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Abstract

This paperpresentsa storage schemewhich statically assignspixel/texel coordinatesto multiple memorybanks
in order to minimizeframebuffer and texture memoryaccesdoad imbalance In this scheme the pixels stored
in a particular memorybankare placedat the centerand the verticesof hexagonspaded in the framebuffer.
By makingthesehexagonscloseto regular sothat the pixel placements uniformandisotropic, framebuffer and
texture memoryaccesseare evenlydistributedoverthememorybanks Theanalysisof memoryaccesgatternsin
renderingtypical 3D graphicssceneshowshatthehexagonalstorage schemecanreducerenderingperformance
degradationdueto bankcon icts by an average of 10% compaedto thetraditional rectangularstorage scheme

CatayoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.1[ComputerGraphics]:Parallel Processing
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Figure 1: Thepresentedtorage schemeassigngixel coodinatesto multiple (in this case32) memorybanks by permutingthe
bankIDs in ead rectanglein a traditional rectangularlyinterleavedbankID assignment§left), sothat the pixelshavingthe
samebankID are placedat the centerandthe verticesof nearlyregular hexagonspadedin the framebuffer (right).

1. Intr oduction

Graphicsprocessingunits (GPU) have beenendaved with
increasingparallelismin order to meet the demandfor
greatergraphicsaccelerationAccordingly the amountsof
pixel and texel datatransferper unit time have also been
increasingdue to parallel updatesof the frame buffer and
paralleltexture fetches.Typically, this high memoryband-
width requirementanbe alleviatedusingmultiple memory
banks,eachof which storesdisjoint portionsof the frame
buffer or texture so that the multiple portionsof the mem-
ory canbe accesseth parallel.However, this con guration
incursmemoryaccesdoadimbalancebecauseachpixel is
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storedin a x ed memorybankdependingon its coordinate
on the 2D rectangulaframe buffer, andthereforememory
accessesannotbe dynamicallydistributedto the memory
banksbasedn temporalload.

This paperpresents storageschemenhich staticallyas-
signspixel coordinateso memorybanksin orderto min-
imize memory accesdoad imbalanceresulting from one-
to-onecorrespondencketweercoordinatesandbanks.The
strat@y is to distributethepixelsstoredin aparticularmem-
ory bank uniformly and isotropically on the frame buffer.
Theideal placements to locatethe pixels at the centerand
theverticesof regularhexagonspacledin the framebuffer.
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However, it is impossibleto form regular hexagons by
choosingtheir verticesfrom a squaregrid of pixels.A trian-
gularor hexagonalgrid of pixels[Gla94 Tyt00] may notbe
subjecto this problem but GPUswith suchshape®f pixels
have yet to becomereadily available commercially There-
fore, we presentour approachto nding an assignmenbf
squareagrid pixel coordinatego the memorybanksin which
the pixels assignedo the samememorybankform nearly
regular hexagons.And we shawv the obtainedassignments
for several variationsof the numberof memorybanks.By
analyzingmemoryaccesgatternsn renderingseveral typ-
ical 3D graphicssceneswe demonstratehat our storage
schemedistributes both frame buffer and texture memory
accessesver the memorybanksmoreevenly thando other
non-hexagonalstorageschemes.

2. RelatedWork

We focuson static storageschemesnddo not cover adap-
tive or dynamicmemoryassignmentssuchas the MAHD
algorithms[Mue95 andthe demand-paginglgorithmused
in theVC-1 [NK96].

Staticassignmentsf regionsof theframebuffersto mem-
ory banksare often usedin conjunctionwith sort- r st and
sort-middlearchitecturesle ned in [MCEF94, whereeach
graphicgrocessois responsibléor theregionsof theframe
buffer storedin the associatednemorybank as shovn in
Figure 2(a). This con guration allows simple connections
betweenthe graphicsprocessorandthe memory but load
balancingof multiple graphicgprocessors directly affected
by the storageschemen use.

In this context, two typical storageschemesredescribed
in [FYDFH9Q: the oneinvolves dividing the frame buffer
into N rectangularregions, and assigningeachregion to
oneof the N memorybanks;the otherinvolvesdividing the
framebuffer into mary smallregionsanddistributing them
to thememorybanksin a nely interleaved mannerAs tes-
sellationsof 3D objectsaregetting ner [Dee93, the latter
storageschemebecomegpreferablesinceit preventsprimi-
tivesfrom beingdrawvn to oneregion.

In mostof the existing staticand nely interleaved pat-
terns found in literature [Fuc77 Par8Q PH89 FVvDFH9Q
Mue93, thedistribution of theregionsassignedo the same
memorybankis alignedto the horizontalandvertical axes
of theframebuffer. Onesuchexamplefor N = 8is shovnin
theleft handsideof Figure7. However, thisrectanguladis-
tribution somevhat lacks uniformity andisotropy [Gla94,
which canincreasechance®f bankcon icts.

The storageschemeusedin MultiaccessFrame Buffer
(MFB) proposedby Harper[Har94 is oneof a few exam-
plesof non-axis-alignethankassignmentdn MFB scheme,
pixelsin ary rectanglewhoseareais N=2 are assignedo
mutually different memory banks(however, it was shavn
thatthis propertyis not alwayssatis ed[Wei9§). Although

the major intention of this assignments to permit parallel
framebuffer updatesn unitsof constantirearectanglesthis
storageschemecan be viewed as a variation of nely in-
terleaved patternsor memoryaccessoad balancing.How-
ever, no analysisof the memoryaccesyatternsbasedon
this scheman renderingtypical 3D graphicssceness pre-
sentedThis paperanalyzeshe memoryaccesgatternsre-
sultingfrom variousstorageschemeéncludingtypical axis-
alignedassignmentdViIFB schemeandour hexagonalone,
andevaluategheir differences.

Our storageschemeis applicableto frame buffersin a
sort-lastarchitectur MCEF94 shawn in Figure 2(b) and
to texturesin a sharedtexture memoryarchitecturg |IEH99]
shavn in Figure2(c) aslong aspixels/texelsarestoredin the
memorybanksin aninterleaved mannerasdescribedabove.
We shaw resultsfor bothframebuffersandtextures.

{ Trimitives primitives
\- i \m -\ \m o [ \m i\
frame buffer frame buffer texture memory
@ (b) (© (d)

Figure2: Graphicssubsystemaith multiplememorybanks.
R: rasterizerF: fragmentprocessarT: texture unit, and B:

memorybank.(a) Sort-middlearchitectue where eact F is
directly linked to one of the B's. (b) Sort-lastarchitectuie
with a pixel sortingnetworkbetweerthe F'sandtheB's. (c)

Shaedtexture memoryarchitectule with a texel sortingnet-
work betweerthe T'sandtheB's. (d) A modelfor evaluating
performanceof storage schemes.

3. HexagonalStorageScheme

The following explanationis for the caseof frame buffers,
but it canbe directly appliedto the caseof texturesby sub-
stituting“texture” for “frame buffer,” and“texel” for “pixel”

3.1. Preliminaries

We considera framebuffer memorysystemwith N memory
banks.We assumehatN is a power of two. Eachmemory
bank hasa serial numbercalledbankID 2 f0;1; ;N

1g, andthe frame buffer is divided into a numberof small
disjointsquareegionscalledtiles, eachof whichis assigned
a x edbankID. Thetile sizecanbe equalto the pixel size,
but pixels are often clusteredinto tiles for several reasons:
e.g.,alignmentwith the units of datatransferor with the
cacheline size;LOD calculationusingadjacentragments;
SIMD operation®nfragmentsfastclearof buffers;andtile-
basedcompression.

To simplify the calculationof a tile's storagelocation
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within a memorybank,we clusterN tiles into a rectangle
calledblodk. TheseN tiles have mutuallydifferentbankIDs.
In thiscon guration,aserialnumberfor ablock calledblock
ID correspondso the locationwithin eachof the memory
bankswherethetile in thatblockis stored Block IDs canbe
assignedn row-majororderasshavn in Figure 3. Alterna-
tively, block1Ds canbeswizzled AMHO2] if it is acceptable
to con ne the buffer sizeto a power of two timesthe block
size,which is often the casewith textures.An exampleof
swizzlingappliedto the pixel orderis shown in Figure3.

We considerassigninga memorybankto eachtile sothat
thetiles storedin a particularmemorybankaredistributed
uniformly andisotropicallyover the framebuffer, sincethis
minimizesthe chancethat eachbankis accessednultiple
timesin a shortperiodof time. Suchdistributionis achiezed
by placingthe tiles at the centerand the verticesof regu-
lar hexagonspacled in the frame buffer as shown in Fig-
ure4(a), which maximizesthe distancedetweerthe neigh-
boringtiles[CS99. However, asFigure4(b) shows, thetiles
wouldnot t in thegrid sincethepositionsof thetiles donot
fall onintegerlocations.Section3.2 describesow we nd
anassignmenof bankIDs to the grid of tiles by which the
tileslabeledthesamebanklID form nearlyregularhexagons.

5 blocks (80 pixels)

4 tiles (16 pixels) 4 pixels

0 1 2 3
4blocks [| 5 | 6 | 7 | 8 | 8. 7

&>
N It V] FY
(32 pixels)|| 10 | 11 | 12 | 13 | 14 | "~ i [o]1]4]5] 2l3fe]
15 | 16 [ 17 [ 18 [ 19 | 2tilesv..[2]|3]6]7]| . [ioiihd

frame buffer (8 pixels) block tile

I

e
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t5

Figure 3: Exampleof blodks andtiles. A framebuffer is di-
videdinto blocks, eat of which is assigneda block ID. A
blodk is dividedinto tiles, eat of which is assigneda bank
ID. Thepixelsin atile in this gurearein a swizzledbrder.

=
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Figure 4: Exampleof regular-hexagonal placemenbf tiles.
16 tiles are stored in one memorybankfor N = 16 with a
buffersizeof 16 16tiles.(a) Tiles (shownassmallsquaes)
are placedat the verticesof regular hexagons.(b) Thetiles
atthesamelocationasin (a) donot t in asquae grid.

3.2. Searcch for HexagonalBank ID Assignment

Currently we obtainthe desiredbanklID assignmentdy a
brute-forcesearchWe evaluateuniformity of anassignment
by the sidelengthsof the Delaunaytrianglesformedby the
tiles having the samelD. We adoptthe assignmentvith the
largestminimum sidelength.If thereare multiple suchas-
signmentswe choosethe assignmentvith the smallestav-
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eragesidelengthbecausét hassidesof similar lengthand
is thereforesotropic.

An exhaustve searchof possiblebank ID assignments
is impractical due to combinatorial explosion: there are
(N!)k 1 combinationsof assignmentsvherek is the num-
berof blocks.Thereasorfor 1 in the exponentis because
we can X the assignmentn one block in orderto elimi-
natethe redundaniN! assignmentsesultingfrom bankID
permutationUnfortunatelywe couldnot gure outwhether
a polynomial-time algorithm exists for this optimization
problem.Thereforewe introducedthe following threecon-
straintsto reducethe searchspace.

First, we searchrecursvely basedon the solutionfor a
smallerN. Given the assignmenfor N, we doubleits tile
size,andwe considemlacingfour original sizetiles labeled
4i;4i+ 1;4i+ 2,and4i + 3in thedoublesizetile labeledi(2
f0;1; ;N 1g) in eachblock to obtain assignmentgor
4N (seeFigureb). Thisreduceghenumberof combinations
to (4N D The basecasegN = 1;2) for this recursion
aregivenin Figure6. Sincetheblock sizeis alsodoubledat
every stepof therecursiontheblockwill alwaysbeasquare
for anevenn(= log, N), andhalf of asquarefor anoddn.

Secondwe only acceptassignmentthatareequitableto
all memorybanks:i.e., the patternof thetiles with a partic-
ular bankID on the framebuffer shouldbe congruentwith
that of the tiles with arny otherbankID. Existenceof such
assignments guaranteetbecaus®nesuchassignmentan
be achieved by placingthe four tiles 4i;4i + 1;4i + 2, and
4i + 3 in the sameorderin the doublesizetile labeledi for
all theblocks.Sofar, thenumberof combinationss reduced
to (4!)k 1 sincewe have only to consideronequadruplebf
banks(e.g.,bank0, 1,2, and3 if we choosd = 0) andapply
theresultto theotherquadruplets.

Third, we reducethe numberof blocks underconsider
ation by assumingperiodicity of assignmentsSpeci cally,
for an even n we searchassignmentshat repeatevery two
blocks both horizontally and vertically. For an odd n, we
searchassignmentthatrepeatevery two blockshorizontally
andfour blocksvertically sothatthe both periodshave the
samelengthin tiles. In this way, the numberof bankID as-
signmentcombinationdecomeg4!)® or (41) regardlesof
thesizeof theframebuffer. Assumingperiodicityalsoyields
someotheradvantagesthebankID calculationis simpli ed
asupperbits of a pixel coordinatebecomerrelevantto the
banklID; the equity propertycheckandthe uniformity eval-
uationcanbeperformedfor a constannumberof tiles.

Thanksto thethreeconstraintsabore, the numberof pos-
sible bankID assignmentss at most(4!)” 4G, which is
tractableandindependenof N. And thetotal time comple-
ity is O(n) dueto recursion.Although the assignmentsb-
tainedin thisway arenotguaranteetb beoptimal,it is guar
anteedthat uniformity of the assignmenfor a larger N is
equalto or greatetthanthatfor asmallerN.
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Figure 6 shavs the assignmentebtainedup to N = 32.
ThebankID for N, denotedby bank Dy, is calculatedrom
tile coordinategtx; ty) by thefollowing equationswheretile
coordinatesrepixel coordinateglivided by thetile size.

banKD; = 0 bankDz = t[0] t,[0]

bankD,[1] = t[0] bankDa[0] = [0] t,[1]

bankDg[2] = t[1] ty[1]
bankDg[1] = ((t[" (&1 tI0D)_ &I 4[0)) (2 t[2]
bankDg[0] = ((ty[1" (&[1] t,[0))_ (&[0 &[0]) &[2] t[2]

bankDie[3] = t,[1] bankD1g[2] = t&[1] t[2]
bankDell] = 4[0] &2 (4[2" (k0] t[1])
bankD[0] = t[0] t,[2]

banK D3, 4] = tx[2] t)/[2]

[
bankDsa[3] = ((4[2" (&2 HIL))_ (G2 1)) &3] (3]
[
[

bankDs[2] = ((ty[2" (h[2 t[1])_ 12" &I1]) (3] [3]
bankDs[1] = t,[0] bankD,[0] = 0]

[T ]

where“™", “A” “ " and“ " meanlogical NOT, AND,
OR, and XOR operationsrespectrely, and expressiona[i]
denotegheith leastsigni cant bit of a. Theseequationcan
be derivedby logic reduction.

period period also fixed due to periodicity
fixed —
01 0j1
0 1 0 1 0 1 213 203
B 1 0 1 0 1 0 B
2
2 [l
g - 7
of1]o0|1]0|1
tiles
1 0 1 0 1 0
0]1 0]1
0 1 0 1 0 1 AR 203

Figure 5: Reducedsearh spacefor N = 8. (a) Theassign-
mentfor N = 2 in doublesize (b) In ead of thetiles la-

beled0 in (a), we place four tiles 0-3. In ead of thetiles
labeledl in (a), we place four tiles 4-7. We haveonly to

considereither of thesetwo quadrupletsof tiles (we choose
0-3). We x the assignmentin oneblodk (in this gure the
upperleft block), and considerplacing tiles in the painted
areain sevenblocks. Theassignmentor the otherblodksis

determinechutomaticallythanksto the periodicity.

4. Evaluation Method

This sectiondescribes methodwe adoptin orderto evalu-
ateperformancef variousstorageschemesgncludingours.

4.1. Evaluation Model

Evaluating storageschemesbasedon numeroustypes of
graphicssystemarchitecturesand their possiblecombina-
tions of parametersis impractical. Therefore,we use a
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Figure 6: BanklD assignmentfor upto N = 32. Hexagonal
patternsappearfor N 4, thoughwhenN = 16 the pattern
alsoappeas pentaggonalor heptagonal.

genericmodelshavn in Figure2(d). In this model,a stream
of tilesis input,andeacttile is sent,via thesortingnetwork,
to the appropriatenemorybankdependingon its tile coor
dinate.Eachbankhasatile FIFO thatcansmoothout some
of theimbalancdn the numberof inputtiles.

For frame buffers, a tile streamis generatedy the ras-
terizer Fromthe viewpoint of the memorybanksiit is only
theorderof inputtiles thataffectsloadbalancing Therefore
we setasiderasterizatiorparallelismandtypesof architec-
ture,andchangethe orderof inputtiles only by algorithms
usedby a singlerasterizer For this purpose we chosethe
following threerasterizationalgorithmsas representaties.
Therasterizatiorgranularityis tiles ratherthanpixels.

RowMajorOrder : This classical algorithm rasterizes
from the top of atriangletoward right alonga scanline,
andreturnsto theleft edgeon thenext scanline.
BlockedOrder: This algorithm traversesblocksin row-
majororderandrasterizesvithin eachblockagainin row-
major order This improves frame buffer andtexture ac-
cesdocality [MMOO].

HilbertOrder : This algorithmrasterizesalonga Hilbert
curve [MWMO1], which hashigh spatiallocality.

We evaluate performanceof storageschemeswith and
without a frame buffer cache.Whenthe cacheis enabled,
the tile streamgeneratoroutputsa tile only whena cache
miss occurs.The evaluationwithout a cachesenes as an
analysisof load imbalanceof multiple graphicsprocessors
in sort- rst and sort-middlearchitecturebecause pair of
a graphicsprocessomnd a memorybank (R, F, andB) in
Figure 2(a) canbe collectively regardedasa memorybank
(B) in Figure2(d), anda cachedoesnot exert a strongin u-
enceover the graphicsprocessorsload whena heary pixel
shadeiis used.
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Sea Station Stegosaurus

Mouth

Tank Cave Watergll

Figure 8: Scenesisedto evaluateperformanceof storage schemes.

For textures,on the otherhand,a tile streamis generated
by the texture unit. Similar to the caseof framebuffers, we
do not deal with texturing parallelism.A single rasterizer
generates streamof tiles of fragmentsandeachfragment
providesatexture coordinateto thetexture unit. Thetexture
unit hasa cache,andwhena cachemissoccurs,it fetches
the tile containingthe speci ed texel from the appropriate
memorybank(in this senseve hadbetterusetheterm“tile
requesistream”).Again, variationsof the orderof tilesin a
tile requesstreamis controlledby rasterizatioralgorithms.

Basedon the previous work [HG97, IEP98 IEH99], we
usea 16KB two-way setassociatie cachewith anLRU re-
placemenpolicy andwith a cachdine sizeequalto thedata
sizeof atile. We calculatethe addres\ of atile asfollows.

A= B+ (blokiD N+ bankD) 4T?

whereB is thebaseaddressandT is thetile size.\We setthe
datasizeof apixel/texel to be4 bytes.

4.2. Counterpart StorageSchemes

In orderto evaluatehow muchourhexagonaktoragescheme
improvesmemoryaccesdoad balancewe compareit with
the threestorageschemeglescribedbelon. An exampleof
theassignmentfor eachschemas shovnin Figure?.

Rectangular. In thiscommonlyusedstorageschemethe
assignmentloesnot changeblock to block, andthe pat-
ternis rectangular

MFB: The aim of the MultiaccessFrameBuffer [Har94
is to assignN bankssothatno bankID coincidesin ary
rectanglewhoseareais N=2. Thoughsomepairsof tiles
having thesame D arecloseto eachothercontraryto this
aim[Wei96], theassignmenis fairly uniform.

Flipped: This storageschemeis basedon Rectangular
scheme but it improves uniformity by simply ipping
bankIDs in theleft half of a block andthosein theright
half for every otherrow of blocks.
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Figure 7: CounterpartbankID assignmentfor N = 8.
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4.3. Scenes

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

5. Results

In orderto limit the numberof combinationf parameters,
we shawv the resultsfor N = 8, 16, and 32 with a tile size
of 4 4 pixels.For N < 8, the assignmentsf our storage
schemeare equivalent to thoseof Rectangularor Flipped
schemeA frame buffer cacheis enabledfor the following
resultsif not otherwisespeci ed. From experiment,both of
theframebuffer andtexture cachehit ratiosarealmostinde-
pendenbf storageschemes.

Figure9 shavstheoverallimbalanceof thenumberof ac-
cessedo the memorybanksfor frame buffers andtextures.
Thanksto ne interlearing, framebuffer accesseareevenly
distributed to the banksregardlessof storageschemesal-
thoughsomevariationscanbe seenfor Stegosaurusscene.
Ontheotherhand textureacces$oadimbalancas relatively
large, andis dependenbn storageschemesor mostof the
scenesThis is becausdexturesare accessedanore irregu-
larly. We can seethat the overall imbalanceof texture ac-
cessedor Hexagonalschemds almostalwayssmallerthan
thatfor FlippedandRectangulaschemesandit is compet-
itive (smallerfor somescenesandlarger for somescenes)
with thatfor MFB scheme.

Evenif theoverallimbalancds small,therearepossibili-
ties of strongtemporalimbalance Thuswe measurembal-
anceof the numberof accesset the memorybanksduring
someperiodof time, assuminghatthetile streamgenerator
providesonetile percycle. Figure 10 showvs thetime devel-
opmentof suchimbalancefor Mouth sceneasan example.
Thetemporalimbalanceof theframebuffer accessesanex-
ceedl50%for all thestorageschemesontraryto theoverall
balancednemoryaccessed-or both framebuffers andtex-
tures,we canseethatthe graphfor Rectangulaschemehas
higherpeakshanthosefor the otherstorageschemes.

Sincewe cannottracethe wholetime developmentof the
temporalimbalancefor eachscene we countthe intenals
in cyclesbetweertwo consecutie tiles thata memorybank
receves.Figure 11 shavs the histogram=f suchintervals.
The histogramdor the frame buffer have somespikesthat
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correspondo the spatialintervals betweenthe tiles having
the samebankID alongthe traceof a givenrasterizerThe
histogramdor the texturesare smoothedout sincetextures
are traversedmore arbitrarily. For both frame buffers and
textures, the histogramfor Rectangulaischemeis strongly
shiftedto theleft, andthosefor MFB andFlippedschemes
areslightly shiftedto the left comparedo that for Hexag-
onal scheme High occurrenceof small intervals suggests
therewould be high peakmemoryaccesdoad imbalance.
We take the standarddeviation of the intervals as a mea-
sureof thetemporalimbalanceor theentirescenewhichis
shaown later

Wealsoestimateheperformancelegradatiordueto bank
con icts. We assumethat eachof the N memorybanksis
busy for N cyclesafter receving atile. The systemis bal-
ancedbecausahe memoryhaspotential ability to receve
N tiles in N cycleswhile thetile streamgeneratoroutputs
N tiles. If anothertile is sentto a busy memorybank,it is
gueuedn thetile FIFO of thatbank.If theFIFO s full, the
tile streamgeneratostalls. The performanceneasuras the
total cyclesrequiredto rendertheentirescenalividedby the
numberof tiles. Figure 12 shaws the performancelegrada-
tion for Mouth scene Naturally, the valuesdecreasasthe
numberof FIFO stagesncreaseshut the ratio of the value
for onestorageschemeo thatfor anotheris approximately
maintainedThegraphsshav thatHexagonakcheménasthe
leastperformancealegradationof thefour schemes.

Figure 13 summarizeshe standardieviation of theinter
vals andthe performancedegradationfor all combinations
of the storageschemesscenestasterizatioralgorithms and
thenumberof memorybanks Thestandardieviationis nor
malizedby N for comparisonA graphof thestandardievia-
tion andthe correspondingraphof the performancelegra-
dation are similar in shape which supportsthe useof the
standarddeviation of tile internvals asa measureof tempo-
ral load imbalance As the overall tendeny, thelinesin the
graphsslopeupwardfrom left to right, meaninghatHexag-
onalschemads lesssubjectto temporalloadimbalancethan
the other storageschemesre. The major exceptionto this
tendengy is the relationshipbetweenHexagonaland MFB
schemeavhenN = 16, which canbe attributedto the fact
thatthe assignmenof Hexagonalschemdor N = 16is not
quite closeto regularhexagonsasshown in Figure®.

Finally, Table 1 summarizeshe performancegain ob-
tained by using Hexagonalschemeover the other storage
schemesWe evaluatethe numberof cyclesreducedby us-
ing Hexagonalschemerelative to the total cyclesrequired
by usinga given storageschemeandsimply averagethese
valuesfor all the scenesThese gures shav that Hexago-
nal schemecanimprove performancédy anaverageof 10%
comparedo Rectangulaschemeandthatit is advantageous
over MFB andFlippedschemesgxceptfor MFB for N = 16,
thoughthe differencesnaybesmallin somecases.

200% frame buffer texture

N=8 N=16 N=32 N=8 N=16 N=32
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Figure 9: Ovenll imbalanceof memoryaccessesThe y-
axis showsthe percentage of the maximumnumberof tiles
givento a memorybankto the average numberof tiles per
bank.Thisgraphis for a RowMajorOder rasterizerbut the
graphsfor theothertworasterizes havea similar tendency
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Figure 10: Time developmentof temporl imbalance of
memoryaccesseso the frame buffer (top) and to the tex-
tures (bottom)for Mouth scene N = 8, and HilbertOrder.
Eac datapointis windowedby 128cycles.
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axis showsthe percentaye of the numberof cyclesrequired
to renderthe entire scendo thetotal numberof tiles.
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Table 1: Performancegain obtainedby usingthe hexagonal
storage schemeover the otherthreestorage schemes.

Comparedo N=8 N=16 N=32

Frame MFB 1.1% 8:6% 0.2%
buffer Flipped 6.3% 10.4% 8.2%
withcache) Rectangular 11.5% 11.7% 14.4%

Frame MFB 1.9% 3:6% 2.8%

buffer Flipped 3.8% 7.4% 4.5%
wiocache)  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% 72% 11.9%

6. Conclusion

This paperhaspresented storageschemewhich statically
assignspixel/texel coordinatego multiple memory banks,
conformingto the shapeof nearly regular hexagons.Us-
ing severaltypical 3D graphicsscenesye have shavn that
our storageschemadistributesmemoryaccesdoad over the
memory banks more evenly than the other representatie
schemesAlthough the performancegain is modest(even
manginal comparedo MFB scheme)theresultssupportthe
validity of our stratgy for reducingbankcon icts.

Our hexagonalbankID assignmenappearsomple, but
thanksto the power-of-two block size and repeatperiod,
bankID calculationcanbe simpli ed. It requirsonly a few
additionallogical operationsjf ary, comparedo the other
storageschemesyhich hasa minimal impactuponsilicon
areain hardwareimplementation.

In future work, we intendto ascertainvhetherbetteras-
signmentsexist for large N. Also, we intend to consider
someother possibleapplicationsof our hexagonalassign-
ment,suchasantialiasing.
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