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ABSTRACT

Theaggressie scalingof VLSI featuresizeandthe penasie useof advancedreticleenhancemertechnologiedasledto
dramatidncrease maskcosts pushingprototypeandlow volumeproductiondesigngo thelimit of economideasibility.
Multiple projectwafers(MPW), or “shuttle” runs,provide anattractie solutionfor suchlow volumedesignshy providing
a mechanisnto sharethe costof masktooling amongup to tensof designs. However, MPW reticle designand wafer
dicing introducecompleities not encounteredn typical, single-projectwafers. Recentworks on wafer dicing do not
take in accountseveral known degreesof freedomandrequirementswhich degradeshe optimality andfeasibility of the
proposedsolutions. Furthermorethe delay costassociatedvith schedulealignmenthasbeencompletelyignoredin all
previousworks.

In this paperwe proposeanenhancedPW o w comprisingfour mainsteps:(1) schedule-avareprojectpartitioning,
(2) multi-projectreticle oorplanning, (3) wafershot-mapde nition, and(4) wafer dicing plande nition. The proposed
projectpartitioningalgorithmgivesimprovedtrade-ofs betweemaskcostandschedulelelaycost.Ourreticle oorplaner
combineshierarchicalquadrisectiomwith a simulatedannealingramework to generatanore“diceable” oorplans subject
to given maximumreticle sizes. The roundwafer shot-mapde nition stepmaximizesextractionof functionaldiesfrom
partially printedreticleimages.Finally, our dicing planneremploys multiple side-to-sidedicing plansfor differentwafers,
aswell asdifferentreticle imagerows/columnswithin a wafer. Experimentson industrytestcaseshow thatour methods
signi cantly outperformnot only previous methodsin the literature, but also reticle oorplans manually designedby
experiencecengineers.

1. INTRODUCTION AND MOTIVATION

With theshrinkingof VLSI featuresizeandthepenasveuseof advancedeticleenhancemeriechnologiesuchasOptical
Proximity Correction(OPC)and PhaseShifting Masks(PSM), masksetcostsare predictedto reach$10 million by the
endof the decade.Thesehigh maskcostspushprototypingandlow volumeproductiondesigngo the limit of economic
feasibility sincethe costscannotbe amortizedover the productionvolume. Multiple ProjectWafers(MPW), or “shuttle”

runs, provide an ef cient methodto reducethe cost! Thus,from governmentsponsoregrogramsallowing studentgo

verify their designin silicon* MPW hasnow becomea commercialserviceofferedby bothindependenproviderssuch
asMOSISandCMP andsemiconductofoundriessuchasTSMC andIBM.

Packinganddicing differentdieson a multi-projectwafer introducescomplexities not encounteredh typical, single-
projectwafers. Recently several approachesave beenproposedn the literaturefor addressinghe MPW reticle oor -
planningproblem.ChenandLynn® consideredn this context the problemof nding the minimumareaslicing oorplan,
with 90-degreechiprotationallowed. They gavea“bottom-left II” algorithmfor constructinganinitial solution,followed
by enumeratiorbasedon B*-trees. Xu et al.2 studiedthe MPW mask oorplanning underdie-alignmeniconstraintdm-
posedby the useof die-to-diemaskinspection.A grid-packingformulationfor MPW mask oorplanning is proposedn
Anderssoretal.! wheretheobjectveisto nd aminimumareagrid oorplan with at mostonedie pergrid cell.

Kahnget al.> werethe rst to considerthe side-to-sidewafer dicing problem,and proposeda generalmulti-project
reticle oorplanning methodseekingto maximizedicing yield. Their methodalsoallows maximumdicing maminsto be
speci ed for eachdie. Very recently KahngandRed# revisited the grid-packingformulationin Anderssoret al.> and
proposeda new oorplanner with guaranteegield. The approachein®® are basedon the implicit assumptiorthat all
wafersusethe samedicing plan. Xu et al.? combinethe horizontaland vertical con ict graphsof Kahnget al.® into a



singlecon ict graph,andcut out from eachwaferall diesreceving a certaincolor in a minimum coloring of the con ict

graph.Theimplicit assumptiorfor this approachs thatexactly onehorizontal(vertical)dicing planis usedfor all reticle
reticleimagerows (columns)within awafer. Finally, Xu etal.1? give methodsor MPW reticle oorplanning anddummy
Il insertionto minimize topographyvariation after chemical-mechanicgolishing. Balasinskf givesan overview of
relatedmulti-layer masktechnologieswhich rely on sharingthereticle spacebetweermultiple layersof the samedesign,
typically via blading. Thesepreviousapproachefail to take into account(i) differentproductionvolumerequirements$or

differentdies®® (i) the possibility of differentdicing plansfor differentwafers>® or for differentreticle reticleimage
rows/columnswithin the samewafer) (i) roundwafer shape(by assuminga rectangulamrrayof reticleimagesin the
model)>® or (iv) delaycostassociateavith schedulealignment.

In this paperwe proposean enhancedMPW o w aimedat minimizing the manufcturingcostto ful Il given die
productionvolumes. Our o w includesfour main steps:(1) schedule-avareprojectpartitioning (2) multi-projectreticle
oorplanning, (3) wafer shot-mapde nition, and(4) waferdicing plande nition. Our contributionsareasfollows. For
the rst step,we proposea branchandboundprocedureto achiese the besttradeof betweenmaskcostanddelay cost.
For the secondstep,we proposean algorithmcombininghierarchicalquadrisectiorwith simulatedannealingo generate
“diceable” oorplans observinggiven maximumreticle sizes. Our algorithmleadsto an averagereductionof 10-20%in
therequirednumberof waferscomparedo reticle oorplans manuallydesignedoy experiencedndustryengineers.For
thethird step,which hasnotbeenpreviously consideredn thecontext of MPW, we proposea simplealgorithmthatallows
full utilization of therealestateon roundwafersby extractingthe maximumnumberof functionaldiesfrom bothfully and
partially printedreticle images. This optimizationis shavn to yield an averagereductionof around12%in the required
numberof wafersfor a x edreticle oorplan. For thefourth stepfollowing® we assumehatall rows andcolumnsof reticle
imageswithin awaferaredicedusingthe samesetof cutsandgive anintegerprogramfor nding anoptimaldicing planin
practicalruntime.We alsogive a two-level optimizationalgorithmthatsimultaneouslhallows multiple side-to-sidedicing
plansfor differentwafersandfor differentreticleimagerows/columnswithin a wafer. Finally, we shav the advantages
of partitioningeachwaferinto a smallnumberof partsbeforeindividual die extraction. For a x edreticle oorplan, the
two-level optimizationalgorithmon averagereduceghe requirednumberof wafersby 42%,47%, or 63% without wafer
partitioningandwith wafer partitioninginto 2 or 4 parts,respectrely.

Therestof our paperis organizedasfollows. In the next sectionwe considerthe schedule-aareprojectpartitioning
problem. In Section3, we give the new hierarchicalquadrisectiormethodfor reticle oorplanning. Section4 is devoted
to the wafer shot-mapde nition problemandour proposedsolution,while Section5 describeghe Multiple Dicing Plan
(MDP) advantagesanda new two-level optimizationalgorithm. Finally, in Section6 we give experimentalresultsthat
evaluateour proposednethodson industrialtestcasesThe comparisonsre performedseparatelfor the casewhenonly
side-to-sidevaferdicingis allowedandwhenthe wafercanbedividedinto halvesor quartersbeforedicing.

2. SCHEDULE-AWARE PROJECT PARTITIONING

Onemajor practicallimitation of the multi-projectwafer is the delay costassociatedvith schedulealignment. Projects
with early tape-outschedulesiave to be delayedandthe nal MPW tape-outscheduledependson the projectwith the
latesttape-outschedul€. Thedelaycostis too largeto beignoredin practice especiallyfor low-volumeproduction.In a
simpledelaycostmodel,for ary singleprojectthedelaycostis equalto cg Ty, wherecy is a constantandTy is equalto
thedifferencebetweents tape-outschedulaedateandthe latesttape-outschedulelateof the projectson the samereticle.

The projectpartitioning problemis formulatedasfollows:

Project Partitioning Problem (PPP).Givena maximumreticle size,a setof diesandtheir sizes,maskcostandtape-out
scheduldgor eachproject, nd a partition of projectsinto reticlessuchthatthe sumof the delaycostandthe maskcostis
minimized.

In this “front-end” reticle designstage we assumehatthe wafer costis ignorablecomparedvith maskcostanddelay
cost. This assumptioris reasonabléor prototypingandlow-volume productionsincethe numberof wafersto be usedis
small. We employ a greedymerge algorithmto solve this problemasshown in Figurel. Line 1 givestheinitial solution
in which every die occupiesan entirereticle. Thenthereticlesaresortedby tape-outscheduleslterative merging reticles
reduceshe manufcturingcost(Lines 3-7). In eachloop, we meigetwo neighboringreticleswith the maximumpositive
costreduction.A min-areareticle oorplanneris usedto checkfeasibility of memging two reticlesinto a singlereticlein
Line 5.



Input: Maskcostandtape-outschedule®f n dies,maximumreticlesize
Output: Partition of thediesinto mreticles

1. Startwith eachdie in a separateeticle

2. Sortall reticlesaccordingto tape-outschedules

3. while (maximumcostreduction> 0)

4. For (every pair of neighboringreticles)

5. If (two reticlescanbe memgedinto a singlereticle)

6

7

calculatethe costreduction
Mergethetwo reticleswith the maximumcostreduction

Figure 1. Greedymemealgorithmfor projectpartitioning.

3. RETICLE FLOORPLANNING

In this sectionwe focusonthefollowing MPW reticle oorplanning problem:Givena maximumreticlesize,andthesize
andrequiredvolumefor eachdie, nd areticle oorplan (allowing die rotations)anda wafer dicing planminimizing the
numberof usedwafers.

Comparedvith other oorplanning problemsthe maindif culty of the MPW reticle oorplanning problemliesin the
wafer costcalculation. To simplify andspeedup the estimationof wafer costanddicing planyield, we usehierarchical
quadrisection-basedorplanning (seeFigure2). Thereticleis dividedhierarchicallyinto 4' regions.At thel™" level, each
regionR= Ra,a,:15 (& 2  1;2; 3;4g) containsat mostonedie. We denotethewidth of theregion R asW(R) andtheheight
asH(R). The hierarchicalquadrisectiorallows computingheightandwidth in a bottom-upmannerusingthe following
formulas.

W(Ral:::aq 1): MaX(W(Ral:::a 11);W(Ral:::a 13))"' MaX(W(Ral:::a 12);W(Ra1:::a4 14))
H(Ray:ia 1) = MaxX(H(Rag:a 11)iH(Ragiia 42)) + MaxX(H(Ray:ia 43):H(Ray:a 14))

Thewaferrequirrmentfor eachregion R canbecomputedn the samerecursve bottom-upmanner If we assumeahat

singlerow andcolumndicing planis usedfor all wafers,eitherall copiesof die D on onewaferareobtainedor no copies
of die D areobtained. The wafer requirermentof die D to satisfythe volumerequirements d%e, whereN(D) is the
volumerequirementf thedie D andQ(D) is the numberof die D perwafer. For asetS of diesin which ary two diescan

be simultaneouslybtainedthe waferrequirrments MAXDzsl(d% ).

For the region in the I level, the setS1(Ry;:q) includesthe die in the region. The wafer requirementfor S, is
calculated(Thewaferrequirements zerofor theemptyset.)

For theregionin the (I i)™" level Ra:a ;» SOrtthe 2 1 setsin eachof the four sub-rgjionsaccordingto wafer
requirement. Then we can group the diesinto 2' sets: the rst 2' 1 setsare S, = Sc(Rayiia 1) Sc(Ragiia 4)
(k= 1;::2" 1). It is obviousthatary two diesin the samesetarenot in dicing con ict sinceall the diesin the
region 1 arenot in dicing con ict with the diesin the region 4. Similarly, the second2' ! setsare S 14 =
S«(Ralz::aq i2) S((Ral:::al i3) (k= 1;::2 1)-

At thetoplevel, we have 2' setsandthe nal waferrequirements thesumof thewaferrequiremenbf all the2' sets.

Thereforethereticleareaandwaferrequiremenfor the oorplan canbeeasilycalculated.

We give a genericsimulatedannealingplacementlgorithmin Figure3. Line 1 is the stepto memge two dieswith
the samewidth w andvolumerequirementsonedie whosewidth is w andwhoseheightis the sumof the heightsof the
two dies. Thealgorithmstartswith the oorplan with eachdie randomlyplacedin the4' regionsasits initial placement.
The objective valueis calculatedandrecorded.In our implementatiorthe objective functionis the waferrequiremenby

assuming(D) = %ﬁg:for allD 2 D. At eachstepwe nd aneighborsolutionbasedon thefollowing moves:



Figure 2. Two-level HierarchicalQuadrisectiorFloorplan.

Input: Dimensionof ndies,b: 0 b< 1
Output: Reticle oorplan andwaferdicing plan

1. Choosearandomhierarchicaljuadrisectionoorplan

2. while (notcorverge and# of move < Move_Limit)

3. makearandommove

4. calculated = New Objective Value- Old Objective Value
5. If (d< 0) thenaccepthemove
6
7

Elseacceptmove with probabilitye f
T=hbT

Figure 3. HierarchicalQuadrisectiorloorplan.

Reagion exchangemove, which exchangeshediesin two regionsif atleastoneof theregionscontainsadie;

Orientationmove, which rotatesonedie by 90 degrees.

Eachgeneratedolutionis evaluatedandkeptwith a probabilitydependenbnthe currenttemperaturéseeFigure3). Note
thatthe hierarchicalquadrisectiorstructurewill be maintainedduringtheprocess.

4. WAFER SHOT-MAP DEFINITION

Thewafershot-mapde nition step,which determineghe positionof reticleimagesprintedon wafer, hasbeenignoredin
previousworks on MPW. In both® and® the waferis modeledasa rectangulamrrayof projects,which is obviously not
truefor actualroundwafers.This simpli cation mayleadto wrongdicing yield estimationsince(i) thereticleimagerows
( columns)do not have equalcontributionsto the waferdicing yield — e.g.,therows/columnsearthe centercontainmore
reticleimagesand(ii) fully printeddieswithin partialreticleimageareignored.For a roundwaferwith theradiusr and
center(Xo; yo), adie imageD is onwaferif andonly if (x Xo)2+ (y VYo)? r2forall (xy) 2 D. Givenarectangular
reticle image,areticleimage planeis a regulartiling of the planewith identical copiesof the reticle. The waferreticle
image problemis formulatedasfollows:

Wafer Shot-Map De nition Problem (WSMDP). Givenareticleimageplaneandthewaferradiusr, nd thepositionof
thewafercenteminimizing the numberof wafersrequiredto meetthe givenproductionvolumes.

Dueto the periodicity of thereticleimagelattice, we canprove thatthe optimal solutionof WSMDP canbe achieved
whenthe location of the wafer centeris restrictedto be within onereticle reticleimagelL. The algorithmfor MDP is
summarizedn Figure4. Two tricks areemployedin the algorithmto speedup the process.(1) We storeall feasiblesets
whosewafercostsarecalculatedor comparisonln Line 6, if F(g) is includedin ary storedset,g will beskippedto avoid
redundantvafer costcalculation. (2) A thresholdvaluea is usedto determinewhetherthe processshouldbe continued.
We cantake theradialyield model(e.g., Teets radial yield model)anddefectmodels(e.g.,PoissonMurphy, Seedsetc.)
into accounduringthe wafer costevaluation.



Input: waferradiusr, reticledimensions
Output: placemenbf wafercentemmaximizingthe givenobjective
1. Divide oneprojectionL into| | uniformly-spacedyrid
2. Find Ny anddicing yield y whenthewafercenteris at
the rst pointgg, storethefeasiblesetF(gp)

Min_Nw  Nw; Maxyield vy
while (Maxyield a) Figure 4. Wafer Shot-MapDe nition Algorithm
Move to thenext grid pointg

If F(g) notincludedin ary storedfeasibleset
Find Ny, andthedicingyieldy, storeF (g)
If (Nw < Min_Ny)
Min_Nyw  Nu; Maxyield vy

©CoNOU kW

5. MULTIPLE WAFER-DICING-PLAN DICING

In two worksby Kahngetal.>® theauthorsassumehata singledicing plan(SDP)is usedfor all wafers.Thewaferyield
thenis determinedy thedie with the minimumratio of the numberof copiesslicedout to the volumerequirementWhen
multiple dicing plans(MDP) are allowed, differentwafersmay contribute differentnumberof copiesof a die towards
satisfyingthe total volumerequirement.Thus, MDP canbalancebetterthe numberof usefuldie copiesextractedfrom
differentwafers, particularly for non-uniformproductionvolumerequirements.In this sectionwe rst describehow to
extendthe IASA SDPalgorithmof Kahngetal.® to nd MDPs. We thengive a simpleintegerlinear programming(ILP)
approacho nd optimalMDPsthatarerestrictedasin Xu etal.? to useasinglesetof cutsfor all reticleimagerows/columns
within awafer. Finally, we concludewith atwo-level optimizationalgorithmcombiningthe rst two approaches.

5.1. Side-to-SideWafer Dicing

A waferconsistf anumberof reticlereticleimagesarrangedn a numberof reticleimagereticleimage rowsandreticle
image columns Eachreticle imageis a copy of the samereticle image. In the prevalent “side-to-side”wafer dicing
technologythe diamondbladescannot stopatarbitrarypointsduring cutting; consequentlyall reticleimagesin thesame
reticle imagerow (or column)will sharethe samehorizontal(or vertical) cutlines. Following Kahngetal.,’> two dies
D andDP on a reticle are saidto be in vertical (resp. horizontal)dicing con ict if no setof vertical (resp. horizontal)
cutscanlegally dice bothD andD®. Let D denotethe setof dieson a givenreticle. The vertical reticle con ict graph
R, = (D;Ey) is the graphwith verticescorrespondingo the dies and edgesconnectingpairs of diesin vertical dicing
conict. Thehorizontalreticle con ict graph R, = (D;Ey) is de ned similarly. As usual,a setof verticesin a graphis
calledindependentif they are pairwisenonadjacent A maximumhorizontal (or vertical) independensetis a subsetof
D which canbe sliced out by a setof horizontal(or vertical) cutlines;the setof cutlinesusedfor a wafer arecalledas
awaferdicing plan. The following problemformulation extendsthe formulationof Kahnget al.> by allowing different
dicing plansto beusedfor differentwafers:

of wafersN,, andthe correspondinglicing planfor eachwafer suchthatthe requiredproductionvolumefor eachdie is
satis ed.

Thedicingyield of amulti-waferdicing planP is de ned asthe minimum,overall diesD 2 D, of thenumberof legally
dicedcopiesof D dividedby N(D). NotethatSSMWDPrequiregheminimumnumberof wafers(andtheassociatedicing
plans)suchthatthedicing yield is atleastl1. In our presentvork, we extend SSMWDPto allow preliminary partitioning
of eachwaferinto a small numberof parts(e.g.,halvesor quarters)sothatthe side-to-sidedicing plansfor the partscan
beindependentrom eachother

5.2.Extended|ASA

ThelASA methodproposedy Kahngetal.® canbe easilyextendedo solve MDP by placingN,, wafersinto one“super
wafer” asshavn in Figure5. Thenwe canuselASA for SDPto producea dicing planfor the Ny, wafers. However, the
runtimewill increaseapidly whenN,, is large sincewe needto checkall rows andcolumnsof the “superwafer” in each
iteration.
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Figure5. Placingtwo waferson one“superwafer”.

5.3.Integer Linear Program for Restricted MDPs

Xu etal.? assumehateachwaferusesexactly onehorizontaldicing planandonevertical dicing planfor all reticleimage
rows/columnswithin awafer. This assumptiorallows themto usea coloring-basedheuristicwhich givesgoodresultsfor

testcasewvith large volumerequirementin this sectionwe give anintegerlinear programmingormulationwhich allows
nding optimalMDPsrestrictedn thisway:.

Asin,® two diesD andD°on areticle aresaidto bein dicing con ict if they areeitherin horizontaldicing con ict
or verticaldicing con ict. Thecon ict graphR. = (D; Ec) is the graphwith verticescorrespondingo the diesandedges
connectingpairsof diesin dicing con ict. A maximumcon ict independensetis a subsef D which canbe slicedout
by a setof horizontalandvertical cutlines. We useMCI Sto denotethe setof all maximalindependensgetsin the con ict
graph. For eachindependensetC 2 MCIS, let fc denotethe numberof waferswhich usethe dicing plande ned by C,
MDP canbeformulatedasthefollowing integerlinearprogram:

Minimize Ny (ILP1)
subjectto

a Q(C,D)fc N(D); 8D2D

D2C

acfc=Ny

fc2Zy; 8C2 MCIS

whereQ(C; D) is a constantwhich representshe numberof copiesof die D obtainedfrom a waferdicedaccordingto C.
ThelLP canbeoptimally solvedin a shorttime sincethereareonly jMCI g variablesandjDj + 1 constraints As shovn
in Section6, theruntimesof ILP arewithin 0.03secondn all the experimenton industrytestcasewith up to 30 dies.

5.4. Two-Level Optimization Algorithm for MDP

Although the ILP methodcan solve the MDP problemquickly, its performancewill be degradedfor the small volume
requirementasesExtendedASA for MDP canproducea goodsolutionbut suffersfrom large runtimewith largeNy,. In
orderto rapidly nd a nearoptimal solutionfor MDP, we proposethe Two-level Optimization(TLO) heuristicshavn in
Figure6. We rst solve ILP1 to obtainanupperboundon N,,. Thenwe graduallyreducethe numberuntil thedicing yield
becomesmallerthanl. In Lines04-08,we assumall rows (columns)of eachwaferusingthe samehorizontal(vertical)
dicing plan. Thedicing planfor eachwaferareobtainedby solvingthefollowing ILP:

Minimize Y (ILP2)
subjectto
N(D) a QC;D)fc vp; 8D2D
D2C
dcfc=Ny
apyo=Y
fc2 Zy; 8C2 MCIS

Y02 Z+; 8D2D



Input: MHIS MVIS MCIS
Output: Ny anddicing planfor Ny, wafers
01. Solwe ILP1 to obtainthe Ny, upperbound
02. while (dicingyield 1)
03. Ny
04. SolvelLP2 andchooseonesetC 2 MCI Sfor eachwafer
05. Settheweightof eachdie D asyp
06. For (eachwafer)

07. Choosemaximalhorizontal(vertical)independensetwhich includeC andmaximizesthetotal weightof dies
08. Usethecorrespondinglicing plansfor eachrow (column)

09. While (improve==true)

10. While (improve==true)

11. For (eachrow andcolumn)

12. try otherhorizontal(vertical)dicing plans

13. If (dicingyield increases)

14. Replacehe currentdicing plan

15. For (thecenterow andthe centercolumnof eachwafer)

16. Simultaneouslyry otherpairsof horizontalandverticaldicing plans
17. If (dicingyield increases)

18. Replacehe currentdicing plan

Figure 6. Two-level OptimizationHeuristic

Cases| #dies | Totalvolume | MaxVol. | Min Vol. | Die area¢n?) | jMCIS | jMHIS | jMVIS
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
Ind5 14 250 25 12 0.86 18 63 40
Ind 6 24 625 35 25 2.26 127 588 1080

Table 1. CMP testcasgarameters.

whereY is thetotal numberof unsatis edvolumerequiremenandyp is the numberof unsatis edvolumerequirementor
thedie D. We choosethe horizontalandvertical dicing planfor eachwafer which maximizesthe total weight,andthen
we performtherow andcolumnlevel checkin Lines 11-14to improve theyield by replacingthe dicing planfor onerow
or column. Sincethe dicing plansfor all rows and columnsarechosenwe do not have the iterative augmenfprocesof
IASA in our heuristic.Instead we usea crossselectionprocessn Lines15-18to choosethedicing planfor onerow and
onecolumnsimultaneously Sincethe “crossselection”procesds time-consumingye do it only for the centerrow and
columnof eachwafer.

6. EXPERIMENT AL RESULTS

We usedsix industrytestcasefrom CMP! to evaluatethe performanceandscalabilityof the proposedhlgorithms.Each
testcasdasbetweenl2 and31 dies,with varying sizesandproductionvolumerequirementskFor the wafer shot-mapand
waferdicing problemswe usethereticle oorplan of theactualindustryMPW runs,whichweremanuallydesignedy an
experiencecengineer The basicparametersf the six testcasearelistedin Tablel.

Project Partitioning . Our algorithmfor the schedule-avare project partitioning problemis implementedn C++. We
assumehat cp = 150000per week andthe maskcostis 500000. The tape-outscheduledor all projectsare randomly
generatedetweerzeroandtenweeks.The projectpartitioningresultsaresummarizedn Table2. Here*Without MPW”

denoteghe sumof maskcostanddelaycostfor projectpartitioningwithout MPW, i.e., eachprojectoccupiesonereticle,
“Schedule-blind"is the maskcostdriven partitionerwhich aimsto minimize the numberof reticleswithout considering
delaycost,and“GreedyPartitioner” is our proposedyreedymemge algorithm. The resultsshav thatour proposedyreedy
mergealgorithmcanreducecostby 63.8%comparedvith thetraditionalprojectpartitioning. On the otherhand,ignoring



Cases WithoutMPW | Schedule-blind| GreedyPartitioner

Ind 1 6M 8.3V 2.95v

Ind 2 ™ 9.08M 3.2am

Ind 3 12M 15.aM 3.9M

Ind 4 15.5M 20.79m 4.3M

Ind5 ™ 9.08M 3.2am

Ind 6 12M 15.aM 3.9M

Total 59.5M 78.79M 21.58M
Reduction(%o) 0 -32.35 63.8

Table 2. Projectpartitioningresultsfor six testcases.

Cases | #part CMP IASA+SA HQ
Nw | area| Ny | area| CPU(s)| Nw area| CPU(s)

Ind 1 1 3 1.13 3 158 | 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 4 226 | 0.01
Ind 4 1 4 1.62 5 272 | 2351 4 1.82| 0.01
Ind5 1 2 0.86 2 1.77| 51.7 2 1.19 | 0.00
Ind 6 1 6 2.26 6 3.60 795 5 266 | 0.01
Total 22 26 20

Red.(%) -18.2 9.1
Ind 1 2 2 1.13| 25 | 1.58| 242 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 3 226 | 0.01
Ind 4 2 35 |162| 35 | 2.72| 2351 25 | 182| 0.01
Ind5 2 15|086| 15 | 1.77| 517 1.5 | 1.19| 0.00
Ind 6 2 5 2.26 6 3.60 795 3 266 | 0.01
Total 17 19.5 13

Red.(%) -14.7 235
Ind 1 4 15| 1.13| 1.75 | 1.58 | 24.2 125 | 1.42| 0.00
Ind 2 4 15| 136| 1.75 | 1.83 | 39.2 1.5 | 1.65| 0.00
Ind 3 4 2.75| 1.82 4 196 | 1031 | 2.75 | 2.26| 0.01
Ind 4 4 275|162 | 325|272 2351 | 225 | 182| 0.01
Ind5 4 1 0.86| 1.25 | 1.77| 51.7 1 1.19| 0.00
Ind 6 4 45 | 226 | 45 | 3.60 795 3 266 | 0.01
Total 14 16.5 11.75

Red.(%) -17.8 16.1

Table 3. Reticle oorplan resultsfor six industrytestcasesCMP is the original industry oorplan usedby the CMP multi-projectwafer
service,' IASA+SA” is the SDP-driren oorplannerusedin [5] andHQ is our proposedhierarchicalquadrisectionoorplan algorithm.

the delay costleadsto an increaseof the costby 32.35%,which indicatesthat delay costcannotbe ignoredin project

partitioning.

Reticle Floorplanning. We implementecdur hierarchicaljuadrisectionoorplan algorithmin C++. Themaximumreticle

dimensionis setto be 2cm. After the placementwe usea x edwafershot-mapand TLO dicing methodto generatehe

dicing plansfor all thewafers. Thereticle oorplan resultsaresummarizedn Table3. Here“*CMP” denoteghe original

industry oorplan usedby CMP, “IASA+SA” is the SDP driven oorplanner usedby Kahngetal.,> and“HQ” is our

proposedhierarchicalquadrisectionoorplan algorithm. The resultsshav that our proposedhierarchicalquadrisection
oorplan canreducewafer costby 9.1%, 23.5%and 16.1%for one part, two partsand four partscomparedwith the

original industry oorplan. On the otherhand,“IASA+SA” increaseshe wafer costby 18.2%,14.7%and17.8%,which

indicateshat“IASA+SA” is notagoodchoicefor MDP on roundwafers.

Wafer Shot-Map De nition. Ouralgorithmfor thewafershot-maple nition problemisimplementedn C++. We choose



11 10 10 100 100

Cases | #part |~ —TChUE) [ Ny | CPUG) | N | CPUE)
Ind 1 1 3 | 014 | 3 | 014 | 2 | 1534
Ind2 1 3 | 018 | 2 83 7 115
Ind3 1 4 | 459 | 4 | 46 7 46
Ind4 1 4 | 736 | 4 | 737 | 4 | 737
Ind5 1 2 | 021 | 2 03 2 03
Ind6 1 6 | 357 | 5 | 200 5 343
Total 22 20 19
Red.(%) 9.1 136

Ind 1 2 2 | 005 | 2 0.1 2 01
Ind2 2 2 | 006 | 2 01 2 0.06
Ind3 2 3 | 398 | 3 | 397 | 3 3.95
Ind4 2 [ 35| 076 | 3 | 4908 | 3 | 2915
Ind5 2 [ 15| 021 | 15| 03 1 | 1382
Ind6 2 5 | 357 | 4 | 223 4 | 1001
Total 17 155 15

Red.(%) 88 118

Ind 1 Z | 15 002 | 15 01 | 125 641
Ind2 4 | 15| 002 |125| 05 | 125 462
Ind3 4 | 275 017 |275| 016 | 25 | 55017
Ind4 4 | 275 072 | 25| 170 | 25 | 1456
Ind5 Z 1 [ 001 | 1L | 00L | 075 1877
Ind6 4 | 45| 082 | 4 | 1250 | 4 | 5230
Total 14 13 1225
Red.(%) 71 125

Table 4. Costef ciency of wafershot-mapde nition stepfor six industrytestcases.

the numberof grid pointsas1l 1,10 10and100 100anduseTLO asthedicing heuristic. We choosea = 1:15in
our experiments.The wafer costandruntimeresultsaresummarizedn Table4. Theresultsshowv thatthe wafercostcan
be reducedby 9.1%and 13.6%by using1l0 10and100 100grid, respectiely, at the expenseof increaseduntime.
Similarimprovementsareobsenedfor two- andfour-partdicing.

Wafer Dicing. We implementthewaferdicing algorithmsin the C++ language We setthewaferdiameterto besix inches
andusea x edwafershot-magfor all testcasesThe numberof wafersused(N,,) andruntimeof four methodsareshovn

in Table5, wherelASA is the SDPmethodusedby Kahngetal.> E-IASA is the extendedlASA in Section3.1, ILP is

theintegerlinear programmingestrictedVIDP methodspeci edin Section3.2andTLO is the proposedwo-level MDP

optimizationmethod.Eachmethodwasrun without any wafer partition,andwith wafer partitioninto 2 or 4 partsprior to

dicing. Theresultsshav thatcomparedwith the original IASA with onepart,the wafercostcanbereducedoy 34.2%by

usingfour parts.E-IASA canreducethe wafer costby 39.5%for onepartat the expenseof long runtime.ILP canreduce
thecostby 5.3%for onepartandcanreducethe costby 57.9%for four parts.Therefore]LP is moreef cient for multiple

partdicing. TLO achieresthe bestsolutionquality in a shorttime, reducingwafercostby 63.2%for four parts.

To investigatethe impactof volumerequiremenbn all dicing methodswe multiply the volumerequiremenof each
die by acoefcient. Thecoefcient is choserfrom 0.5to 16 for thetestcaséind 3. Theresultsshavn in Table6 suggest
thatExtendedASA givesgoodresultsbut needsprohibitively long runtimefor largerequiredvolumes.TheILP solution
canalways nd a solutionvery quickly. Its performancds not asgoodasTLO for small volume requirementsbut is
comparableo thatof TLO for largevolumerequirements.

The nal reticle oorplan andwaferdicing plansfor the CMP testcasélnd 2” areshovnin Figures7 and8.



TASA EJIASA P TLO

Cases | #part =By [ Ny | CPUG) | Nw | CPUG)| Nw | CPUGS)
Ind 1 1 2 | 00 | 3 | 214 | 6 | 00 | 3 | 014
Ind2 1 3 ] 090 | 3 | 209 | 5 | 001 | 3 | 018
Ind3 1 9 48 | 5 | 617 | 5 | 003 | 4 | 459
Ind4 1 7 | 261 | 4 | 1631 | 8 | 003 | 4 | 736
Ind5 1 2 19 | 2 | 155 | 4 | 00 | 2 | 021
Ind6 1 [ 13 132 | 6 | 2634 | 8 | 000 | 6 | 357
Total 38 23 36 22

Red.(%) 395 53 421
Ind 1 2 3 26 | 25] 370 | 3 | 00 | 2 | 005
Ind2 7 3 23 | 2 | 188 | 25| 00 | 2 | 006
Ind3 7 7 | 168 | 45| 1485 | 35 | 001 | 3 | 3.98
Ind4 2 5 | 760 | 35| 3041 | 4 | 002 | 35| 076
Ind5 7 2 57 | 15| 17.7 | 2 00 | 15| 021
Ind6 7 9 | 374 | 5 | 4457 | 5 | 002 | 5 | 004
Total 29 18.5 20 17

Red.(%) 237 513 474 553
Ind 1 Z 2 65 | 175] 314 |175] 00l | 15| 002
Ind2 7 2 63 | 175] 290 |225| 00 | 15| 002
Ind3 Z 7 | 448 | 375| 2246 | 3 | 001 |275| 017
Ind4 7 4 | 225 | 3 | 6176 [ 325] 003 | 275] 072
Ind5 7 1 [ 186 | 1| 179 | 1 00 | 1 | o001
Ind6 Z 9 | 916 |475| 10606 | 475| 002 | 45 | 082
Total 25 16 16 14

Red.(%) 342 57.9 57.9 63.2

Table 5. Waferdicing resultsfor six testcaseslASA is the algorithmproposedn [5]; E-IASA is our extendedlASA heuristic;ILP is
the proposedntegerlinearprogrammingapproachandTLO refersto our two level optimizationalgorithm.

|

5
13

Figure 7. Thereticle oorplan for testcasélnd 2”.

7. CONCLUSIONS AND FUTURE WORK

In thispapemwe have proposedmprovedalgorithmsfor schedule-avareprojectpartitioning,multi-projectreticle oorplan-
ning, wafer shot-mapde nition, andwaferdicing. Experimentson industrytestcaseshow thatour methodssigni cantly
outperformprevious methodsin the literatureaswell as oorplans manuallydesignedby experiencedengineers.Our
methodscan also be extendedto handleadditionalconstraintssuchas die-alignmentconstraintamposedby the use of
die-to-diemaskinspectior® by meming two copiesof a die in a single“superdie”. In ongoingwork we investigatethe
useof multiple die copiesin thereticle,aswell asmulti-layerreticles,for furtherreductiondan the manufcturingcostof
prescribedlie productionvolumes.



© 00~

IASA+SDP | IASA+MDP iLP TLO
coef | #part — B0 [ Ny | CPUG) | Ne | CPUG)| Nw | CPUG)
05 | 1 5 | 48 | 3 | 141 5 | 0oL | 3 | 292
1 1 9 | 48 | 5 | 617 5 | 00L | 4 | 459
> 1 [ 17| 48 | 8 | 3054 | 7 | 00L | 6 | 453
4 1 |34 ] 48 | 13 | 13796 | 12 | 001 | 11 | 053
8 1 | 68| 48 | 23 | 74173 | 21 | 001 | 21 | 016
16 1 | 135| 48 | 45 | 494657 41 | 001 | 40 | 1.73
05 | 2 | 4| 168 | 25| 256 | 25 | 000 | 2 | 383
1 7 7 | 168 | 45 | 1485 | 35 | 001 | 3 | 398
> > [ 13| 168 | 7 | 3187 | 6 00 | 55 | 029
4 5> | 25| 168 | 13 | 24419 | 105 | 00 | 10 | 158
8 > | 50 | 16.8 | 235 242752] 205 | 00 | 20 | 138
16 > [100] 168 | = - 40 | 001 | 395 | 226
05 | 4 | 4 | 448 | 2 | 406 | 15 | 00l | 15 | ool
1 4 [ 7 | 448 [375] 2246 | 3 | 001 | 275 | 017
> 4 [ 13| 448 | 6 | 7978 | 525 00 | 525| 0.0
4 4 [ 25| 448 |115] 51930 | 1025] 00 | 10.25| 0.0
8 4 [ 50 | 448 | 230 472487| 2025] 00 | 20.25| 0.0
16 4 [100] 448 | - — [ 405 | 00 |4025] 317

Table 6. Waferdicing resultsfor thetestcaséind 3” with differentvolumecoefcient.

Figure 8. Thewaferdicing plansfor testcaséind 2".
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