theenergy dissipatedby thewordlinesis givenby:� �!2 6 � � 
 ���� ^/�0_ 131 ^EoY��1324 c+`^�o � �q� [ | � j � �!�!X 6F\gwj � �~[ �!� 64� j � � [ �!� 64� j � �~[ ��XSb � w y (5)

The factor
�� 
 ���� is multiplied by 2 becausethe word se-

lectsignalis assumedto bepulsed,thuseachreador write
operationcausestwo transitionson theselectedword line.
The capacitance� �{[ �!� 67� is dueto thedrain of theP- and
N-channeltransistorsof the wordline driver. The overall
loadof thewordlineinverterstageat theinputof theword-
line driver is modeledasthecombinedcapacitanceof the
driver gates� � [ �!� 67� andtheinverterdrains,� �{[ �!XSb � .
D. SenseAmplifiers

Eachsenseamplifier detectsthe voltagevariationof a
bitline resultingfrom a readoperationandamplifiessuch
variationto the full voltageswing 
k��� . Accordingto the
cachemodelused,theenergy dissipatedin thesenseam-
plifiers is a large fraction of the overall dissipation,and
cannotbeignored:� + \ bH+ \(_#s - ��� + \ br+ \m^{��_ 1�1 ^]��_ 131 ^/fUe�"YXcZ*+ y (6)� + \ bH+ \ is the averagepower consumptionof a senseam-
plifier when a bitline transitionoccurs. Notice that the
numberof senseamplifiersis reducedby multiplexing the
bitlines,hencethefactor fQe�"YXSZ*+ .
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Fig. 3. Outputdatabus: (a)overview; (b) outputdriver (tri-state).

E. DataandAddressOutput

The data output driver drives the cacheoutput data
lines with thesignalsfrom thesenseamplifiers. In a set-
associative cachethereare fUe�"YXcZ*+ senseamplifieroutputs
andonly e�"YXSZ*+ outgoingdatalines, thereforeeachoutput
driver is actuallya tri-statethat chargesor dischargesthe
output line only if the correspondingset is selected(see
Figure3).

The energy dissipatedin the dataand addressoutput
linesis givenby:� ��27i/Z � �� 
 ���� ^/� 6 �l^/e�"YXSZ*+m^po � �{[ 27i/Z�br2 6 j � � [ 27i/Za� 64�j f�^ � �{[ 27i/Za� 64� j � ���!X 6F\`^utrv,fh^]�,+.-/�d^~�E�]�7�E�~�j � ��27i/Za1�w j �� 
 ���� ^ �� W�^]� � 6q^ � ��27i/Z s � (7)� _ 27i/Z � �� 
 ���� ^/�0_ Z 6 [ s�^ � _ 27i/Z s y (8)

where� �{[ 27i/Z�b�2 6 is thetotalcapacitanceof thedrainsof the
NOR gateP- and N-channeltransistors,� � [ 27i/Za� 67� is the
gatecapacitanceof the outputdriver and � �{[ 27i/Za� 64� is the
capacitanceof the output line dueto the driversattached
to it. The remainingoutputline capacitanceis dueto the
wire (whoseestimatedlengthis trv0f�^��0+.-/��^S�E�]�7�E�~� , where�E�]�4���~� is thenumberof subarraysarrangedhorizontally)
and � ��27i/Za1 , the overall capacitanceof the path between
cacheoutputline andtheCPU.Similarly, � ��27i/Z s � � _ 27i/Z s
are, respectively, the capacitanceof the dataandaddress
pathsgoingoff-chip.

F. AddressDecoder

Thecachemodelusedin CACTI assumesthateachsub-
arrayhasits own decoder, which is madeof threestages.
The first stagecontainspredecoderblocks. Thesetake 3
addressbits as input and producea 1-of-8 output signal
by meansof 8 3-input NAND ports. The 1-of-8 codes
from differentblocksarecombinedusing �0� Za24� -portNOR

gates,where

��� Za24� ������=���H� � oY��6 27��+ w�� y
EachNOR gatecontrolstheselectionsignalof oneword-
line.

The energy dissipatedin the decoderis subdivided in
threecomponentscorrespondingto thethreestages:� _ � \ 14[ � � �� 
 ���� ^ � �0_ Z 6 [ 1 ^po � �{[ ��� 64� j ����"$ *���F�� ^/  �q� [ � Za27� j � v0f�^]�0��"$ a�0�F�� �^ � �!��X 6F\#w � (9)� _ � \ 14[ � �¡�� 
 ���� ^]�0_ 1�1 ^ z � �{[ � Za24� j � � [ � \ 13b�2 6 ^ ��6 27��+tj � "Y�!X 6F\ ^]��6 27��+ } � (10)� _ � \ 14[ � � �� 
 ���� ^]�0_ 1�1 ^po � �{[ � \ 1$b�2 6 j �q� [ �!XSb �uw y (11)

The energy dissipatedin thefirst andthird stageis based
on the precisetransitioncountsobtainedvia simulation:�0_ Z 6 [ 1 and �0_ 1�1 , respectively. Thecapacitanceloadof the
drivers at the input of the first stage, � �{[ � 64� , due to the
drainsof the transistors,is sharedacrossall the subarray
decoders.Eachdecodercontributesto the overall capac-
itance of the first stagewith the wire that connectsthe
driver output with the NAND gatesof the 3-to-8 prede-
coderblocksand with the transistorgatesof the blocks.
The factor2 of �0_ Z 6 [ 1 accountsfor the fact that for each
addressbit therealsothe invertedbit mustbedriven. For
eachaddressbit undergoinga transition,all 8 gatesof the
3-to-8block undergo a transition(4 arechargedand4 are
discharged). The factor2 beforethe termdueto thewire
capacitanceaccountsfor thefactthattheSRAM arraysare
assumedto beorganizedsothatthepredecodersareat the
centerof thearrayandthewires thatconnectthemto the
input driver areaquarterof thetotalarraylength.Thelast
stagespendspower to drive the capacitanceof the NOR
drainsof the selectedword line and the gatesof the in-
verter at the input of the wordline driver. Note that the



power consumedby thewordlineinverteris accountedfor
in Eq.(5).

The power consumedin the tag path to selectand re-
trieve thecacheblock tag is alsotaken into account.The
expressionsfor thetagpatharesimilar to thosefor thedata
path. In this case,the numberof columnsis the number
of tag bits. The tag arrayis organizedin subarraysinde-
pendentfrom thedatasubarrays,i.e. the tagpathis char-
acterizedby threeorganizationalparameters.The model
presentedabove doesnot includethepower dissipatedby
comparatorsthat verify a tag / addressmatch, nor data
steeringlogic andcachecontrol logic. Thesecomponents
give a minimal ( ¢ �¤£

) contribution to the overall power
dissipation.

G. Energy-RelatedMetrics

In order to evaluatethe efficiency of the texture cache
architecture,we also measurethe energy-delay (E-D)
product. This metric was proposedby Gonzalesand
Horowitz [8], who argue it is superiorto the commonly
usedpower or energy metricsbecauseit combinesenergy
dissipationandperformance.

To computethedelay e we assumeda clock frequency
compatiblewith the accesstimes estimatedby CACTI.
TheE-D productis givenby:

� e ��� ^/e ��� ^/e � ��� ^poY��1$¥�13 \ +¦^{��13 5271�§�w � y (12)

Although the E-D metric presentsimportantadvantages,
like thereduceddependencefrom technology, clockspeed
and implementations,we alsopresentour measurements
for energy consumption.As arguedin [7], theenergy con-
sumptionis an importantmetric for battery-operatedpro-
cessorsin portabledevices,becauseit determinestheirbat-
teryduration.

I I I . EXPERIMENTAL EVALUATION

A. ToolsandBenchmarks

Oneof themostoftenusedbenchmarksfor 3D Graph-
ics Acceleratorsis the QuakeIII Arenaapplication. This
benchmarkrequiresan OpenGL compliant library, for
whichweusedMesa.Sincethesourceof theMesalibrary
is freely available,we couldinstrumentthecodeto gener-
ate addresstraces. We usedour own trace-driven cache
simulator (called BOCS) to gather information such as
thenumberof cacheaccessesandtransitioncounts.This
informationwassubsequentlyfed to CACTI, which pro-
ducespower, energy andenergy-delayestimates.

A.1 Detailson ToolsSettings

The QuakeIII Arenaapplicationwaschosendueto its
flexibility anda rich setof featuresthatallowedusto cus-
tomizethe benchmarkto our needs.The graphicoptions
weresetto “High ImageQuality” (trilinear filtering) and
the screenresolutionwas chosenas “640x480”. One of
thefeaturesof QuakeIII is to beableto run a prerecorded
demoasa reference.Thefirst availablerecord(demo001)
was usedand we gatheredstatisticsfor all framesstart-
ing from frame 40 (the first 40 framesare not relevant
sincethey areintroductoryframes).TheMesalibrary was
instrumentedwith new codeso that eachreferenceto a
2D textureelementwasloggedto a file. Write operations
werenot loggedsincewe areinterestedin readoperations
mostly andassumethat thenumberof writes is insignifi-
cantcomparedto thenumberof reads.Furthermore,write
operationsareencounteredat theinitialization phaseonly.
The addresstracefile obtainedfrom Mesawassimulated
usingBOCSfor several cacheandblock sizes. We only
considerdirect-mappedcaches,becauseassociativity in-
creasesthe amountof dataand control information read
outon eachcacheaccess,andthereforeassociative caches
consumemorepower [1]. The assumptionswe madefor
thecachesimulatorarethatthewordsizeis 32bitsandthat
themisspenaltyis � � jx¨ cycles,wherë is theblocksize
in words.

B. ExperimentalResults

At first, we usedtheMipmapbenchmarkfrom theMe-
diabenchsuite [9] insteadof the QuakeIII Arena Demo.
However, this benchmarkshowedanomalousbehavior, as
is explainedbelow.

Figure4(a) depictsthe missratesfor the texture map-
ping phaseof theMipmapbenchmarkasa functionof the
cachesize,for four differentblock sizes. Somewhat sur-
prisingly, themissrateincreaseswith theblock size.This
effect becameevenmoresignificantwhenwe changedthe
samplingmethodfrom point samplingto the moreoften
usedtrilinear interpolation(Figure5(a)). Although it can
beexpectedthatfor smallcachessmallblocksizesarebet-
terdueto thesmallnumberof entriesandtherisk of cache
conflicts, it is really surprisingthat, for example,a 256-
byte cachewith a block sizeof 8 bytesexhibits a higher
miss rate than a 128-bytecachewith a block size of 4
bytes,even thoughthey have thesamenumberof entries.
Furthermore,asexplainedin theintroduction,trilinear fil-
teringshouldbeableto take advantageof spatiallocality.
We,therefore,studiedthecodeof theMipmapbenchmark,
and discoveredthat therewas not only a high degreeof
spatiallocality, but alsoa high degreeof temporallocality
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Fig. 4. Mipmapmissratesusingpoint sampling.

becausemost of the texels from the texture were cover-
ing more thanonepixel. So, the sametexel was reused
for the coverageof more thanonepixel. Sucha behav-
ior is not realisticsinceit canbeencounteredonly when,
for instancein a 3D game,we arevery closeto a wall and
we have a low resolutiontexture. Figures4(b) and 5(b)
show themissratesaftermodifyingthenumberof tilesap-
pliedontherespective surface.They show thatthis indeed
changesthe cachebehavior, andthat the Mipmap bench-
markis not representative. WethereforeusedtheQuakeIII
ArenaDemoinstead.

The resultsobtainedwere very similar acrossframes.
We, therefore,presentonly theresultsfor onerepresenta-
tive frame(Frame520).

Table II depicts the power consumedby the texture
cachewhen frame 520 is processedas a function of the
cachesizeandblocksize.As canbeexpected,thesmaller
thecacheandtheblocksize,thelowerthepowerconsump-
tion. One interestingobservation aboutthis table is that
doublingtheblock sizedoesnot imply a similar increase
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Fig. 5. Mipmapmissratesusingtrilinear interpolation.

in power consumption,althoughtherearetwice asmany
lines. This canbeexplainedby the improvedhit ratethat
compensatesfor theincreasedpowerperreference,andby
thespatiallocality of references(largerblocksimply fewer
addressline transitions).

Table III shows the energy (power times delay) con-
sumptionasa functionof thecacheandblock size.In this
casethe bestresultsarenot necessarilyobtainedfor the
smallestcacheandblocksizes,sincethey incura largede-
lay. It appearsthat thebestresultsareachieved whenthe
cachesizeis 128 or 256 bytes,andthat the block sizeis
lessrelevant. Althoughemploying largerblocksimproves
thehit rateandreducesthenumberof addressline transi-
tions,thisappearsto bealmostneutralizedby theincrease
in thenumberof bitline andwordlinetransitions.

Themissrateasa functionof thecacheandblock size
is depictedin TableIV. It shows that the 128-bytefilter
cacheis too small to beusefulasa texturecache,sinceit
incursmissratesin theorderof 20-50%.We alsoobserve
thatalthoughthemissratedecreaseswhenweincreasethe



block size,theimprovementsquickly becomesmaller.
However, the most important metric for our study is

theenergy-delayproduct,which is shown in TableV. As
canbeseen,the256-bytecachewith a 16-byteblock size
yields thebestresult. This wasthecasefor mostframes,
but for someframescharacterizedby intensegeometryre-
quirements,higher polygoncountsandhigheroverdraw,
the512-bytecachewith ablocksizeof 16bytesyieldedthe
bestresult. To confirm this, TableVI depictstheenergy-
delayproductfor oneof theseframes.

For comparisonreasons,we have alsoincludedthe re-
sultsfor aconventionalcachesize(16KB) in TableVII. It
canbe verified that a 16KB cacheconsumesmuchmore
power andenergy thana small texturefilter cache,but of
course,it exhibits a lower miss rate. Overall, however,
the filter cacheyields a muchsmallerenergy-delayprod-
uct. For example,when processingframe520, the 256-
byte filter cachewith a block size of 16 bytesimproves
theenergy-delayproductby a factorof 2.1comparedto a
16KB cachewith thesameblock size.

Cache Block Size(B)
Size(B) 4 8 16 32

128 11.16 13.47 13.67 13.45
256 39.02 45.87 46.39 48.90
512 49.72 59.23 61.94 59.15
1024 64.75 77.14 83.80 85.03

TABLE II
POWER FOR FRAME 520 (MW).

Cache Block Size(B)
Size(B) 4 8 16 32

128 7.34 7.11 6.74 7.39
256 7.08 7.11 6.85 7.54
512 7.71 8.02 8.03 7.96
1024 9.03 9.51 9.87 10.20

TABLE III
ENERGY FOR FRAME 520 (MJ).

Cache Block Size(B)
Size(B) 4 8 16 32

128 46.67 33.39 26.89 24.51
256 7.31 4.67 3.67 3.28
512 5.14 3.25 2.46 2.22
1024 3.84 2.33 1.66 1.49

TABLE IV
M ISS RATE FOR FRAME 520 (%).

Cache Block Size(B)
Size(B) 4 8 16 32

128 4.82 3.75 3.32 4.05
256 1.28 1.10 1.01 1.16
512 1.20 1.09 1.04 1.07
1024 1.26 1.17 1.16 1.23

TABLE V
ENERGY* DELAY FOR FRAME 520 (MJ* S). FOR EACH

CACHE SIZE, THE BLOCK SIZE THAT ACHIEVES THE BEST

RESULT IS SHOWN IN BOLD.

Cache Block Size(B)
Size(B) 4 8 16 32

128 11.40 8.75 7.77 9.53
256 5.12 4.25 3.93 4.74
512 2.57 2.34 2.25 2.33
1024 2.50 2.39 2.44 2.66

TABLE VI
ENERGY* DELAY FOR FRAME 120. FOR EACH CACHE SIZE,

THE BLOCK SIZE THAT ACHIEVES THE BEST RESULT IS

SHOWN IN BOLD.

Block Size(B)
4 8 16 32

E*d 2.39 2.33 2.15 3.14
E 21.70 22.70 21.60 32.00
P 197.93 220.95 217.50 326.54

MissRate 1.39 0.75 0.43 0.27

TABLE VII
RESULTS FOR A 16KB CACHE USING FRAME 520.

IV. CONCLUSIONS

In this paperwe have proposedandevaluatedusinga
smallfilter cachebetweenthegraphicsacceleratorandthe
texturememoryin portablegraphicsdevices.Suchdevices
cannotafford largecachesdueto restrictionssuchasgate
countlimitationsandtheneedfor low power.

For mostframesin theusedrecordacacheof 256bytes
and with a block size of 16 bytesyields the bestresults
w.r.t. theEnergy-Delaymetric,but for someframesbetter
resultsareobtainedwhena 512-bytecachewith a block
sizeof 16 bytesis used. The performancepenaltycom-
paredto a conventional cachesize of 16KB is approxi-
mately a factor of 1.5, and it remainsto be evaluatedif
this is acceptable.We have alsoshown thata widely-used
benchmarkexhibitsanomalousbehavior.



In thefuturewe intendto evaluatetherobustnessof the
texturefilter cachearchitectureby conductingexperiments
usingothersceneswith differentcharacteristics.We also
intendto completethedesignof a low-power graphicsde-
vice andseeif the low-power cachedesigntranslatesto a
low-power graphicssystem.
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