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Abstract
Thispaperpresentsa storage schemewhich staticallyassignspixel/texel coordinatesto multiplememorybanks
in order to minimizeframebuffer and texture memoryaccessload imbalance. In this scheme, the pixelsstored
in a particular memorybankare placedat the centerand the verticesof hexagonspacked in the framebuffer.
By makingthesehexagonscloseto regular sothat thepixel placementis uniformandisotropic, framebuffer and
texturememoryaccessesareevenlydistributedover thememorybanks.Theanalysisof memoryaccesspatternsin
renderingtypical3D graphicsscenesshowsthatthehexagonalstorageschemecanreducerenderingperformance
degradationdueto bankcon�icts byanaverageof 10%comparedto thetraditional rectangularstoragescheme.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:ParallelProcessing
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Figure1: Thepresentedstorageschemeassignspixelcoordinatesto multiple(in thiscase32)memorybanks,bypermutingthe
bankIDs in each rectanglein a traditional rectangularlyinterleavedbankID assignments(left), so that thepixelshavingthe
samebankID areplacedat thecenterandtheverticesof nearlyregular hexagonspackedin theframebuffer (right).

1. Intr oduction

Graphicsprocessingunits (GPU) have beenendowed with
increasingparallelism in order to meet the demandfor
greatergraphicsacceleration.Accordingly, the amountsof
pixel and texel data transferper unit time have also been
increasingdue to parallel updatesof the frame buffer and
parallel texture fetches.Typically, this high memoryband-
width requirementcanbealleviatedusingmultiple memory
banks,eachof which storesdisjoint portionsof the frame
buffer or texture so that the multiple portionsof the mem-
ory canbeaccessedin parallel.However, this con�guration
incursmemoryaccessloadimbalancebecauseeachpixel is

storedin a �x edmemorybankdependingon its coordinate
on the 2D rectangularframebuffer, andthereforememory
accessescannotbe dynamicallydistributed to the memory
banksbasedon temporalload.

This paperpresentsa storageschemewhich staticallyas-
signspixel coordinatesto memorybanksin order to min-
imize memoryaccessload imbalanceresulting from one-
to-onecorrespondencebetweencoordinatesandbanks.The
strategy is to distributethepixelsstoredin aparticularmem-
ory bank uniformly and isotropically on the frame buffer.
The idealplacementis to locatethepixelsat thecenterand
theverticesof regularhexagonspackedin theframebuffer.
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However, it is impossible to form regular hexagons by
choosingtheir verticesfrom asquaregrid of pixels.A trian-
gularor hexagonalgrid of pixels[Gla94,Tyt00] maynot be
subjectto thisproblem,but GPUswith suchshapesof pixels
have yet to becomereadily availablecommercially. There-
fore, we presentour approachto �nding an assignmentof
squaregrid pixel coordinatesto thememorybanksin which
the pixels assignedto the samememorybank form nearly
regular hexagons.And we show the obtainedassignments
for several variationsof the numberof memorybanks.By
analyzingmemoryaccesspatternsin renderingseveral typ-
ical 3D graphicsscenes,we demonstratethat our storage
schemedistributesboth frame buffer and texture memory
accessesover thememorybanksmoreevenly thando other
non-hexagonalstorageschemes.

2. RelatedWork

We focuson staticstorageschemesanddo not cover adap-
tive or dynamicmemoryassignments,suchas the MAHD
algorithms[Mue95] andthedemand-pagingalgorithmused
in theVC-1 [NK96].

Staticassignmentsof regionsof theframebufferstomem-
ory banksareoften usedin conjunctionwith sort-�r st and
sort-middlearchitecturesde�ned in [MCEF94], whereeach
graphicsprocessoris responsiblefor theregionsof theframe
buffer storedin the associatedmemorybank as shown in
Figure 2(a). This con�guration allows simple connections
betweenthe graphicsprocessorsandthe memory, but load
balancingof multiplegraphicsprocessorsis directlyaffected
by thestorageschemein use.

In thiscontext, two typical storageschemesaredescribed
in [FvDFH90]: the one involves dividing the frame buffer
into N rectangularregions, and assigningeachregion to
oneof theN memorybanks;theotherinvolvesdividing the
framebuffer into many small regionsanddistributing them
to thememorybanksin a �nely interleavedmanner. As tes-
sellationsof 3D objectsaregetting�ner [Dee93], the latter
storageschemebecomespreferablesinceit preventsprimi-
tivesfrom beingdrawn to oneregion.

In mostof the existing staticand �nely interleaved pat-
terns found in literature [Fuc77, Par80, PH89, FvDFH90,
Mue95], thedistributionof theregionsassignedto thesame
memorybankis alignedto the horizontalandvertical axes
of theframebuffer. Onesuchexamplefor N = 8 is shown in
theleft handsideof Figure7. However, this rectangulardis-
tribution somewhat lacksuniformity and isotropy [Gla94],
whichcanincreasechancesof bankcon�icts.

The storageschemeusedin MultiaccessFrame Buffer
(MFB) proposedby Harper[Har94] is oneof a few exam-
plesof non-axis-alignedbankassignments.In MFB scheme,
pixels in any rectanglewhoseareais N=2 are assignedto
mutually different memorybanks(however, it was shown
thatthis propertyis not alwayssatis�ed[Wei96]). Although

the major intentionof this assignmentis to permit parallel
framebuffer updatesin unitsof constantarearectangles,this
storageschemecan be viewed as a variation of �nely in-
terleavedpatternsfor memoryaccessloadbalancing.How-
ever, no analysisof the memoryaccesspatternsbasedon
this schemein renderingtypical 3D graphicsscenesis pre-
sented.This paperanalyzesthememoryaccesspatternsre-
sultingfrom variousstorageschemesincludingtypicalaxis-
alignedassignments,MFB scheme,andour hexagonalone,
andevaluatestheirdifferences.

Our storageschemeis applicableto frame buffers in a
sort-lastarchitecture[MCEF94] shown in Figure2(b) and
to texturesin a sharedtexture memoryarchitecture[IEH99]
shown in Figure2(c) aslongaspixels/texelsarestoredin the
memorybanksin aninterleavedmannerasdescribedabove.
Weshow resultsfor bothframebuffersandtextures.
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Figure2: Graphicssubsystemswith multiplememorybanks.
R: rasterizer, F: fragmentprocessor, T: texture unit, andB:
memorybank.(a) Sort-middlearchitecture where each F is
directly linked to one of the B's. (b) Sort-lastarchitecture
with a pixelsortingnetworkbetweentheF'sandtheB's.(c)
Sharedtexturememoryarchitecturewith a texel sortingnet-
workbetweentheT'sandtheB's.(d) A modelfor evaluating
performanceof storageschemes.

3. HexagonalStorageScheme

The following explanationis for the caseof framebuffers,
but it canbedirectly appliedto thecaseof texturesby sub-
stituting“texture” for “framebuffer,” and“texel” for “pixel.”

3.1. Preliminaries

Weconsidera framebuffer memorysystemwith N memory
banks.We assumethat N is a power of two. Eachmemory
bank hasa serial numbercalled bank ID 2 f 0;1; � � � ;N �
1g, andthe framebuffer is divided into a numberof small
disjointsquareregionscalledtiles, eachof whichis assigned
a �x edbankID. Thetile sizecanbeequalto thepixel size,
but pixels areoften clusteredinto tiles for several reasons:
e.g., alignmentwith the units of data transferor with the
cacheline size;LOD calculationusingadjacentfragments;
SIMD operationsonfragments;fastclearof buffers;andtile-
basedcompression.

To simplify the calculationof a tile's storagelocation

c
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within a memorybank,we clusterN tiles into a rectangle
calledblock. TheseN tileshavemutuallydifferentbankIDs.
In thiscon�guration,aserialnumberfor ablockcalledblock
ID correspondsto the locationwithin eachof the memory
bankswherethetile in thatblock is stored.Block IDs canbe
assignedin row-majororderasshown in Figure3. Alterna-
tively, blockIDs canbeswizzled[AMH02] if it is acceptable
to con�ne thebuffer sizeto a power of two timestheblock
size,which is often the casewith textures.An exampleof
swizzlingappliedto thepixel orderis shown in Figure3.

Weconsiderassigningamemorybankto eachtile sothat
the tiles storedin a particularmemorybankaredistributed
uniformly andisotropicallyover theframebuffer, sincethis
minimizesthe chancethat eachbank is accessedmultiple
timesin ashortperiodof time.Suchdistribution is achieved
by placing the tiles at the centerand the verticesof regu-
lar hexagonspacked in the frame buffer as shown in Fig-
ure4(a),which maximizesthedistancesbetweentheneigh-
boringtiles [CS98]. However, asFigure4(b) shows,thetiles
wouldnot �t in thegrid sincethepositionsof thetilesdonot
fall on integer locations.Section3.2 describeshow we �nd
anassignmentof bankIDs to thegrid of tiles by which the
tileslabeledthesamebankID form nearlyregularhexagons.
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Figure 3: Exampleof blocksandtiles.A framebuffer is di-
vided into blocks, each of which is assigneda block ID. A
block is dividedinto tiles, each of which is assigneda bank
ID. Thepixelsin a tile in this �gur eare in a swizzledorder.

(a) (b)

Figure 4: Exampleof regular-hexagonalplacementof tiles.
16 tiles are stored in onememorybankfor N = 16 with a
buffer sizeof 16� 16tiles.(a) Tiles(shownassmallsquares)
are placedat theverticesof regular hexagons.(b) Thetiles
at thesamelocationasin (a) donot �t in a squaregrid.

3.2. Search for HexagonalBank ID Assignment

Currently, we obtainthe desiredbankID assignmentsby a
brute-forcesearch.Weevaluateuniformity of anassignment
by thesidelengthsof theDelaunaytrianglesformedby the
tiles having thesameID. We adopttheassignmentwith the
largestminimum sidelength.If therearemultiple suchas-
signments,we choosethe assignmentwith the smallestav-

eragesidelengthbecauseit hassidesof similar lengthand
is thereforeisotropic.

An exhaustive searchof possiblebank ID assignments
is impractical due to combinatorialexplosion: there are
(N!)k� 1 combinationsof assignmentswherek is the num-
berof blocks.Thereasonfor � 1 in theexponentis because
we can �x the assignmentin one block in order to elimi-
natethe redundantN! assignmentsresultingfrom bankID
permutation.Unfortunately, wecouldnot �gure outwhether
a polynomial-time algorithm exists for this optimization
problem.Therefore,we introducedthefollowing threecon-
straintsto reducethesearchspace.

First, we searchrecursively basedon the solution for a
smallerN. Given the assignmentfor N, we doubleits tile
size,andwe considerplacingfour original sizetiles labeled
4i;4i + 1;4i + 2,and4i + 3 in thedoublesizetile labeledi(2
f 0;1; � � � ;N � 1g) in eachblock to obtain assignmentsfor
4N (seeFigure5). This reducesthenumberof combinations
to (4!)N(k� 1) . The basecases(N = 1;2) for this recursion
aregivenin Figure6. Sincetheblocksizeis alsodoubledat
everystepof therecursion,theblockwill alwaysbeasquare
for anevenn(= log2 N), andhalf of asquarefor anoddn.

Second,we only acceptassignmentsthatareequitableto
all memorybanks:i.e., thepatternof thetiles with a partic-
ular bankID on the framebuffer shouldbe congruentwith
that of the tiles with any otherbankID. Existenceof such
assignmentsis guaranteedbecauseonesuchassignmentcan
be achieved by placing the four tiles 4i;4i + 1;4i + 2, and
4i + 3 in thesameorderin thedoublesizetile labeledi for
all theblocks.Sofar, thenumberof combinationsis reduced
to (4!)k� 1 sincewe have only to consideronequadrupletof
banks(e.g.,bank0, 1, 2, and3 if wechoosei = 0) andapply
theresultto theotherquadruplets.

Third, we reducethe numberof blocks underconsider-
ation by assumingperiodicity of assignments.Speci�cally,
for an even n we searchassignmentsthat repeatevery two
blocks both horizontally and vertically. For an odd n, we
searchassignmentsthatrepeateverytwo blockshorizontally
andfour blocksvertically so that the both periodshave the
samelengthin tiles. In this way, thenumberof bankID as-
signmentcombinationsbecomes(4!)3 or (4!)7 regardlessof
thesizeof theframebuffer. Assumingperiodicityalsoyields
someotheradvantages:thebankID calculationis simpli�ed
asupperbits of a pixel coordinatebecomeirrelevant to the
bankID; theequitypropertycheckandtheuniformity eval-
uationcanbeperformedfor aconstantnumberof tiles.

Thanksto thethreeconstraintsabove, thenumberof pos-
sible bankID assignmentsis at most(4!)7 � 4G, which is
tractableandindependentof N. And thetotal timecomplex-
ity is O(n) dueto recursion.Although the assignmentsob-
tainedin thiswayarenotguaranteedto beoptimal,it is guar-
anteedthat uniformity of the assignmentfor a larger N is
equalto or greaterthanthatfor asmallerN.
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Figure6 shows the assignmentsobtainedup to N = 32.
ThebankID for N, denotedby bankIDN, is calculatedfrom
tile coordinates(tx; ty) by thefollowing equations,wheretile
coordinatesarepixel coordinatesdividedby thetile size.

bankID1 = 0 bankID2 = tx[0]� ty[0]

bankID4[1] = ty[0] bankID4[0] = tx[0]� ty[1]

bankID8[2] = tx[1]� ty[1]

bankID8[1] = ((ty[1]^ (tx[1]� tx[0]))_ (ty[1]^ ty[0])) � tx[2]� ty[2]

bankID8[0] = ((ty[1]^ (tx[1]� ty[0]))_ (ty[1]^ tx[0])) � tx[2]� ty[2]

bankID16[3] = ty[1] bankID16[2] = tx[1]� ty[2]

bankID16[1] = ty[0]� tx[2]� (ty[2]^ (tx[0]� tx[1]))

bankID16[0] = tx[0]� ty[2]

bankID32[4] = tx[2]� ty[2]

bankID32[3] = ((ty[2]^ (tx[2]� tx[1]))_ (ty[2]^ ty[1])) � tx[3]� ty[3]

bankID32[2] = ((ty[2]^ (tx[2]� ty[1]))_ (ty[2]^ tx[1])) � tx[3]� ty[3]

bankID32[1] = ty[0] bankID32[0] = tx[0]

where“ � ”, “^ ”, “_ ”, and “ � ” meanlogical NOT, AND,
OR, andXOR operations,respectively, andexpressiona[i]
denotestheith leastsigni�cant bit of a. Theseequationscan
bederivedby logic reduction.
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Figure 5: Reducedsearch spacefor N = 8. (a) Theassign-
mentfor N = 2 in doublesize. (b) In each of the tiles la-
beled0 in (a), we place four tiles 0-3. In each of the tiles
labeled1 in (a), we place four tiles 4-7. We haveonly to
considereitherof thesetwo quadrupletsof tiles (wechoose
0-3). We �x the assignmentin oneblock (in this �gur e the
upper left block), and considerplacing tiles in the painted
areain sevenblocks.Theassignmentfor theotherblocksis
determinedautomaticallythanksto theperiodicity.

4. Evaluation Method

This sectiondescribesa methodwe adoptin orderto evalu-
ateperformanceof variousstorageschemesincludingours.

4.1. Evaluation Model

Evaluating storageschemesbasedon numeroustypes of
graphicssystemarchitecturesand their possiblecombina-
tions of parametersis impractical. Therefore,we use a
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Figure6: BankID assignmentsfor upto N = 32. Hexagonal
patternsappearfor N � 4, thoughwhenN = 16 thepattern
alsoappearspentagonalor heptagonal.

genericmodelshown in Figure2(d). In this model,a stream
of tiles is input,andeachtile is sent,via thesortingnetwork,
to theappropriatememorybankdependingon its tile coor-
dinate.Eachbankhasa tile FIFO thatcansmoothout some
of theimbalancein thenumberof input tiles.

For framebuffers, a tile streamis generatedby the ras-
terizer. Fromtheviewpoint of thememorybanks,it is only
theorderof input tiles thataffectsloadbalancing.Therefore
we setasiderasterizationparallelismandtypesof architec-
ture,andchangetheorderof input tiles only by algorithms
usedby a single rasterizer. For this purpose,we chosethe
following threerasterizationalgorithmsas representatives.
Therasterizationgranularityis tiles ratherthanpixels.

� RowMajorOrder : This classical algorithm rasterizes
from the top of a triangletoward right alonga scanline,
andreturnsto theleft edgeon thenext scanline.

� BlockedOrder: This algorithmtraversesblocks in row-
majororderandrasterizeswithin eachblockagainin row-
major order. This improvesframebuffer andtexture ac-
cesslocality [MM00].

� HilbertOrder : This algorithmrasterizesalonga Hilbert
curve [MWM01], whichhashighspatiallocality.

We evaluateperformanceof storageschemeswith and
without a frame buffer cache.When the cacheis enabled,
the tile streamgeneratoroutputsa tile only when a cache
miss occurs.The evaluationwithout a cacheserves as an
analysisof load imbalanceof multiple graphicsprocessors
in sort-�rst andsort-middlearchitecturesbecausea pair of
a graphicsprocessoranda memorybank (R, F, andB) in
Figure2(a) canbe collectively regardedasa memorybank
(B) in Figure2(d), andacachedoesnotexert astrongin�u-
enceover thegraphicsprocessors'loadwhena heavy pixel
shaderis used.
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Sea Station Stegosaurus Mouth Tank Cave Waterfall

Figure8: Scenesusedto evaluateperformanceof storageschemes.

For textures,on theotherhand,a tile streamis generated
by thetextureunit. Similar to thecaseof framebuffers,we
do not deal with texturing parallelism.A single rasterizer
generatesa streamof tiles of fragments,andeachfragment
providesa texturecoordinateto thetextureunit. Thetexture
unit hasa cache,andwhena cachemissoccurs,it fetches
the tile containingthe speci�ed texel from the appropriate
memorybank(in this sensewe hadbetterusetheterm“tile
requeststream”).Again, variationsof theorderof tiles in a
tile requeststreamis controlledby rasterizationalgorithms.

Basedon the previous work [HG97, IEP98, IEH99], we
usea 16KB two-way setassociative cachewith anLRU re-
placementpolicy andwith acacheline sizeequalto thedata
sizeof a tile. WecalculatetheaddressA of a tile asfollows.

A = B+ (blockID � N + bankID) � 4T2

whereB is thebaseaddress,andT is thetile size.Wesetthe
datasizeof apixel/texel to be4 bytes.

4.2. Counterpart StorageSchemes

In orderto evaluatehow muchourhexagonalstoragescheme
improvesmemoryaccessloadbalance,we compareit with
the threestorageschemesdescribedbelow. An exampleof
theassignmentsfor eachschemeis shown in Figure7.

� Rectangular: In thiscommonlyusedstoragescheme,the
assignmentdoesnot changeblock to block, andthe pat-
ternis rectangular.

� MFB: Theaim of theMultiaccessFrameBuffer [Har94]
is to assignN banksso thatno bankID coincidesin any
rectanglewhoseareais N=2. Thoughsomepairsof tiles
having thesameID arecloseto eachothercontraryto this
aim [Wei96], theassignmentis fairly uniform.

� Flipped: This storageschemeis basedon Rectangular
scheme,but it improves uniformity by simply �ipping
bankIDs in the left half of a block andthosein theright
half for everyotherrow of blocks.
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Figure7: CounterpartbankID assignmentsfor N = 8.

4.3. Scenes

We usedthesevenscenesshown in Figure8. All primitives
aretexture mappedwith mipmaps.Thuseachfragmentre-
quireseighttexelsundertexturemini�cation, andfour texels
undermagni�cation.Theframebuffer sizeis 512� 512.

5. Results

In orderto limit thenumberof combinationsof parameters,
we show the resultsfor N = 8, 16, and32 with a tile size
of 4 � 4 pixels. For N < 8, the assignmentsof our storage
schemeare equivalent to thoseof Rectangularor Flipped
scheme.A framebuffer cacheis enabledfor the following
resultsif not otherwisespeci�ed.Fromexperiment,bothof
theframebuffer andtexturecachehit ratiosarealmostinde-
pendentof storageschemes.

Figure9 showstheoverall imbalanceof thenumberof ac-
cessesto thememorybanksfor framebuffersandtextures.
Thanksto �ne interleaving, framebuffer accessesareevenly
distributed to the banksregardlessof storageschemes,al-
thoughsomevariationscanbe seenfor Stegosaurusscene.
Ontheotherhand,textureaccessloadimbalanceis relatively
large,andis dependenton storageschemesfor mostof the
scenes.This is becausetexturesareaccessedmore irregu-
larly. We canseethat the overall imbalanceof texture ac-
cessesfor Hexagonalschemeis almostalwayssmallerthan
thatfor FlippedandRectangularschemes,andit is compet-
itive (smallerfor somescenes,andlarger for somescenes)
with thatfor MFB scheme.

Evenif theoverall imbalanceis small,therearepossibili-
tiesof strongtemporalimbalance.Thuswe measureimbal-
anceof thenumberof accessesto thememorybanksduring
someperiodof time,assumingthatthetile streamgenerator
providesonetile percycle.Figure10 shows thetime devel-
opmentof suchimbalancefor Mouth sceneasanexample.
Thetemporalimbalanceof theframebuffer accessescanex-
ceed150%for all thestorageschemescontraryto theoverall
balancedmemoryaccesses.For bothframebuffersandtex-
tures,we canseethatthegraphfor Rectangularschemehas
higherpeaksthanthosefor theotherstorageschemes.

Sincewe cannottracethewholetime developmentof the
temporalimbalancefor eachscene,we count the intervals
in cyclesbetweentwo consecutive tiles thata memorybank
receives.Figure11 shows the histogramsof suchintervals.
The histogramsfor the framebuffer have somespikesthat

c
 TheEurographicsAssociation2005.



Bando,Saito,Fujita / HexagonalStorageSchemefor InterleavedFrameBuffers andTextures

correspondto the spatialintervals betweenthe tiles having
the samebankID alongthe traceof a given rasterizer. The
histogramsfor the texturesaresmoothedout sincetextures
are traversedmore arbitrarily. For both frame buffers and
textures,the histogramfor Rectangularschemeis strongly
shiftedto the left, andthosefor MFB andFlippedschemes
areslightly shiftedto the left comparedto that for Hexag-
onal scheme.High occurrenceof small intervals suggests
therewould be high peakmemoryaccessload imbalance.
We take the standarddeviation of the intervals as a mea-
sureof thetemporalimbalancefor theentirescene,which is
shown later.

Wealsoestimatetheperformancedegradationdueto bank
con�icts. We assumethat eachof the N memorybanksis
busy for N cyclesafter receiving a tile. The systemis bal-
ancedbecausethe memoryhaspotentialability to receive
N tiles in N cycleswhile the tile streamgeneratoroutputs
N tiles. If anothertile is sentto a busy memorybank,it is
queuedin thetile FIFO of thatbank.If theFIFO is full, the
tile streamgeneratorstalls.Theperformancemeasureis the
totalcyclesrequiredto rendertheentirescenedividedby the
numberof tiles. Figure12 shows theperformancedegrada-
tion for Mouth scene.Naturally, the valuesdecreaseasthe
numberof FIFO stagesincreases,but the ratio of thevalue
for onestorageschemeto that for anotheris approximately
maintained.Thegraphsshow thatHexagonalschemehasthe
leastperformancedegradationof thefour schemes.

Figure13 summarizesthestandarddeviation of theinter-
vals andthe performancedegradationfor all combinations
of thestorageschemes,scenes,rasterizationalgorithms,and
thenumberof memorybanks.Thestandarddeviation is nor-
malizedby N for comparison.A graphof thestandarddevia-
tion andthecorrespondinggraphof theperformancedegra-
dation are similar in shape,which supportsthe useof the
standarddeviation of tile intervals asa measureof tempo-
ral load imbalance.As theoverall tendency, the lines in the
graphsslopeupwardfrom left to right, meaningthatHexag-
onalschemeis lesssubjectto temporalloadimbalancethan
the otherstorageschemesare.The major exceptionto this
tendency is the relationshipbetweenHexagonaland MFB
schemeswhenN = 16, which canbe attributedto the fact
that theassignmentof Hexagonalschemefor N = 16 is not
quitecloseto regularhexagonsasshown in Figure6.

Finally, Table 1 summarizesthe performancegain ob-
tainedby using Hexagonalschemeover the other storage
schemes.We evaluatethe numberof cyclesreducedby us-
ing Hexagonalschemerelative to the total cycles required
by usinga given storagescheme,andsimply averagethese
valuesfor all the scenes.These�gures show that Hexago-
nal schemecanimprove performanceby anaverageof 10%
comparedto Rectangularscheme,andthatit is advantageous
overMFB andFlippedschemesexceptfor MFB for N = 16,
thoughthedifferencesmaybesmall in somecases.
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Figure 9: Overall imbalanceof memoryaccesses.The y-
axis showsthe percentage of the maximumnumberof tiles
givento a memorybankto theaverage numberof tiles per
bank.Thisgraphis for a RowMajorOrder rasterizer, but the
graphsfor theothertworasterizershavea similar tendency.

100%

150%

200%

 0  20000  40000  60000

Hexagonal
MFB

Flipped
Rectangular

100%

150%

200%

 0  20000  40000  60000

cycles

Hexagonal
MFB

Flipped
Rectangular

1

Figure 10: Time developmentof temporal imbalanceof
memoryaccessesto the framebuffer (top) and to the tex-
tures (bottom)for Mouth scene, N = 8, and HilbertOrder.
Each datapoint is windowedby128cycles.
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Figure11: Histogramsof theintervalsbetweentwoconsec-
utivetiles sentto thesamememorybankof theframebuffer
(left) andof thetextures(right) for Mouthscene, N = 8, and
HilbertOrder. Thevertical linesshowtheideal intervalof 8.
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Figure 12: Performancedegradation due to imbalanceof
memoryaccessesto theframebuffer (left) andto thetextures
(right) for Mouth scene, N = 8, and HilbertOrder. Several
variationsof thenumberof FIFO stagesare shown.They-
axisshowsthepercentage of thenumberof cyclesrequired
to rendertheentiresceneto thetotal numberof tiles.
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Table1: Performancegainobtainedbyusingthehexagonal
storageschemeover theotherthreestorageschemes.

Comparedto N = 8 N = 16 N = 32

Frame MFB 1.1% � 8:6% 0.2%
buffer Flipped 6.3% 10.4% 8.2%

(with cache) Rectangular 11.5% 11.7% 14.4%

Frame MFB 1.9% � 3:6% 2.8%
buffer Flipped 3.8% 7.4% 4.5%

(w/o cache) Rectangular 10.3% 9.3% 10.6%

MFB 3.0% � 0:3% 0.6%
Texture Flipped 3.1% 3.3% 1.6%

Rectangular 11.2% 7.2% 11.9%

6. Conclusion

This paperhaspresenteda storageschemewhich statically
assignspixel/texel coordinatesto multiple memorybanks,
conforming to the shapeof nearly regular hexagons.Us-
ing several typical 3D graphicsscenes,we have shown that
our storageschemedistributesmemoryaccessloadover the
memory banksmore evenly than the other representative
schemes.Although the performancegain is modest(even
marginal comparedto MFB scheme),theresultssupportthe
validity of ourstrategy for reducingbankcon�icts.

Our hexagonalbankID assignmentappearscomplex, but
thanksto the power-of-two block size and repeatperiod,
bankID calculationcanbesimpli�ed. It requirsonly a few
additionallogical operations,if any, comparedto the other
storageschemes,which hasa minimal impactuponsilicon
areain hardwareimplementation.

In future work, we intendto ascertainwhetherbetteras-
signmentsexist for large N. Also, we intend to consider
someother possibleapplicationsof our hexagonalassign-
ment,suchasantialiasing.
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theperformancedegradationdueto imbalanceof memoryaccesseswith oneFIFO stage.
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