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ABSTRACT

Theaggressivescalingof VLSI featuresizeandthepervasiveuseof advancedreticleenhancementtechnologieshasled to
dramaticincreasesin maskcosts,pushingprototypeandlow volumeproductiondesignsto thelimit of economicfeasibility.
Multiple projectwafers(MPW),or “shuttle” runs,provideanattractivesolutionfor suchlow volumedesigns,by providing
a mechanismto sharethe costof masktooling amongup to tensof designs.However, MPW reticle designandwafer
dicing introducecomplexities not encounteredin typical, single-projectwafers. Recentworks on wafer dicing do not
take in accountseveralknown degreesof freedomandrequirements,which degradestheoptimality andfeasibility of the
proposedsolutions. Furthermore,the delaycostassociatedwith schedulealignmenthasbeencompletelyignoredin all
previousworks.

In thispaperweproposeanenhancedMPW �o w comprisingfour mainsteps:(1) schedule-awareprojectpartitioning,
(2) multi-projectreticle �oorplanning, (3) wafershot-mapde�nition, and(4) waferdicing plande�nition. Theproposed
projectpartitioningalgorithmgivesimprovedtrade-offsbetweenmaskcostandscheduledelaycost.Ourreticle�oorplaner
combineshierarchicalquadrisectionwith a simulatedannealingframework to generatemore“diceable”�oorplans subject
to givenmaximumreticlesizes.Theroundwafershot-mapde�nition stepmaximizesextractionof functionaldiesfrom
partiallyprintedreticleimages.Finally, ourdicingplanneremploysmultipleside-to-sidedicingplansfor differentwafers,
aswell asdifferentreticle imagerows/columnswithin a wafer. Experimentson industrytestcasesshow thatour methods
signi�cantly outperformnot only previous methodsin the literature,but also reticle �oorplans manuallydesignedby
experiencedengineers.

1. INTRODUCTION AND MOTIVATION

With theshrinkingof VLSI featuresizeandthepervasiveuseof advancedreticleenhancementtechnologiessuchasOptical
Proximity Correction(OPC)andPhaseShifting Masks(PSM),masksetcostsarepredictedto reach$10 million by the
endof thedecade.Thesehigh maskcostspushprototypingandlow volumeproductiondesignsto the limit of economic
feasibility sincethecostscannotbeamortizedover theproductionvolume.Multiple ProjectWafers(MPW), or “shuttle”
runs,provide an ef�cient methodto reducethecost.7 Thus,from governmentsponsoredprogramsallowing studentsto
verify their designin silicon,4 MPW hasnow becomea commercialserviceofferedby both independentproviderssuch
asMOSISandCMPandsemiconductorfoundriessuchasTSMCandIBM.

Packinganddicing differentdieson a multi-projectwafer introducescomplexities not encounteredin typical, single-
projectwafers. Recently, several approacheshave beenproposedin the literaturefor addressingthe MPW reticle �oor -
planningproblem.ChenandLynn3 consideredin this context theproblemof �nding theminimumareaslicing �oorplan,
with 90-degreechiprotationallowed.They gavea“bottom-left �ll” algorithmfor constructinganinitial solution,followed
by enumerationbasedon B*-trees. Xu et al.8 studiedtheMPW mask�oorplanning underdie-alignmentconstraintsim-
posedby theuseof die-to-diemaskinspection.A grid-packingformulationfor MPW mask�oorplanning is proposedin
Anderssonet al.,1 wheretheobjective is to �nd a minimumareagrid �oorplan with at mostonediepergrid cell.

Kahnget al.5 werethe �rst to considerthe side-to-sidewafer dicing problem,andproposeda generalmulti-project
reticle�oorplanning methodseekingto maximizedicing yield. Their methodalsoallows maximumdicing marginsto be
speci�ed for eachdie. Very recently, KahngandReda6 revisited the grid-packingformulationin Anderssonet al.1 and
proposeda new �oorplanner with guaranteedyield. The approachesin5,6 arebasedon the implicit assumptionthat all
wafersusethe samedicing plan. Xu et al.9 combinethe horizontalandvertical con�ict graphsof Kahnget al.5 into a



singlecon�ict graph,andcut out from eachwaferall diesreceiving a certaincolor in a minimumcoloringof thecon�ict
graph.Theimplicit assumptionfor this approachis thatexactly onehorizontal(vertical)dicing planis usedfor all reticle
reticleimagerows(columns)within a wafer. Finally, Xu et al.10 givemethodsfor MPW reticle�oorplanning anddummy
�ll insertionto minimize topographyvariationafter chemical-mechanicalpolishing. Balasinski2 givesan overview of
relatedmulti-layermasktechnologies,which rely onsharingthereticlespacebetweenmultiple layersof thesamedesign,
typically via blading.Thesepreviousapproachesfail to take into account(i) differentproductionvolumerequirementsfor
differentdies,6,9 (ii) thepossibilityof differentdicing plansfor differentwafers,5,6 or for differentreticle reticle image
rows/columnswithin thesamewafer,9 (iii) roundwafershape(by assuminga rectangulararrayof reticle imagesin the
model),5,6 or (iv) delaycostassociatedwith schedulealignment.

In this paperwe proposean enhancedMPW �o w aimedat minimizing the manufacturingcost to ful�ll given die
productionvolumes.Our �o w includesfour mainsteps:(1) schedule-awareprojectpartitioning(2) multi-projectreticle
�oorplanning, (3) wafershot-mapde�nition, and(4) waferdicing plande�nition. Our contributionsareasfollows. For
the �rst step,we proposea branchandboundprocedureto achieve the besttradeoff betweenmaskcostanddelaycost.
For thesecondstep,we proposeanalgorithmcombininghierarchicalquadrisectionwith simulatedannealingto generate
“diceable” �oorplans observinggivenmaximumreticlesizes.Our algorithmleadsto anaveragereductionof 10-20%in
therequirednumberof waferscomparedto reticle �oorplans manuallydesignedby experiencedindustryengineers.For
thethird step,whichhasnotbeenpreviouslyconsideredin thecontext of MPW, weproposeasimplealgorithmthatallows
full utilizationof therealestateonroundwafersby extractingthemaximumnumberof functionaldiesfrom bothfully and
partially printedreticle images.This optimizationis shown to yield anaveragereductionof around12%in therequired
numberof wafersfor a�x edreticle�oorplan. For thefourthstep,following9 weassumethatall rowsandcolumnsof reticle
imageswithin awaferaredicedusingthesamesetof cutsandgiveanintegerprogramfor �nding anoptimaldicingplanin
practicalruntime.We alsogivea two-level optimizationalgorithmthatsimultaneouslyallowsmultiple side-to-sidedicing
plansfor differentwafersandfor differentreticle imagerows/columnswithin a wafer. Finally, we show theadvantages
of partitioningeachwafer into a smallnumberof partsbeforeindividual die extraction. For a �x edreticle �oorplan, the
two-level optimizationalgorithmon averagereducestherequirednumberof wafersby 42%,47%,or 63%without wafer
partitioningandwith waferpartitioninginto 2 or 4 parts,respectively.

Therestof our paperis organizedasfollows. In thenext sectionwe considertheschedule-awareprojectpartitioning
problem. In Section3, we give thenew hierarchicalquadrisectionmethodfor reticle �oorplanning. Section4 is devoted
to thewafershot-mapde�nition problemandour proposedsolution,while Section5 describestheMultiple Dicing Plan
(MDP) advantagesanda new two-level optimizationalgorithm. Finally, in Section6 we give experimentalresultsthat
evaluateour proposedmethodson industrialtestcases.Thecomparisonsareperformedseparatelyfor thecasewhenonly
side-to-sidewaferdicing is allowedandwhenthewafercanbedividedinto halvesor quartersbeforedicing.

2. SCHEDULE-AWARE PROJECT PARTITIONING

Onemajor practicallimitation of the multi-projectwafer is the delaycostassociatedwith schedulealignment. Projects
with early tape-outscheduleshave to be delayedandthe �nal MPW tape-outscheduledependson the projectwith the
latesttape-outschedule.2 Thedelaycostis too largeto beignoredin practice,especiallyfor low-volumeproduction.In a
simpledelaycostmodel,for any singleprojectthedelaycostis equalto c0 � Td, wherec0 is a constantandTd is equalto
thedifferencebetweenits tape-outscheduledateandthelatesttape-outscheduledateof theprojectson thesamereticle.

Theprojectpartitioningproblemis formulatedasfollows:

Project Partitioning Problem(PPP).Givena maximumreticlesize,a setof diesandtheir sizes,maskcostandtape-out
schedulefor eachproject,�nd a partitionof projectsinto reticlessuchthatthesumof thedelaycostandthemaskcostis
minimized.

In this “front-end” reticledesignstage,we assumethatthewafercostis ignorablecomparedwith maskcostanddelay
cost. This assumptionis reasonablefor prototypingandlow-volumeproductionsincethenumberof wafersto beusedis
small. We employ a greedymergealgorithmto solve this problemasshown in Figure1. Line 1 givestheinitial solution
in whichevery die occupiesanentirereticle. Thenthereticlesaresortedby tape-outschedules.Iterativemerging reticles
reducesthemanufacturingcost(Lines3-7). In eachloop, we mergetwo neighboringreticleswith themaximumpositive
costreduction.A min-areareticle �oorplanner is usedto checkfeasibility of merging two reticlesinto a singlereticle in
Line 5.



Input: Maskcostandtape-outschedulesof n dies,maximumreticlesize
Output: Partitionof thediesinto mreticles

1. Startwith eachdie in a separatereticle
2. Sortall reticlesaccordingto tape-outschedules
3. while (maximumcostreduction> 0)
4. For (every pair of neighboringreticles)
5. If (two reticlescanbemergedinto a singlereticle)
6. calculatethecostreduction
7. Mergethetwo reticleswith themaximumcostreduction

Figure 1. Greedymergealgorithmfor projectpartitioning.

3. RETICLE FLOORPLANNING

In this section,we focuson thefollowing MPW reticle�oorplanning problem:Givenamaximumreticlesize,andthesize
andrequiredvolumefor eachdie, �nd a reticle �oorplan (allowing die rotations)anda waferdicing planminimizing the
numberof usedwafers.

Comparedwith other�oorplanning problems,themaindif�culty of theMPW reticle�oorplanning problemlies in the
wafercostcalculation.To simplify andspeedup theestimationof wafercostanddicing planyield, we usehierarchical
quadrisection-based�oorplanning (seeFigure2). Thereticleis dividedhierarchicallyinto 4l regions.At thel th level, each
regionR= Ra1a2:::al (ai 2 f 1;2;3;4g) containsatmostonedie. Wedenotethewidth of theregionRasW(R) andtheheight
asH(R). The hierarchicalquadrisectionallows computingheightandwidth in a bottom-upmannerusingthe following
formulas.

� W(Ra1:::al � 1) = Max(W(Ra1:::al � 11);W(Ra1:::al � 13)) + Max(W(Ra1:::al � 12);W(Ra1:::al � 14))

� H(Ra1:::al � 1) = Max(H(Ra1:::al � 11);H(Ra1:::al � 12)) + Max(H(Ra1:::al � 13);H(Ra1:::al � 14))

Thewaferrequirementfor eachregionR canbecomputedin thesamerecursivebottom-upmanner. If we assumethat
singlerow andcolumndicing planis usedfor all wafers,eitherall copiesof die D on onewaferareobtainedor no copies
of die D areobtained.The wafer requirementof die D to satisfythe volumerequirementis dN(D)

Q(D) e, whereN(D) is the
volumerequirementof thedie D andQ(D) is thenumberof dieD perwafer. For a setSof diesin whichany two diescan
besimultaneouslyobtained,thewaferrequirementis MAXD2S1(dN(D)

Q(D) e).

� For the region in the l th level, the setS1(Ra1:::al ) includesthe die in the region. The wafer requirementfor S1 is
calculated.(Thewaferrequirementis zerofor theemptyset.)

� For the region in the (l � i)th level Ra1:::al � i , sort the 2i� 1 setsin eachof the four sub-regionsaccordingto wafer
requirement. Then we can group the dies into 2i sets: the �rst 2i� 1 setsare Sk = Sk(Ra1:::al � i1)

�

Sk(Ra1:::al � i4)
(k = 1; :::2i� 1). It is obvious that any two dies in the samesetarenot in dicing con�ict sinceall the dies in the
region 1 are not in dicing con�ict with the dies in the region 4. Similarly, the second2i� 1 setsare S2i� 1+ k =
Sk(Ra1:::al � i2)

�

Sk(Ra1:::al � i3) (k = 1; :::2i� 1).

� At thetop level,wehave2l setsandthe�nal waferrequirementis thesumof thewaferrequirementof all the2l sets.

Therefore,thereticleareaandwaferrequirementfor the�oorplan canbeeasilycalculated.

We give a genericsimulatedannealingplacementalgorithmin Figure3. Line 1 is the stepto merge two dieswith
thesamewidth w andvolumerequirementasonedie whosewidth is w andwhoseheightis thesumof theheightsof the
two dies. Thealgorithmstartswith the �oorplan with eachdie randomlyplacedin the4l regionsasits initial placement.
Theobjective valueis calculatedandrecorded.In our implementationtheobjective functionis thewaferrequirementby
assumingQ(D) = waf er area

reticle area for all D 2 D. At eachstepwe �nd a neighborsolutionbasedon thefollowing moves:
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Figure2. Two-level HierarchicalQuadrisectionFloorplan.

Input: Dimensionsof n dies,b: 0 � b < 1
Output: Reticle�oorplan andwaferdicing plan

1. Choosea randomhierarchicalquadrisection�oorplan
2. while (not convergeand# of move < Move Limit)
3. make a randommove
4. calculated = New Objective Value- Old Objective Value
5. If (d < 0) thenacceptthemove

6. Elseacceptmove with probabilitye� d
T

7. T = bT

Figure3. HierarchicalQuadrisectionFloorplan.

� Regionexchangemove,whichexchangesthediesin two regionsif at leastoneof theregionscontainsa die;

� Orientationmove,which rotatesonedie by 90degrees.

Eachgeneratedsolutionis evaluatedandkeptwith aprobabilitydependentonthecurrenttemperature(seeFigure3). Note
thatthehierarchicalquadrisectionstructurewill bemaintainedduringtheprocess.

4. WAFER SHOT-MAP DEFINITION

Thewafershot-mapde�nition step,which determinesthepositionof reticleimagesprintedon wafer, hasbeenignoredin
previousworkson MPW. In both6 and,5 thewafer is modeledasa rectangulararrayof projects,which is obviously not
truefor actualroundwafers.Thissimpli�cation mayleadto wrongdicingyield estimationsince(i) thereticleimagerows
( columns)donothaveequalcontributionsto thewaferdicing yield – e.g.,therows/columnsnearthecentercontainmore
reticle images,and(ii) fully printeddieswithin partial reticle imageareignored.For a roundwaferwith theradiusr and
center(x0;y0), a die imageD is on wafer if andonly if (x � x0)2 + (y� y0)2 � r2 for all (x;y) 2 D. Givena rectangular
reticle image,a reticle image planeis a regular tiling of the planewith identicalcopiesof the reticle. The wafer reticle
imageproblemis formulatedasfollows:

Wafer Shot-Map De�nition Problem(WSMDP). Givenareticleimageplaneandthewaferradiusr, �nd thepositionof
thewafercenterminimizing thenumberof wafersrequiredto meetthegivenproductionvolumes.

Dueto theperiodicityof thereticle imagelattice,we canprove thattheoptimalsolutionof WSMDPcanbeachieved
whenthe locationof the wafer centeris restrictedto be within onereticle reticle imageL. The algorithmfor MDP is
summarizedin Figure4. Two tricks areemployedin thealgorithmto speedup theprocess.(1) We storeall feasiblesets
whosewafercostsarecalculatedfor comparison.In Line 6, if F(g) is includedin any storedset,g will beskippedto avoid
redundantwafercostcalculation.(2) A thresholdvaluea is usedto determinewhethertheprocessshouldbecontinued.
We cantake theradialyield model(e.g.,Teet's radialyield model)anddefectmodels(e.g.,Poisson,Murphy, Seeds,etc.)
into accountduringthewafercostevaluation.



Input: waferradiusr, reticledimensions
Output: placementof wafercentermaximizingthegivenobjective

1. Divide oneprojectionL into l � l uniformly-spacedgrid
2. Find Nw anddicing yield y whenthewafercenteris at

the�rst pointg0, storethefeasiblesetF(g0)
3. Min Nw  Nw; Max yield  y
4. while (Max yield � a)
5. Move to thenext grid pointg
6. If F(g) not includedin any storedfeasibleset
7. Find Nw andthedicing yield y, storeF(g)
8. If (Nw < Min Nw)
9. Min Nw  Nw; Max yield  y

Figure4. WaferShot-MapDe�nition Algorithm

5. MUL TIPLE WAFER-DICING-PLAN DICING

In two worksby Kahngetal.,5,6 theauthorsassumethatasingledicingplan(SDP)is usedfor all wafers.Thewaferyield
thenis determinedby thediewith theminimumratioof thenumberof copiesslicedout to thevolumerequirement.When
multiple dicing plans(MDP) areallowed, differentwafersmay contribute differentnumberof copiesof a die towards
satisfyingthe total volumerequirement.Thus,MDP canbalancebetterthe numberof usefuldie copiesextractedfrom
differentwafers,particularlyfor non-uniformproductionvolumerequirements.In this sectionwe �rst describehow to
extendtheIASA SDPalgorithmof Kahnget al.5 to �nd MDPs. We thengive a simpleintegerlinearprogramming(ILP)
approachto �nd optimalMDPsthatarerestrictedasin Xu etal.9 touseasinglesetof cutsfor all reticleimagerows/columns
within a wafer. Finally, we concludewith a two-level optimizationalgorithmcombiningthe�rst two approaches.

5.1.Side-to-SideWafer Dicing

A waferconsistsof anumberof reticlereticleimagesarrangedin a numberof reticleimagereticleimagerowsandreticle
image columns. Eachreticle imageis a copy of the samereticle image. In the prevalent “side-to-side”wafer dicing
technology, thediamondbladescannotstopatarbitrarypointsduringcutting;consequently, all reticleimagesin thesame
reticle imagerow (or column)will sharethe samehorizontal(or vertical) cutlines. Following Kahnget al.,5 two dies
D andD0 on a reticle aresaid to be in vertical (resp. horizontal)dicing con�ict if no setof vertical (resp. horizontal)
cutscanlegally dice both D andD0. Let D denotethe setof dieson a givenreticle. The vertical reticle con�ict graph
Rv = (D;Ev) is the graphwith verticescorrespondingto the diesandedgesconnectingpairsof dies in vertical dicing
con�ict. Thehorizontalreticle con�ict graphRh = (D;Eh) is de�ned similarly. As usual,a setof verticesin a graphis
calledindependentif they arepairwisenonadjacent.A maximumhorizontal (or vertical) independentset is a subsetof
D which canbe slicedout by a setof horizontal(or vertical) cutlines;the setof cutlinesusedfor a wafer arecalledas
a wafer dicing plan. The following problemformulationextendsthe formulationof Kahnget al.5 by allowing different
dicingplansto beusedfor differentwafers:

Side-to-SideMulti-W afer Dicing Problem(SSMWDP).Givenareticlewith diesD = f D1; : : : ;Dng, requiredproduction
volumefor eachdieN(Di ), i = 1; : : : ;n, andthepositionsof thereticlereticleimagesof thewafer, �nd theminimumnumber
of wafersNw andthecorrespondingdicing plan for eachwafer suchthat the requiredproductionvolumefor eachdie is
satis�ed.

Thedicingyieldof amulti-waferdicingplanP is de�nedastheminimum,overall diesD 2 D, of thenumberof legally
dicedcopiesof D dividedby N(D). NotethatSSMWDPrequirestheminimumnumberof wafers(andtheassociateddicing
plans)suchthatthedicing yield is at least1. In our presentwork, we extendSSMWDPto allow preliminarypartitioning
of eachwafer into a smallnumberof parts(e.g.,halvesor quarters)sothat theside-to-sidedicing plansfor thepartscan
beindependentfrom eachother.

5.2.ExtendedIASA

TheIASA methodproposedby Kahnget al.5 canbeeasilyextendedto solve MDP by placingNw wafersinto one“super-
wafer” asshown in Figure5. Thenwe canuseIASA for SDPto producea dicing plan for theNw wafers.However, the
runtimewill increaserapidly whenNw is largesincewe needto checkall rows andcolumnsof the“super-wafer” in each
iteration.



Figure5. Placingtwo wafersonone“super-wafer”.

5.3. Integer Linear Program for RestrictedMDPs

Xu et al.9 assumethateachwaferusesexactlyonehorizontaldicing planandoneverticaldicing planfor all reticleimage
rows/columnswithin a wafer. This assumptionallows themto usea coloring-basedheuristicwhich givesgoodresultsfor
testcaseswith largevolumerequirement.In this sectionwe give anintegerlinearprogrammingformulationwhich allows
�nding optimalMDPsrestrictedin this way.

As in,9 two diesD andD0 on a reticlearesaidto be in dicing con�ict if they areeitherin horizontaldicing con�ict
or verticaldicing con�ict. Thecon�ict graphRc = (D;Ec) is thegraphwith verticescorrespondingto thediesandedges
connectingpairsof diesin dicing con�ict. A maximumcon�ict independentsetis a subsetof D which canbeslicedout
by a setof horizontalandverticalcutlines.We useMCISto denotethesetof all maximalindependentsetsin thecon�ict
graph. For eachindependentsetC 2 MCIS, let fC denotethenumberof waferswhich usethedicing plande�ned by C,
MDP canbeformulatedasthefollowing integerlinearprogram:

Minimize Nw (ILP1)
subjectto

å
D2C

Q(C;D) fC � N(D); 8D 2 D

åC fC = Nw
fC 2 ZZ+ ; 8C 2 MCIS

whereQ(C;D) is a constantwhich representsthenumberof copiesof die D obtainedfrom a waferdicedaccordingto C.
TheILP canbeoptimally solvedin a shorttime sincethereareonly jMCISj variablesandjDj + 1 constraints.As shown
in Section6, theruntimesof ILP arewithin 0.03secondin all theexperimentson industrytestcaseswith up to 30dies.

5.4.Two-Level Optimization Algorithm for MDP

Although the ILP methodcansolve the MDP problemquickly, its performancewill be degradedfor the small volume
requirementcases.ExtendedIASA for MDP canproducea goodsolutionbut suffersfrom largeruntimewith largeNw. In
orderto rapidly �nd a nearoptimal solutionfor MDP, we proposetheTwo-level Optimization(TLO) heuristicshown in
Figure6. We �rst solve ILP1 to obtainanupperboundonNw. Thenwegraduallyreducethenumberuntil thedicingyield
becomessmallerthan1. In Lines04-08,we assumeall rows (columns)of eachwaferusingthesamehorizontal(vertical)
dicingplan.Thedicingplanfor eachwaferareobtainedby solvingthefollowing ILP:

Minimize Y (ILP2)
subjectto

N(D) � å
D2C

Q(C;D) fC � yD; 8D 2 D

åC fC = Nw

å D yD = Y
fC 2 ZZ+ ; 8C 2 MCIS
yD 2 ZZ+ ; 8D 2 D



Input: MHIS, MVIS, MCIS
Output: Nw anddicing planfor Nw wafers

01. Solve ILP1 to obtaintheNw upperbound
02. while (dicingyield� 1 )
03. Nw � �
04. Solve ILP2 andchooseonesetC 2 MCISfor eachwafer
05. Settheweightof eachdieD asyD
06. For (eachwafer)
07. Choosemaximalhorizontal(vertical) independentsetwhich includeC andmaximizesthetotalweightof dies
08. Usethecorrespondingdicingplansfor eachrow (column)
09. While (improve==true)
10. While (improve==true)
11. For (eachrow andcolumn)
12. try otherhorizontal(vertical)dicingplans
13. If (dicing yield increases)
14. Replacethecurrentdicingplan
15. For (thecenterrow andthecentercolumnof eachwafer)
16. Simultaneouslytry otherpairsof horizontalandverticaldicing plans
17. If (dicingyield increases)
18. Replacethecurrentdicingplan

Figure6. Two-level OptimizationHeuristic

Cases # dies Total volume Max Vol. Min Vol. Die area(cm2) jMCISj jMHISj jMVISj
Ind 1 12 330 40 25 1.13 19 32 36
Ind 2 14 275 25 6 1.36 19 15 50
Ind 3 24 775 67 25 1.82 56 280 200
Ind 4 31 755 30 8 1.62 242 450 1008
Ind 5 14 250 25 12 0.86 18 63 40
Ind 6 24 625 35 25 2.26 127 588 1080

Table 1. CMPtestcaseparameters.

whereY is thetotalnumberof unsatis�edvolumerequirementandyD is thenumberof unsatis�edvolumerequirementfor
thedie D. We choosethehorizontalandverticaldicing plan for eachwaferwhich maximizesthe total weight,andthen
we performtherow andcolumnlevel checkin Lines11-14to improve theyield by replacingthedicing planfor onerow
or column. Sincethedicing plansfor all rows andcolumnsarechosen,we do not have the iterativeaugmentprocessof
IASA in our heuristic.Instead,we usea crossselectionprocessin Lines15-18to choosethedicing planfor onerow and
onecolumnsimultaneously. Sincethe“crossselection”processis time-consuming,we do it only for thecenterrow and
columnof eachwafer.

6. EXPERIMENT AL RESULTS

We usedsix industrytestcasesfrom CMP11 to evaluatetheperformanceandscalabilityof theproposedalgorithms.Each
testcasehasbetween12 and31dies,with varyingsizesandproductionvolumerequirements.For thewafershot-mapand
waferdicingproblems,weusethereticle�oorplan of theactualindustryMPW runs,whichweremanuallydesignedby an
experiencedengineer. Thebasicparametersof thesix testcasesarelistedin Table1.

Project Partitioning . Our algorithmfor the schedule-awareprojectpartitioningproblemis implementedin C++. We
assumethat c0 = 150000per weekandthe maskcost is 500000. The tape-outschedulesfor all projectsarerandomly
generatedbetweenzeroandtenweeks.Theprojectpartitioningresultsaresummarizedin Table2. Here“Without MPW”
denotesthesumof maskcostanddelaycostfor projectpartitioningwithout MPW, i.e.,eachprojectoccupiesonereticle,
“Schedule-blind”is themaskcostdrivenpartitionerwhich aimsto minimize thenumberof reticleswithout considering
delaycost,and“GreedyPartitioner” is our proposedgreedymergealgorithm.Theresultsshow thatour proposedgreedy
mergealgorithmcanreducecostby 63.8%comparedwith thetraditionalprojectpartitioning.On theotherhand,ignoring



Cases WithoutMPW Schedule-blind GreedyPartitioner
Ind 1 6M 8.3M 2.95M
Ind 2 7M 9.05M 3.25M
Ind 3 12M 15.8M 3.9M
Ind 4 15.5M 20.75M 4.3M
Ind 5 7M 9.05M 3.25M
Ind 6 12M 15.8M 3.9M
Total 59.5M 78.75M 21.55M

Reduction(%) 0 -32.35 63.8

Table2. Projectpartitioningresultsfor six testcases.

Cases # part
CMP IASA+SA HQ

Nw area Nw area CPU(s) Nw area CPU(s)
Ind 1 1 3 1.13 3 1.58 24.2 3 1.42 0.00
Ind 2 1 3 1.36 3 1.83 39.2 2 1.65 0.00
Ind 3 1 4 1.82 7 1.96 1031 4 2.26 0.01
Ind 4 1 4 1.62 5 2.72 2351 4 1.82 0.01
Ind 5 1 2 0.86 2 1.77 51.7 2 1.19 0.00
Ind 6 1 6 2.26 6 3.60 795 5 2.66 0.01
Total 22 26 20

Red.(%) -18.2 9.1

Ind 1 2 2 1.13 2.5 1.58 24.2 1.5 1.42 0.00
Ind 2 2 2 1.36 2 1.83 39.2 1.5 1.65 0.00
Ind 3 2 3 1.82 4 1.96 1031 3 2.26 0.01
Ind 4 2 3.5 1.62 3.5 2.72 2351 2.5 1.82 0.01
Ind 5 2 1.5 0.86 1.5 1.77 51.7 1.5 1.19 0.00
Ind 6 2 5 2.26 6 3.60 795 3 2.66 0.01
Total 17 19.5 13

Red.(%) -14.7 23.5

Ind 1 4 1.5 1.13 1.75 1.58 24.2 1.25 1.42 0.00
Ind 2 4 1.5 1.36 1.75 1.83 39.2 1.5 1.65 0.00
Ind 3 4 2.75 1.82 4 1.96 1031 2.75 2.26 0.01
Ind 4 4 2.75 1.62 3.25 2.72 2351 2.25 1.82 0.01
Ind 5 4 1 0.86 1.25 1.77 51.7 1 1.19 0.00
Ind 6 4 4.5 2.26 4.5 3.60 795 3 2.66 0.01
Total 14 16.5 11.75

Red.(%) -17.8 16.1

Table3. Reticle�oorplan resultsfor six industrytestcases.CMP is theoriginal industry�oorplan usedby theCMPmulti-projectwafer
service,“IASA+SA” is theSDP-driven�oorplannerusedin [5] andHQ is our proposedhierarchicalquadrisection�oorplan algorithm.

the delaycost leadsto an increaseof the costby 32.35%,which indicatesthat delaycostcannotbe ignoredin project
partitioning.

ReticleFloorplanning. We implementedourhierarchicalquadrisection�oorplan algorithmin C++. Themaximumreticle
dimensionis setto be2cm. After theplacement,we usea �x edwafershot-mapandTLO dicing methodto generatethe
dicing plansfor all thewafers.Thereticle�oorplan resultsaresummarizedin Table3. Here“CMP” denotestheoriginal
industry �oorplan usedby CMP, “IASA+SA” is the SDPdriven �oorplanner usedby Kahnget al.,5 and “HQ” is our
proposedhierarchicalquadrisection�oorplan algorithm. The resultsshow that our proposedhierarchicalquadrisection
�oorplan can reducewafer cost by 9.1%, 23.5%and 16.1%for one part, two partsand four partscomparedwith the
original industry�oorplan. On theotherhand,“IASA+SA” increasesthewafercostby 18.2%,14.7%and17.8%,which
indicatesthat“IASA+SA” is nota goodchoicefor MDP on roundwafers.

Wafer Shot-Map De�nition. Ouralgorithmfor thewafershot-mapde�nition problemis implementedin C++. Wechoose



Cases # part
1� 1 10� 10 100� 100

Nw CPU(s) Nw CPU(s) Nw CPU(s)
Ind 1 1 3 0.14 3 0.14 2 1534
Ind 2 1 3 0.18 2 8.3 2 1.15
Ind 3 1 4 4.59 4 4.6 4 4.6
Ind 4 1 4 73.6 4 73.7 4 73.7
Ind 5 1 2 0.21 2 0.3 2 0.3
Ind 6 1 6 3.57 5 200 5 343
Total 22 20 19

Red.(%) 9.1 13.6

Ind 1 2 2 0.05 2 0.1 2 0.1
Ind 2 2 2 0.06 2 0.1 2 0.06
Ind 3 2 3 3.98 3 3.97 3 3.95
Ind 4 2 3.5 0.76 3 4908 3 2915
Ind 5 2 1.5 0.21 1.5 0.3 1 1382
Ind 6 2 5 3.57 4 223 4 1001
Total 17 15.5 15

Red.(%) 8.8 11.8

Ind 1 4 1.5 0.02 1.5 0.1 1.25 641
Ind 2 4 1.5 0.02 1.25 0.5 1.25 4.62
Ind 3 4 2.75 0.17 2.75 0.16 2.5 55017
Ind 4 4 2.75 0.72 2.5 170 2.5 1456
Ind 5 4 1 0.01 1 0.01 0.75 1877
Ind 6 4 4.5 0.82 4 1250 4 5230
Total 14 13 12.25

Red.(%) 7.1 12.5

Table4. Costef�ciency of wafershot-mapde�nition stepfor six industrytestcases.

thenumberof grid pointsas1� 1, 10� 10 and100� 100anduseTLO asthedicing heuristic. We choosea = 1:15 in
our experiments.Thewafercostandruntimeresultsaresummarizedin Table4. Theresultsshow that thewafercostcan
be reducedby 9.1%and13.6%by using10� 10 and100� 100grid, respectively, at the expenseof increasedruntime.
Similar improvementsareobservedfor two- andfour-partdicing.

Wafer Dicing. We implementthewaferdicingalgorithmsin theC++ language.Wesetthewaferdiameterto besix inches
andusea �x edwafershot-mapfor all testcases.Thenumberof wafersused(Nw) andruntimeof four methodsareshown
in Table5, whereIASA is theSDPmethodusedby Kahnget al.,5 E-IASA is theextendedIASA in Section3.1, ILP is
the integerlinearprogrammingrestrictedMDP methodspeci�ed in Section3.2andTLO is theproposedtwo-level MDP
optimizationmethod.Eachmethodwasrun without any waferpartition,andwith waferpartitioninto 2 or 4 partsprior to
dicing. Theresultsshow thatcomparedwith theoriginal IASA with onepart,thewafercostcanbereducedby 34.2%by
usingfour parts.E-IASA canreducethewafercostby 39.5%for onepartat theexpenseof long runtime.ILP canreduce
thecostby 5.3%for onepartandcanreducethecostby 57.9%for four parts.Therefore,ILP is moreef�cient for multiple
partdicing. TLO achievesthebestsolutionquality in a shorttime,reducingwafercostby 63.2%for four parts.

To investigatethe impactof volumerequirementon all dicing methods,we multiply thevolumerequirementof each
dieby acoef�cient. Thecoef�cient is chosenfrom 0.5to 16 for thetestcase“Ind 3”. Theresultsshown in Table6 suggest
thatExtendedIASA givesgoodresultsbut needsprohibitively long runtimefor largerequiredvolumes.TheILP solution
canalways �nd a solutionvery quickly. Its performanceis not asgoodasTLO for small volumerequirements,but is
comparableto thatof TLO for largevolumerequirements.

The�nal reticle�oorplan andwaferdicingplansfor theCMPtestcase“Ind 2” areshown in Figures7 and8.



Cases # part
IASA E-IASA ILP TLO

Nw CPU(s) Nw CPU(s) Nw CPU(s) Nw CPU(s)
Ind 1 1 4 0.9 3 21.4 6 0.0 3 0.14
Ind 2 1 3 0.9 3 20.9 5 0.01 3 0.18
Ind 3 1 9 4.8 5 617 5 0.03 4 4.59
Ind 4 1 7 26.1 4 1631 8 0.03 4 73.6
Ind 5 1 2 1.9 2 15.5 4 0.0 2 0.21
Ind 6 1 13 13.2 6 2634 8 0.00 6 3.57
Total 38 23 36 22

Red.(%) 39.5 5.3 42.1

Ind 1 2 3 2.6 2.5 37.0 3 0.0 2 0.05
Ind 2 2 3 2.3 2 18.8 2.5 0.0 2 0.06
Ind 3 2 7 16.8 4.5 1485 3.5 0.01 3 3.98
Ind 4 2 5 76.9 3.5 3041 4 0.02 3.5 0.76
Ind 5 2 2 5.7 1.5 17.7 2 0.0 1.5 0.21
Ind 6 2 9 37.4 5 4457 5 0.02 5 0.04
Total 29 18.5 20 17

Red.(%) 23.7 51.3 47.4 55.3

Ind 1 4 2 6.5 1.75 31.4 1.75 0.01 1.5 0.02
Ind 2 4 2 6.3 1.75 29.9 2.25 0.0 1.5 0.02
Ind 3 4 7 44.8 3.75 2246 3 0.01 2.75 0.17
Ind 4 4 4 225 3 6176 3.25 0.03 2.75 0.72
Ind 5 4 1 13.6 1 17.9 1 0.0 1 0.01
Ind 6 4 9 91.6 4.75 10606 4.75 0.02 4.5 0.82
Total 25 16 16 14

Red.(%) 34.2 57.9 57.9 63.2

Table 5. Waferdicing resultsfor six testcases.IASA is thealgorithmproposedin [5]; E-IASA is our extendedIASA heuristic;ILP is
theproposedintegerlinearprogrammingapproach;andTLO refersto our two level optimizationalgorithm.
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Figure7. Thereticle�oorplan for testcase“Ind 2”.

7. CONCLUSIONS AND FUTURE WORK

In thispaperwehaveproposedimprovedalgorithmsfor schedule-awareprojectpartitioning,multi-projectreticle�oorplan-
ning,wafershot-mapde�nition, andwaferdicing. Experimentson industrytestcasesshow thatour methodssigni�cantly
outperformprevious methodsin the literatureaswell as �oorplans manuallydesignedby experiencedengineers.Our
methodscanalsobe extendedto handleadditionalconstraintssuchasdie-alignmentconstraintsimposedby the useof
die-to-diemaskinspection,8 by merging two copiesof a die in a single“super-die”. In ongoingwork we investigatethe
useof multiple die copiesin thereticle,aswell asmulti-layerreticles,for furtherreductionsin themanufacturingcostof
prescribeddieproductionvolumes.



coeff # part
IASA+SDP IASA+MDP ILP TLO

Nw CPU(s) Nw CPU(s) Nw CPU(s) Nw CPU(s)
0.5 1 5 4.8 3 141 5 0.01 3 2.92
1 1 9 4.8 5 617 5 0.01 4 4.59
2 1 17 4.8 8 3054 7 0.01 6 4.53
4 1 34 4.8 13 13796 12 0.01 11 0.53
8 1 68 4.8 23 74173 21 0.01 21 0.16
16 1 135 4.8 45 494657 41 0.01 40 1.73

0.5 2 4 16.8 2.5 256 2.5 0.00 2 3.83
1 2 7 16.8 4.5 1485 3.5 0.01 3 3.98
2 2 13 16.8 7 3187 6 0.0 5.5 0.29
4 2 25 16.8 13 24419 10.5 0.0 10 15.8
8 2 50 16.8 23.5 242752 20.5 0.0 20 1.38
16 2 100 16.8 – – 40 0.01 39.5 2.26

0.5 4 4 44.8 2 406 1.5 0.01 1.5 0.01
1 4 7 44.8 3.75 2246 3 0.01 2.75 0.17
2 4 13 44.8 6 7978 5.25 0.0 5.25 0.0
4 4 25 44.8 11.5 51930 10.25 0.0 10.25 0.0
8 4 50 44.8 23.0 472487 20.25 0.0 20.25 0.0
16 4 100 44.8 – – 40.5 0.0 40.25 3.17

Table6. Waferdicing resultsfor thetestcase“Ind 3” with differentvolumecoef�cient.

Figure8. Thewaferdicingplansfor testcase“Ind 2”.
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