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Abstract

Computerchessprovidesa goodtestbedfor understand-
ing dynamicMIMD-style computationsTo investigatehe
programmingssueswe engineered parallelchesspro-
gramcalled*Socrateswhichrunningonthe NCSAs 512
processolCM-5, tied for third in the 1994 ACM Interna-
tional ComputerChessChampionship*Socratesiseshe
Jamborealgorithmto searchgametreesin paralleland
usesthe Cilk 1.0languageandrun-timesystento express
andto scheduleghe computation.In orderto obtaingood
performancdor chesswe useseveralmechanismsaot di-
rectly providedby Cilk, suchasabortingcomputationsnd
directly accessinghe active messagéayerto implementa
globaltranspositiortabledistributedacrosgheprocessors.
We foundthatwe canusethecritical path  andthetotal
work  to predictthe performanc®f ourchesgprograms.
Empirically*Socratesunsin time 095 109
on processorskor best-orderedniformtreesof height
anddegree the averageavailable parallelismin Jam-
boreesearchis Q 2 2. *Socratessearchingreal
chesdreesundertournamentime controlsyieldsaverage
availableparallelismof over 1000.

1 Intr oduction

Computerchessprovidesa goodtestbedfor understand-
ing dynamicMIMD-style computations.The parallelism
in computerchessis derived from a dynamicexpansion
of a highly irregular game-treewhich makes computer
chessdif®cultto express,for example,as a data-parallel
program. To investigatehow to programthis sort of
dynamic MIMD-style application,we engineered par
allel chessprogramcalled *Socrates(pronounced®Star
Socrates®.) The program,basedon Heuristic Software's
serial Socrateprogram,hasan informally estimatedat-
ing of over 2400 USCF. *Socrates runningon the 512-
node CM-5 at the National Centerfor Supercomputing
Applications(NCSA) atthe Universityof lllinais, tied for
third placein the1994ACM InternationalComputerChess
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*Socratesis a stepforward from *Tech[Kus94, our
previous chessprogram. *Techis basedon H. Berliner's
serial Hitech program[BE89], and runningon NCSAs
512-nodeCM-5, tied for third in the 1993ACM Interna-
tional ChessChampionship*Socratesorrovedmary of
thetechniquesve developedfor *Tech,includingthe ba-
sic searchalgorithmandthetranspositiotable.*Socrates
usesa hew programminglanguageand run-time system
called Cilk 1.0 [BJK*94] to separatehe chessprogram
from the problemsof schedulingandload balancingon a
parallelcomputer

To helpmanagehecompleity of ourchessystemsye
dividedtheprogrammingprobleminto two parts:anappli-
cationanda scheduler The applicationcanbe thoughtof
asa dynamicallyunfolding directedagyclic graph,where
thegraphverticescorrespondo instructionsandthegraph
edgescorresponaontrol- ow dependencielsetweenvar
iousinstructions.An instructionmay not executeuntil all
its predecessoisave executed.Theschedulerontheother
hand,takessucha DAG anddecideson which processor
eachinstructionshouldrun, andwhenit shouldrun. The
applicationsjob is to exposeparallelism.Theschedules
jobistoruntheprogramasfastaspossiblegiventheavail-
ableparallelismin the applicationwithoutrunningout of
memory Thus,in *SocratesyweuseCilk 1.0toaddresshe
schedulingproblem andthechesgrogramitself canfocus
ononly thoseissuesvhich areuniqueto a chesgprogram.

We had learnedfrom our previous parallel chesspro-
gram,*Tech,how to predictthe performancef a parallel
chesgprogram.It wasnotclearfrom theoutsetow to pre-
dict the performanceof a parallelchessprogram. Chess
programssearcha dynamically generatedree, and ob-
taintheir parallelismfrom thattree. Differentbrancheof
the tree have vastly differentamountsof total work and
available parallelism. Chessprogramsuse large global
datastructuresandare nondeterministic We wantedpre-
dictable performance. For example, if one developsa
programon a smallmachine ponewould like to beableto
instrumenthe programandpredicthow fastit will runon
a big machine.How canpredictableperformancée sal-
vagedfrom a programwith thesecharacteristics®Ve had
foundfrom *Techthattherearetwo compleity measures
of performancehat actuallycanpredictthe performance



of chessprograms:the total work
length

Thetotalwork andcritical pathlengthgive usachance
to understandhow the performancef a parallelprogram
will scaleasthe numberof processorincreaseandalso
givesus a chanceto understandhe effectivenessof our
scheduler For example,the effectivenesswith which the
availablework is schedulednto the machinecanbe mea-
suredby comparingit to the boundfrom Brent's theorem
[Bre74, Lemma2], whichstateghattheruntimeon pro-
cessorsvith aperfectschedulecanbebroughtdownto no
morethan .

Thevalueof and dependntheparallelalgorithm,
ratherthanon the scheduler In our game-treesearchal-
gorithm, thevaluesof  and are partially dependent
on schedulingdecisionsmadeby the scheduler but we
believethat and aremostlyindependentf thosede-
cisions. A good algorithmreduces and We can
compare totheruntimeof acorrespondingerialchess
programandwe cancompare to . Theratioof to
thework doneby the serialprogramis theef®ciencyf the
program,andindicateshow muchoverheads inherentin
theparallelalgorithm. Theratio istheaverageavail-
ableparallelismof the program.We canhope,becaus®f
Brent's theoremto useasmary as processorsvith
anef®cieng of atleast50%.

This paperexplains how we obtain predictablehigh-
performanceon *Socrates. Section2 describeghe Jam-
boreegame-treesearchalgorithmand presentsomean-
alytical resultsdescribingthe performanceof Jamboree
search.Then,in Section3, we describethe Cilk 1.0 lan-
guageand run-time system. The modi®cationsnadeto
Cilk in orderto run the chessprogramare describedn
Section4. In Section5 we outline several other mech-
anismsusedin the chessprogram. Section6 presentsa
descriptionof how the Jamborealgorithmrelatesto the
algorithmsusedby otherchesgprograms.We make some
concludingremarksin Section?.

andthecritical path

2 Parallel GameTreeSearch

The *Socrateschessprogramusesan ef®cientparallel
game-treesearchalgorithmcalled2Jamboree%earch.In
this sectionwe explain Jamboreaearchstartingwith the
basicof negamaxsearctandserial - searchandpresent
someanalyticalperformanceesultsfor thealgorithm.

ThebasicideabehindJamboreaearchs to do thefol-
lowing operationn a positionin thegametreethathas
children:

The value of the ®rstchild of the positionis deter
mined(by arecursve call to the searchalgorithm.)

Then,in parallel,all of theremaining 1 children
aretestedo verify thatthey arenotbetteralternatves

thanthe®rstchild.

Eachchildthatturnsoutto bebetterthanthe®rstchild
is searchedh turnto determinewhichis the best.

If the move orderingis best-®rsti.e., the ®rstmove con-
sideredis alwaysbetterthanthe othermoves,thenall of
thetestssucceedandthepositionis evaluatedquickly and
ef®ciently We expectthatthetestswill usuallysucceed,
becausdhe move orderingis often best-®rstiue the the
applicatiorof severalchess-speci®aove-orderindieuris-
tics.

2.1 NegamaxSearch Without Pruning

Beforedelvinginto the detailsof the Jamboreealgorithm,
let usreview the basicsearchalgorithmsthatareapplica-
ble to computerchess.(Readersvho arefamiliar with the
serialgametree searchalgorithmsmay wish to skip di-
rectly aheado the descriptionof the Jamboreealgorithm
in Section2.4.) Most chessprogramsuse somevariant
of negamaxtree searchto evaluatea chesgposition. The
goalof thenegamaxtreesearchs to computethe valueof
position inatree rootedatposition . Thevalueof

is de®nedccordingo the negamaxformula:

static _eval (p)

if isaleafin ,and
max achildof in

if isnotaleaf.

The nggamaxformula stateshatthe bestmove for player

isthemovethatgivesplayer ,whoplaysthebestmove
from 's pointof view, the worstoption. If thereareno
moves,thenwe useastaticevaluationfunction. Of course,
no chessprogramsearcheshe entiregametree. Instead
somelimited gametree is searchedusing an imperfect
staticevaluationfunction. Thus,we have formalizedthe
chesknowledgeas , whichtellsuswhattreeto search,
andstatic _eval , whichtellsushow to evaluatea leaf
position.

Thenaive Algorithm negamax shovnin Figurel com-
putesthe negamaxvalue  of position by searching
the entire tree rooted at It is easyto make Algo-
rithm negamax into a parallelalgorithm, becausehere
areno dependenciebetweenterationsof the for loop of
Line (N5). Onesimply changeshe for loop into a par
allel loop. But negamaxis not a ef®cientserial search
algorithm,andthus,it makeslittle senseo parallelizeit.

2.2 Alpha-Beta Pruning

The mostef®cientserialalgorithmsfor game-treesearch
all avoid searchinghe entiretreeby proving that certain
subtreesieednot be examined. In this sectionwe review



(N1) De®nenegamax  as

(N2) If isaleafthenreturnstatic _eval
(N3) Let thechildrenof , and
(N4)

(N5) For fromObelov do:

(N6) Let negamax

(N7) if thenset

(N8) enddo

(N9) return .

:; RecusiveSearh
:; New bestscoe

Figurel: Algorithm negamax.

Figure 2: White to move and win. In this position,
White neednot considerall of Black's alternatves to
40. f1, sincealmostary move Black makeswill keep
the queen,a worse outcomethan just taking the queen
with 40. h2.

the - serialsearchalgorithmin preparatiorfor the ex-
planationof how the Jamboregarallel searchalgorithm
works.

An exampleof how pruning canreducethe size of a
gametreethatis searchedanbeseernin thechesgosition
of Figure2. SupposéNhite hasdeterminedthat it can
win Black's queenwith 40. h2. White's otherlegal
move 40. f1 fails to capturethe queen. White does
not needto considerevery possibleway for Black's queen

to escape.Any oneof a numberof possibilitiessuf®ces.

Thus, White can stop thinking aboutthe move without
having exhaustvely searchedll of Black's options.

The idea of pruning subtreesthat do not need to
be searcheds embodiedin the serial - searchalgo-
rithm [KM75], which computeghe negamaxscorefor a
nodewithoutactuallylookingattheentiresearchree. The
algorithmis expressedisa recursve subroutinewith two
new parameters and . If thevalueof ary child, when
negated,s asgreatas , thenthevalueof theparentis no
lessthan , andwe saythatthe parentfails high. If the
valuesof all of the children,whennegated arelessthanor
equalto , thenthevalueof the parentis no greaterthan

, andwe saythatthe parentfails low.

Procedureabsearch 2 is shavn in Figure3. When

3This variant on the standard - algorithmis apparentlydue to

Procedureabsearch is called,the parameters and
arechosersothatif thevalueof a nodeis notgreaterthan

andlessthan , thenwe know thatthevalueof thenode
cannot affect the negamaxvalueof the root of the entire
searchree. After thescoreis returnedrom thesubsearch
on Line (A6), the algorithm,on Line (A7), checksto see
if the negatedscoreis asgreatas . If so,we know that
thevalueof the nodeis at leastasgreatas andwe can
skip searchinghe remainingchildren;the nodehasfailed
high. Justbecaus®neof the childrenhasa negatedscore
lessthan , however, doesnot meanthatsomeotherchild
might not be within the - window. The algorithmcan
only fail low afterconsideringall of the children.

The - algorithmcansubstantiallyreducethe size of
the tree searched.The - algorithmworks bestif the
bestmovesareconsidered®rst,becauséf any move can
malke the positionfail high, then certainlythe bestmaove
canmakethepositionfail high. KnuthandMoore[KM75]
shav that for searche®f a uniform best-orderedree of
height anddegree ,the - algorithmsearchesnly

leavesinsteadof leaves.

Forary 0,beforesearchinghe 1 stchild,the -

algorithmobtainsthevalueof the th child andpossibly
usesthat valueto adjust or returnimmediately This
dependeng between®nishingthe th child and starting
the 1 st child completelyserializesthe - search
algorithm?

2.3 ScoutSearch

For aparallelchesgprogramwe needanalgorithmthat
both effectively prunesthe tree and can be parallelized.
We startedwith avariantonserial - searchgalledScout
search,and modi®edit to be a parallelalgorithm. This
sectionexplainsthe Scoutsearchalgorithm.

Fishturn[Fis83],whocalledit fail-soft - seach. Fail-soft - search

canreturnavaluethatis lessthan , in which casethevaluereturneds

anupperboundto the true value of the node,or the searchcanreturna

valuethatis greaterthan , in which casethe valuereturnedis a lower
boundto thetruevalue.

4R. Finkel andJ. Fishturn shavedthatif the serializationimplied by

- pruningis ignoredby a parallelprogram,thenit will achiese only

speedumn processor§FF82].



(A1) De®neabsearch as
(A2) If isaleafthenreturnstatic _eval
(A3) Let thechildrenof , and
(A4)
(A5) For fromObelov do:
(AB) Let absearch
(A7) If thenreturn . ;; Fail High
(A8) If thenset ;; Raise
(A9) If thenset
(A10) enddo
(A11) return .
Figure3: Algorithm absearch .
(S1) De®nescout as
(S2) If isaleafthenreturnstatic _eval
(S3) Let thechildrenof , and
(S4) scout ¢
(S5) ;; The®stchild'svaluationmaycausethis nodeto fail high.
(S6) If thenreturn .
(87) If thenset
(S8) For from1belov do: ;; therestof the children
(S9) Let scout 1 ;; Test
(S10) If thenset
(S11) If thenreturn . ;; Fail High
(S12) If then ;; Testfailed
(S13) Set scout ;; Reseath for value
(S14) If thenreturn . ;; Fail High
(S15) If thenset
(S16) If thenset
(S17) enddo
(S18) return .

Figure4: Algorithm scout .

Figure4 shavstheserialScoutsearchalgorithm,which
is dueto J. Pearl[Pea8(. Procedurescout is similarto
Procedureabsearch , exceptthatwhenconsideringary
child thatis not the ®rstchild, a testis ®rstperformedto
determineif the child is no bettera move thanthe best
move seensofar. If thechild is no better thetestis said
to succeedlIf thechild is determinedo be betterthanthe
bestmove so far, the testis saidto fail, andthe child is
searchegain(valued)to determindts truevalue.

The Scoutalgorithmperformstestson positionsto see
if they aregreatetthanor lessthanagivenvalue. A testis
performedy usinganempty-windav searctonaposition.
For integerscoreoneusegshevalues 1 and
as the parameterf the recursve search,as shavn on
Line (S9). A child is testedto seeif it is worsethanthe
bestmove sofar, andif thetestfails on Line (S12)(i.e.,
themove lookslike it might be betterthanthe bestmove
seensofar),thenthechild is valued,on Line (S13),using

anon-emptywindow to determindts truevalue.

If it happensto be the casethat 1 , then
Line (S13)never executeshecause implies ,
which causeghereturnonLine (S11)to execute.Conse-
guently thesamecodefor Algorithm scout canbeused
for thetestingandfor thevaluing of a position.

Line S10,whichraiseghebestscoreseersofaraccord-
ing to the valuereturnedby a test,is necessaryo insure
thatif thetestfailslow (i.e.,if thetestsucceeds}henthe
valuereturneds anupperoundto thescore.If atestwere
to returna scorethatis not a properboundto its parent,
thenthe parentmight returnimmediatelywith the wrong
answemwhentheparentperformsthecheckof thereturned
scoreagainst online S11.

A testis typically cheapeito executethana valuation
becaus¢he - windowissmallerwhichmeanghatmore
of thetreeis likely to be pruned.If thetestsucceedshen
algorithmscout hassared somework, becausdesting



;» Reseath for value

J1) De®ngamboree as

J2) If isaleafthenreturnstatic _eval

(J3) Let thechildrenof , and

(J4) jamboree ¢

(J5) If thenreturn .

(J6) If thenset

J7 In Parallel: For from 1belovn  do:

(J8) Let jamboree 1

(J9) If thenset

(J10) If thenabort-and-return.

(J11) If then

J12) Wait for the completionof all previousiterations
(J13) of theparallelloop.

(J14) Set jamboree

(J15) If thenabort-and-return.

(J1e6) If thenset

J17) If thenset

(J18) Notethe completionof the thiterationof the parallelloop.
(J19) enddo

(J20) return .

Figure5: Algorithm jamboree .

a nodeis cheapethan®ndingits exactvalue. If thetest
fails,thenscout searcheshenodetwice andhassquan-
deredsomework. Algorithm scout betsthat the tests
will succeedbften enoughto outweighthe extra cost of
ary nodeghatmustbe searchedwice,andempiricalevi-
dencgdPea80justify itsdominanceasthesearchalgorithm
of choicein modernserialchess-playingrograms.

2.4 JamboreeSearch

The Jamboreelgorithm, shovn in Figure5, is a paral-
lelized versionof the Scoutsearchalgorithm. The idea
is that all of the testingof the childrenis donein par
allel, and ary teststhat fail are sequentiallyvalued. A
parallel loop construct,in which all of the iterationsof
alooprun concurrentlyappearsn Line (J7). Somesyn-
chronizatiorbetweervariousiterationsof theloopappears
on LinesJ12andJ18. We sequentializehe full-window
searchesor values,becausewhile we arewilling to take

run, usingup processoandmemoryresourcesTheabort
causesry childrenthatarerunningin pamlleltoabat their
childrenrecursvely, which hasthe effect of deallocating
theentiresubtree.

The actualsearchalgorithmusedin *Socratesalsoin-
cludessomeforward pruningheuristicshatprunea deep
searchbasedon a shallav preliminarysearch. Theidea
is thatif the shallov searchlooks really bad, then most
of the time a deepsearchwill not changethe outcome.
Forward pruningtechniquesave lately beenshavn to be
extremelypowerful, allowing programsunningon single
processor$o beatsomeof the besthumansat chess.The
serial Socrategprogramusessucha schemeandso does
*Socrates. In the *Socratesversionof Jamboreesearch,
we ®rstperformthepreliminarysearchthenwe searchhe
®rstchild, thenwe testthe remainingchildrenin parallel,
andresearchhefailedtestsserially.

Parallelsearctof game-trees dif®cut be@usehemost
ef®cientalgorithmsfor game-treesearchare inherently

achancehatanemptywindow searchwill besquandered serial. We obtain parallelismby performingthe testsin

work, we are not willing to take the chancethat a full-
window searchiwhich doesnot prunevery much)will be
squandereavork. Sucha squandereéull-window search
couldleadusto searcttheentiretree,whichis muchlarger
thantheprunedtreewe wantto search.

The abort-and-eturn statementshat appearon Lines
J10and J15return a value from Procedurgamboree
andabortary of the childrenthatarestill running. Such
an abortis neededvhenthe proceduréhasfound a value
thatcanbereturned,n which casethereis no advantage
to allowing the procedureandits childrento continueto

parallel,but thosetestsmaynotall benecessarin aserial
executionorder In orderto getary parallelism,we must
take therisk of performingextra work thata good serial
programwould avoid.

2.5 Analysisof JamboreeSearch

The Jamboreaearchalgorithmcanbe analyzedor a few
specialcasef treesof uniform heightanddegree. Here
we summarizeour results. The completestatemenof the
theoremandproofscanbefoundin [Kus94. It turnsout



that we have two analyticalresults,one for bestordered
treesandonefor worstorderedrees.

Theoreml stateshow Jamboresearchhehaesonbest-
orderedrees. A best-orderedreeis onein whichit turns
outthatthe®rstmove considereds alwaysthe bestmove,
andthusthetestsin thejamboreesearchalgorithmalways
succeed.

Theorem1 Foruniformbest-oderedtreesofdegree and
height thefollowinghold:

The total work performedis Q 2, which is the
sameas serial - seach would perform. Thatis,
thework ef®ciencys 1.

Thecritical pathlengthis Q 2 2, andthustheav-
erage availableparallelismisQ 2 2.

Chesgreestypically have degreeof betweer80and40
in the middle-gameandsincewe hopeto searchat least
to depth10, a best-ordereg¢hesgreewould have several
hundred-thousanibld parallelism.

If thetreeisnotbest-orderedhentheperformancefthe
parallelalgorithmcanbemuchworse however. Theoren?
addresseworst-orderedrees.A worst-orderedreeis one
in whichtheworstmoveis considere®rst,andthesecond
worstmoveis consideredecondandso-on,with thebest
maove consideredast.

Theorem 2 For uniformworst-ordered treesof degree
andheight thefollowinghold:

Thetotal work performeds Q
Thecritical pathis Q

For large and , theconstantsvork outsothatthetotal

work performedis approximatelythreetimesas mud as

theserial - seach would perform (thusthe ef®ciency
is 1 3), andthecritical pathlengthis equalto the work

performedby serial - (with the speedumpproacing1

frombelow)

Surprisingly for worst-orderediniform gametrees the
speedupfJamboresearctoverserial - searcHurnsout
tobeunderl. Thatis, Jamboresearclis worsethanserial

- searchevenonamachinewith no overheador com-
municationsor scheduling. For comparisonparallelized
negamaxsearchachieveslinearspeedumn worst-ordered
trees,and Fishturn's MWF algorithmachieves not-quite
linearspeedumn worst-orderedrees|[Fis84.

2.6 RealChessTrees

For real chesgrees,we found that the betterthe move
ordering,thelowerthecritical pathandthelesstotal work
is performed.Thus,themoveorderingheuristicof achess

programwhich areimportantfor serialprogramsecause
it reduceghework, aredoublyimportantfor our parallel
algorithmbecausd alsodecreasethecritical pathlength.
It is dif®cultto analyzeJamboreesearchfor arbitrary
gametrees,becausat is dif®cultto characterizehe tree
itself, andthetreethatis actuallysearched¢andepencon
how the work is scheduled.Unlike mary otherapplica-
tions, the shapeof the treetraversedby Jamboreesearch
canbe affectedby the orderof the executionof the work,
sometimesncreasinghework andsometimesiecreasing
work. Thus, measurementsf &critical pathlength® and
awork® on a particularrun may be differentthanthe mea-
surementgaken on anotherrun, becausehe treesthem-
selhes are different. It is not clear what acritical path®
and@work® meanfor Jamboreesearchon arbitrarytrees.
Nonethelesswe have found thatwe canusethe measurd
critical pathlengthandtotal work to tunethe program.
Ourstrat@y is to measuréhecritical pathandthework
on a particularrun, andto try to predictthe performance
fromthosemeasurementgThedetailsof how wemeasure
critical pathlengtharediscussedn Section3.) We mea-
suredthe programon a setof eight problems, shavn in
Figure6. For eachproblemtheprogramwasrunto various
depthsup to thosethat allowed the programto solve the
problemby gettingthe 2correct® answey asidenti®edoy
Kaufman.We alsomeasuredhe programmingunningon
avariety of differentsizedmachines.Thenwe performed
a curve-®tof thedatato a performancenodelof theform

predicted 1 2 — 3
We foundthatthe performanceanbe accuratelymod-
eledas

095 004 1091 0001 — O

1)
with a samplecorrelationcoef®cient of 0.999947 anda
meanerrorof 14.2%anda meanrelative errorof 4.85%/
To us, this is quite amazing,becausechessis a very de-
mandingapplication.For *Tech,we foundthataccording
to measurementsf the ideal parallelismpro®le (which
shavstheamounibf parallelismasafunctionof time,run-
ning the programon anidealin®niteprocessomachine),
for half the run-timethereis often lessthan 10-fold par
allelism. Thelow coef®cientson Equationl indicatethat
theprogramquickly ®nisheshe availablework duringthe

50ur eight problemswere provided by *Socratesteam member
L. Kaufman,who is an InternationalMaster Kaufmanhaspublished
several larger setsof benchmark$Kau92 Kau93 thatwereusedto un-
derstandTech[Kus94.

SFor ade®nitiorof samplecorrelatiorcoefcientsandotherstatistical
termssee for example,[HL93, page51].

"The results presentechere are for *Socrates. A more complete
analysisof the statisticalpropertiesof the measurementfor *Techcan
befoundin Kuszmauk dissertatiorfk us94].
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timesof low parallelism,and whenthereis much paral-
lelismthe programef®cientlyloadbalanceshework.

We alsofoundthatthework increasedy aboutafactor
of two to threeasthenumberof processorincreaserom
1 to 128 processorsand that the critical path lengthis
fairly stableasthe numberof processorincreasesMost
of thedif®cultyof predictingthe performancef thechess
programcomesfrom the fact that the amountof work is
increasing.Theprocessorgndup expandingsubtreeshat
areprunedin theserialcode.

Wefoundthatthecritical pathdoesnotlimit thespeedup
for our test problems,or for the programrunningunder
tournamentconditions. By using critical pathto under
standtheparallelismof ouralgorithm,we areableto make
goodtradeofs in our algorithmdesign. Without sucha
methodologyit canbe very dif®cultto do algorithmde-
sign. For example, Feldmann,Monien, and Mysliwietz
®ndthemseleschangingtheir Zugzwang chessprogram
to increasethe parallelismwithout really having a good
way to measureheir changedFMM93]. They express
concernthat by serially searchingthe ®rstchild before
startingthe otherchildrenthey have reducedhe available
parallelism. Our techniqueallows us to statethat there
is suf®cientparallelismto keepthousandf processors
busy without changingthe algorithm. We can conclude
thatwe shouldtry to reducehetotalamountof work done
by the program gvenif it reducegheavailableparallelism
slightly.

We experimentedvith sometechniquego improve the
work ef®cieng, andfound seseraltechniquego improve
thework ef®cieny at the expenseof increasinghe criti-
cal pathlength. For example,on *Techwe consideredch

e4

(9) (h)f4

Figure6: The8 chesositionsusedin this paper Below eachpositionis shavn Kaufmansacorrect® move for that
position. All positionsare2White to move®, exceptfor Position(f).

algorithmchangethat would valuethe ®rsttwo children
beforestartingthe paralleltestsof all the remainingchil-
dren. Theideais thatby valuingmorechildren,it becomes
more likely that the bestof the childrenthat have been
valuedwill be ableto prunesomeof the remainingchil-
dren.Whenwe measuredheruntimeonasmallmachine,
the programran fasterbut on a big machinethe runtime
actuallygot worse. To understandavhy, we looked at the
work andcritical pathlength. We found that this variant
of Jamboreasearchactuallydoesdecreas¢hetotal work,
but it increaseshecritical pathlength,sothatthereis not
enoughavailable parallelismto keepa big machinebusy.
By looking at both the critical pathlength and the total
work we wereableto extrapolatethe performanceon the
big machinefrom the performanceon the little machine,
however, andsowe avoidedintroducingmodi®cationghat
would hurtusin tournamentonditions.

3 The Cilk Work-Stealing Scheduler

Now thatwe have explainedthe searchalgorithmused
in *Socrateswe needto explain how the computationis
distributedacrosghe machine.We usea run-timesystem
called Cilk 1.0 [BJK*94]8 to distribute work amongthe
CM-5 processorsThis sectionexplainshow a programis
expressedn Cilk andhow the computationis distributed
acrosghemachine.

To distribute work amongCM-5 processorsCilk uses
a randomizedwvork-stealingapproachin which idle pro-
cessorgequestwork. Processorsun codethatis nearly

8Cilk is athreadedanguagef theC ilk.



F1  threadsum(contk, int X, inty)
F2
P1  int®b(intn) F3 SendVrdArgument(k, x+y);
P2 F4
P3 if(n<2) returnn; F5
P4 elsereturn®b(n-1)+®b(n-2); F6  thread®b(contk, intn)
F8 if (n<2) SendVérdArgument(k, n);
F9 else
fib(n-1) F10 contx, y;
F11 spavn_next sum(k, ?x, ?y);
F12 spavn ®b(x, n-1);
F13 spavn ®b(y, n-2);
fib(n-2) F14
F15

Figure7: Expressinghe doublyrecursve Fibonacciprogramin Cilk 1.0. Ontheupperleft is the programwrittenin
serialC. Onthelowerleft is thedata ow graphfor the program.Ontheright is the correspondingilk code.

serial. Whena processodiscoverssomework thatcould
bedonein parallel,it postshework into alocal datastruc-
ture. Whena processorruns out work locally, it sends
a messagéeo anotherprocessarselectedat random,and
removeswork from that processos collectionof posted
work.

TheCilk systemwasoriginalbasedntheParallelCon-
tinuationMachinerun-timesystenmof Halbhery Zhouand
Joeg[HZJ94. In PCM,thescheduleusesadoubleended
queue(a dequé on every processar When a processor
postswork, it pushest onthebottomof thedeque.When
aprocessoneedsnorework to dolocally, it popsit off the
bottomof the deque. Whena processostealswork, the
work is stolenfrom thetop of thedequeontheremotepro-
cessar It turnsout thatwe modi®edhis basicscheduler
aswe shalldescriban Sectior4.4.

Cilk requiresthat the programmeiexplicitly breakthe
algorithminto threads.To give anideaof how programs
areexpressed;onsidethedoublyrecusive Fibonacd pro-
gramshawn in Figure7. Firstwe cornvertthe programto
adata ow graph,andthenfor eachnodeof the graph,we
write a thread,which looks like a C function. Thus,in
the®nalCilk code,therearetwo threadsthe sum thread
andthefib thread. The sum threadacceptdwo values,
addsthem,and sendsthe resultto an explicitly provided
continuation.Thefib  threadcreates threadto sumtwo
resultsandpassesontinuationgdenoted andy) for that
threadto two subsidiaryfib threads. For a more com-
plete descriptionof the Cilk syntax,including a tutorial,
see[BJK*94].

Similarly for the Jamborealgorithm,we transformthe
searchcodeshawvn in Figure5 into a data ow graph,as
shavn in Figure8. Thenwe expressthe programin Cilk
analogouslyto the Fibonacciexample.

Cilk automaticallycomputeshecritical pathlengthand
total work of a computation.The computatiorof thecrit-
ical pathis doneby a systemof time-stampingasshaown
in Figure9.

The Cilk systemrunson both the CM-5 and network
of workstations.Soonwe expectto provide Cilk versions
thatrun on sharednemorymultiprocessoranda variety
of otherparallel computingplatforms. We are currently
working on improving the Cilk time systemto provide
bettersupportfor global datastructuresfor input/output,
andto helpautomaticallybreakup a programinto threads.

4 Using Cilk for ChessSearch

In thefollowing two sectionsve describeéheimplementa-
tion of *SocrateausingCilk. Thesesectionsareaninter-
estingcasestudyin implementinga large, multithreaded,
speculatre application.As mentionedn theintroduction,
*Socratesis a parallelizationof a serial chessprogram.
Much of the code,including the staticevaluator is iden-
tical in the parallelandthe serial versionsandis not be
discussedere. Instead,we focuson the portionsof the
codewhich werewritten speci®callyfor the parallelver-
sion.

Thissectionfocusenthosepartsof the Cilk scheduler
thatwe hadto changein orderto make Cilk behae more
like the scheduleusedin *Tech. The changesve made
includeimplementingmigration handlers,abortingcom-
putationghatarein progresschangingheorderin which
threadsarestolen,andaddinglevel waiting.

4.1 Migration Threads

We usea large, variablesizeddatastructure(nearly 200
bytes)to describethe stateof a chessboard. In the serial



Figure8: Thedata ow graphfor Jamboreaearch First Child 0 is searchedo determinéts value,thentherestof the
childrenaretestedin parallelto try to prove thatthey areworsechoicesthanChild 0, andtheneachof the children
thatfail their respectie testsare serially researchedThis data ow graphcanbe usedto measurehe critical path
lengthof the computatiorby usingtime-stamping Comparehis descriptiorof the Jamboreealgorithmto the textual

descriptionin Figure5.
1 1 2 2
1 2 max 1 2

Figure9: Thetime at which aninstructionin a data ow graphis executedin a perfectin®nite-processachedule
canbe computedby time-stampinghe tokens. In additionto the normaldata-walueof atoken( 1, 2,and 1 >
respectiely in the®gure)thetokenincludesatime-stamf 1, 2, and max 1 » respectiely.) Thetime-stamp
on the outgoingtokenis computedasa function of the time-stamp®f theincomingtokensandthetime to execute
theinstruction.



codewe passaroundpointersto this structureandcopy it

only whennecessaryln the parallelcodewe cannotjust
blindly pasgpointerdetweerthreadsbecausé thethread
is migratedthe pointerwill no longerbevalid. A naive
solutionis to copy the statestructuranto every thread but

this addsa signi®canbverheado the parallelcode. This
overheadis especiallydistastefulwhen you realize that
well underl% of threadsareactuallymigrated somostof

the copying would be wastedeffort.

To solwe this problemwe usemigrationthreads. Any
threadcanhaveamigrationthreadassociatedith it. When
thescheduletriesto migrateathreadthathasanassociated
migrationthreadtheschedulewill ®rstcallthemigration
thread. This migrationthreadwill returna new closure
whichis migratedinstead.

Using this mechanismwe are able to passthreadsa
pointerto astatestructuresAny threadthatis passedstate
pointeris alsogivenamigrationthreadwhichwill copy the
statdntotheclosurdf thethreadsstolen.Oncetheclosure
arrivesatthestealingprocessarthe stolenthreadcanthen
be calledwith a pointerto the copiedstatestructure.This
allows the overheadof copying the stateto be paid only
whenit is actuallynecessary

4.2 Abort

In orderto implementthe jamboreesearchalgorithmwe
mustbeableto aborta computation.Thisis neededvhen
we discoverthatatleastonechild hasa scoregreaterthan
beta,sothereis no needto searchtherestof the children.
(Thisis calledfailing high.) The Cilk systemhasno built-
in mechanisnfor abortinga computationso this hadto
be addedasusercode. Our goal in designingthe abort
mechanismvasto keepit asself containedaspossibleand
to minimizechangeso therestof thecode.Eventuallywe
would like to add supportfor sucha mechanismnto Cilk
itself.

In orderto aborta computationwe mustbe ®rstableto
®ndall of the threadsthat are working on this computa-
tion. Toimplementhisweuseaborttablestolink together
all the threadsworking on a computation.Whena com-
putation,say i, needsto createseveral childrenit ®rst
createsanaborttablecontaininganentryfor eachchild of
the computation. If achild of 3, say 1, itself spavns
off children,thentheentryfor ; is updatedo containa
pointerto theaborttablethat ; createsOnce ; andall
its childrenhave completed, ;'stableis deallocatedind
theentryfor 1 is updated.With this mechanisnin place
the abortcodeis ableto ®ndall the descendantsf ary
computation. When performingan abort, the abortcode
doesnot actually destry ary threads,insteadit merely
makesa markin the affectedaborttables. Whena users
threadrunsits ®rstactionshouldbe to checkto seeif it
hasbeenabortedandif soskiptherestof its computation.
This checkallows the users codeto do ary cleaningup

thatmay be necessary(For example,the codemay need
to free somedatastructures.)

The abortmechanisnprovidesfunctionsto createup-
date anddeallocateheabortstructuresto checkif athread
is aborted;andto startanabort. By usingthesefunctions
andpassin@roundafew pointergo aborttablesthesearch
codewas modi®edo include abortingwithout too mary
changes.

One dif®culty encounteredn implementingthe abort
tableswvasin keepinghetablescorrectwvhenacompuation
migrates. Whena computations stolenan aborttableis
allocatedon the stealers sideandthe existing aborttable
is modi®edo pointto it. The dif®cultyarisesbecausat
the time a computationis stolenthereis not yet an abort
tableonthestealerssideto pointto. Thisaborttableis not
beallocateduntil afterthethreadbeginsto run (unlesswve
changeheruntime systemwhichwewantedo avoid). So
insteadwe createa uniqueidenti®er(UID) for eachstolen
computationandstorethatinto the aborttable. Thenon
thestealers sidewe have ahashtableto mapthe UID into
apointerto theaborttable. The protocolfor accessinghe
hashtableis quitetricky sincetherearemary casesvhich
requirespecialhandling. For examplethe network of the
CM-5 canreordermessageshereforewe have to handle
the casewherea messagéo aborta computationarrives
beforethethreadthatwill allocatethehashtableentryand
aborttablefor thatcomputation Unfortunatelywe did not
considemll suchpossibilitiesbeforebeginningthedesign,
so gettingthis mechanisnmworking correctlytook longer
thananticipated.

4.3 StealOrdering

In the original Cilk runtimesystemthe threadqueuecon-
sistedof a single double endedqueue. Newly enabled
threadswereplacedatthefront of the queueandthelocal
processotook work out of this sideaswell (i.e. LIFO).
Whenstealingoccursthreadsarestolenfrom theotherside
of the queue(i.e. FIFO). For a treeshapedcomputation,
the LIFO schedulingallows the computationto proceed
locally in a depth®rstordering,thus giving us the same
executionordera sequentiaprogramwould have. How-
ever whenstealingoccursthe FIFO stealorderingcauses
a threadnearthe top of the treeto be stolen,so a large
pieceof work will be migrated,thusminimizing stealing.
Sincejamboreesearchis a tree shapedcomputationthis
mechanismvorksreasonablyvell.

With this schedulingmechanism the orderin which
childrenareexecuteddepend®nwhetheror nota child is
stolen. For mostcomputationghis executionorderdoes
not matter; but for jamboreesearchit does. Execution
orderhasan effectbecauséf onechild fails high,therest
of the childrendo not needto be searched.Our program
ordersthe childrensuchthatwhenno childrenare stolen
(the commoncase)the children mostlikely to fail high
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areexecuted®rst;this orderminimizesthe total work
Theproblemis thatwhenstealingoccurswe stealthechild
leastlikely to fail high.

Ideally we would like to stealfrom thetop of thetree,
but still stealthechild thatis mostlikely to fail high. Todo
thiswe hadto modify thescheduleby addingthe concept
of levels. Eachthreadin the queueis assigneda level
andthreadsat the samelevel will be executedin a ®xed
order regardlessof whetherthey are stolenor executed
locally. Betweenlevels, however, schedulingis doneas
before:We executdocally attheshallavest(newest)level
andstealfrom the deepesfoldest)level. The searchcode
thenmarksall the childrenof a computatiorasbeingata
level oneshallaverthanthelevel atwhichthecomputation
is currentlyexecuting. This givesus exactly the ordering
of threadghatwe want. Addingthisto *Socrateseduced
theamounif work performedor searchingpositionand
seemedo give a speedupf 20-25%. This ideaseemed
importantenoughhatweincludedacleanewersionof this
mechanisnin Cilk 1.0.

4.4 Level Waiting

The ®nalchangewe madeto the schedulewasa further
attemptto reducethe extra work being performedby the
parallelversion. Whena processois searchinga board
position, , it spavnsoff a bunchof childrento test. If a
processoranout of childrento work on while somechil-
drenwerestill beingworkedon elsavhere,thatprocessor
would stealanotherclosureandbegin working on that.

Considethecasewhereone(or more)of thechildrenis
stolenandtheprocesso®nishesherestof thetestshefore
thetestof the stolenchild completes.The processomay
thenbe out of work to do®. This processowill thensteal
someclosurefrom anothemprocessoandbegin searching
its board position, call it Eventually the test of the
stolenchild will complete Whenthisresultcomeshackit
will restarthecomputatioron position andpreempt .
Sinceposition may still have additionalvaluesearches
to perform,thisis potentiallyalong computation.We are
now in a positionwhere , no matterhow little work it
has,will not completeuntil the potentiallylong compu-
tationfor completes.The computationwhich spavned

will continuewithoutit. It may eventuallyblock (and
therebyarti®ciallylengthenthe critical path ) or it may
be ableto continue,but will uselooserboundsthanif
had completed(and will therebyincreasethe total work

).

To avoid thisstalledwork wefurthermodi®edhesched-
uler. Weaddedtlevelwaiting®, afeaturewhichmakesuses
of the samelevelsthat were usedin the previous section
for optimizing the stealordering. When a computation

9t will oftenbeoutof work becaus@oneof thechildrenatthis level
would have beenstolenif therewereary work earlierin thequeue.

spavnschildrenall the sub-computationareplacedatthe
samedevel. Thelevel waiting mechanisnsimply requires
thatall of thesesub-computationkave completedbefore
we maybegin any work atashalloverlevel. This prevents
usfrom starting,andthenpreemptinganunrelatedsearch.
Implementingthis changeseemedo give us a 15-20%
speedup.

5 Other ChessMechanisms

Theprevioussectiondescribedssueghatarosen getting

thesearctroutinesto runin ourparallelervironment.This

sectiondescribesotheraspectof the serialcodethathad

to be modi®edo runin a parallelsystem. Theseaspects
includethe transpositiortable,detectingrepeatednoves,

anddehuggingsupport.

5.1 TranspositionTable

Mostserialchesgprogramsncludea TranspositiorTable.
Thisis basicallyahashtableof previouslyevaluatechodes.
After a nodeis searchedve create(or update)the hash
entry for this node. The informationstoredin this entry
includesa score,a move, a depthanda checkkey. The
scoretellsusthevalueof thenode;themavetells uswhat
move achievesthis score;andthe depthtells ushow deep
a searchwasdone. The checkkey is usedto distinguish
betweerthe mary positionswhich mayhashto this entry.

Before searchinga nodewe ®rstcheckto seeif it is
presentvith adeepenoughdepth thenwe neednotsearch
thisnodeagain. This canoccurbecausghe sameposition
canbereachedy mary differentsequencesf moves(i.e.
atransposition).Much of the time whenwe geta hit the
depthis not suf®cientfor the currentsearch.But evenin
thiscasehetableis still usefulbecausé givesusthebest
move found by an earliersearchandoftenthe bestmaove
at a shallover depthis the bestmove at a deeperdepth.
By usingthe returnedmove as our predictedbestmove,
we increaseour chancef accuratelypredictingthe best
move,which,aswe saw in Section2, reduceshework and
critical pathof the computation.

For *Socrateswe implementeda distributed transpo-
sition table. We had a choice betweenimplementinga
blockingor a non-blockinginterfaceto thetable. Whena
threadbeginsa searchof a nodethe ®rstthingit typically
doesis to do atranspositiortablelookuponthatnode. In
a blocking implementationthis threadwould sendoff a
lookuprequesto theappropriatenodeandbusy-wait until
theresponsairrives,andthencontinue. The obviousdis-
adwantageof blockingis thatwe wastetime busy-waiting.

In a non-blockingimplementatiorwe would breakthis
threadinto severalthreads. Whenthe time cameto do a
lookup, a threadwould be postedon the nodethat would
hold theentry Thisthreadwould do thelookupandsend
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theresultbackto the originalnode enablingthecontinua-
tion of thesearch.Thisimplementatiorhastheadvantage
thatwe do not spendary time busy-waiting while we do
atablelookup. But it hasonebig disadwantagein thatit
may leadto mary searchesaking placeon the samenode
concurrently Intermixing two or more searcheson the
samenodecan causeboth the work andthe critical path
to increase.To avoid theseincreaseshe schedulemwould

haveto bemodi®edo keepthetwo computationseparate.

To avoid the compleity involved in sucha modi®cation
we choseto implementablockingtranspositiortable.
Sincethereis noway to implementthis blockingmech-
anismusingCilk primitives,we droppedto a lower level
and usedthe Strataactive messagdibrary [BB94]. We
designeadhe transpositiortablesuchthatall accesseare
atomic. For examplewhena valueis to be put into the
table,theinformationaboutthepositionis sentto thenode
wherethe entry resides,and that nodeupdatesthe entry
asrequired. Alternatively, we could have implementech
non-atomicupdateby performinga remotereadof theen-
try, modifying the entry, and then doing a remotewrite.

andbeforeit completesandwritesits resultinto the hash
table ProcessoP2 begins anothersearchof Position
This leadsto part of the searchbeingduplicated. In the
serialcodethesesearchewouldbeperformedsequentially
sothis problemwould not occur

We consideredrying to avoid this overheadn the fol-
lowing manner Whena searchbeginsif thetransposition
tablelookupfailsanentryis createdor thatpositionandit
is markedas®searchin progress$. Thenif anothedookup
occurson this positionwe know that a searchis already
beingdone.We would thenhave the optionof waiting for
theearliersearchto complete.

We chosenot to implementthis mechanism. Imple-
mentingit would have beensomeavhat complicated,and
therewerea numberof issueghatthis would raisethatwe
did nothave a clearunderstandingf. For example,when
we wereaboutto aborta searchwould it be necessaryo
®rstcheckto seeif anyoneelseis waiting for the results
of this search. Anotherexampleis decidingwhento wait:
If a positionis alreadybeingsearchedo depth , andwe
wantto searcht todepth 1, dowewait for thedeeper

Non-atomicupdatesvould have requiredmoremessages search?If we don't wait we are doing extra work, if we

andwould have hadto eitherlock the entrywhile the up-
datewasin progresspr risk losing someinformation if
two updateoperation®verlapped.

To determinehow muchthe busy-waiting hurtsus, we
instrumentedour codeto measurethe time spentbusy-
waiting!®. Our experimentshavedusthatthe meantime
betweensendingthe requestandreceving the reply was
around1600cycles. This worked out to about7% of the
executiontime.

Anotherdecisionwe facedwashow largeto make the
hashentries.Clearly, we would like to make themaslarge
aspossiblé!. Thescoreandthemoveeachrequirel6bits.
The bits describingthe depthandtype of searchrequired
another9. The only otherpieceof an entryis the check
bits. In ourimplementatioreachpositionhada 64 bit key.
Of thesehits 9 wereusedo selectaprocessoand21were
usedto selecta hashline on a given processqgrso there
is no needto storethesebits in the entryitself. Of the
remainingbits 34 bits we storedonly 23 of themasthe
checkbits sincethis allowed us to ®tan entryin one 64
bit doubleword. When executingon the 512 processor
systemwe hada 1 billion entryhashtable!

Thelastaspecbf thetranspositiotade wewill examine
is subsumptionsTheissueis what,if anything,dowe do
if two independensearcheareconcurrentlysearchinghe
sameposition(i.e. onesearctfsubsumes?the other). For
example,ProcessoP1 may begin a searchof Position

10Not all this time is wastedsince while busy-waiting we poll the
network sowemayspenpartof thistimerespondngto arrivingmessags.
But the analysisabore gives us an upperboundon the cost of busy-
waiting.

11Hsu claimsthatincreasingthe size of the hashtable by a factorof
256 caneasilygive afactorof 2 to 5 speedugHsu9d.

do wait we maywait muchlongerthanif we hadjustdone
it ourself. We instrumentedur programto estimatehow
muchduplicatework wasbeingdone.Eachtime we com-
pletedasearctandwereaboutto write thehashtableentry
we ®rstdid a hashtablelookupto seeif we would geta
hit if we beganthe searchnow. (If so,thensomeoneeise
musthave completedh searchof thisnodeduringthetime
sincewebeganthesearch.We foundthatthisoccuredess
than1% of thetime. Furthermorewe hadimplementeda
similarmechanisnfior *Tech,andit sometimespeedshe
programup,andsometimeslowsit down.

5.2 RepeatedMoves

To fully describea positionin achesggamewe needmore
thanjustadescriptiorof whereeachpieceis ontheboard;
somehistoryis neededaswell. A simpleexampleis we
needto know if the king hasmoved. If it hasthenwe
cannotastlegvenif thekinghasmovedbacktoitsoriginal
position. This sortof informationcaneasilybe storedin a
few bitsin the statesothis causeso dif®culty
Otherrequiredhistory can not be storedso easily In

chessif the sameposition is repeated3 times then the
gameis adrav. Similarly if 50 movesaremadeby each
playerwithoutanirreversiblemove beingmade thegame
is adrav!?. To handlethesecasesve needto keeptrack
of all movessincethe lastirreversiblemove. (Oncean
irreversiblemove is madeearlier positionscannotbe re-
peated.)We do this by addinganarrayof positionsto our
statestructure.Thisarraycontainsall the positiong(repre-

12An irreversiblemove is onewhich cannotbe undone;thatis, one
which capturesa pieceor movesa pawn.
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sentedby their 64 bit hashkey) sincethe lastirreversible
move.

Thisarraygreatlyincreasethesizeof thestatestructure
(from about160 bytesto nearly1000bytes). For a serial
programthe size of the statemay not be signi®cansince
the codecould just modify and unmodify the samestate

structure.For parallelcode however, it is oftennecessary

to make copiesof the statesoa large statecanslow down

theprogram.To preventthis from occuringwhenwe copy

astatewe only copy thepartof therepeategbositionarray
thatis meaningful. Sincethe averagelength of this list

is quite small (under2) copying this list addsvery little

overhead.

5.3 Dehugging

In ordertomaleit easietodehugourcode wemaleliberal
useof “assert'statementsNot only did this causebugsto
be detectedsooner it wasalsohelpful in pinpointingthe
causeof the bug. One of our biggestproblemsinitially
was making sure that the parallel versionwas working
correctly Thiswasdif®cultbecauséf the parallelversion
wascloseto the serial,but not exactly the same;it would
usually producethe exact sameanswers.\We were often
modifyingboththeparallelandtheserialsearclalgorithms
and keepingthem consistentas quite error prone. One
methodwe occasionallysedto testwhetheothversions
wereidenticalwastoruntheparallelcodeononeprocessor
andrun the serialcodeandmake surethey bothsearched
exactly the samenumberof nodes. Unfortunatelywe did
not do this checkoften enoughandat one point so mary
minor variationshadcreptin thatwe woundup spending
almosta week trying to make both versionsconsistent
again.

Oneof themostusefulassertionsve addedvasto check
ateverynodeof thetreethattheresultsof theparallelcode
werethesameastheserialcode.In thedehuggingversion
of thecode afterthesearctof apositionwascompletenve
would call the serialcodeon the samepositionandassert
thatthe resultswerethe same. (We do this with the hash
tableturnedoff, otherwisetheserialcodesimply ®ndshe
resultin the hashtable.) This wasextremelyslow, but it
is aneasywayto detectary differencedetweerthe serial
and parallel searchesandto pinpoint exactly wherethe
differencedie. After we startedusingthis check,keeping
bothversionsdenticalbecameanucheasier We think this
is anapproachhatis applicabldo mary parallelprograms,
notjustchess.

Even with this grandioseveri®cationnot all our bugs
weredetected.At onepoint the deluggingmodeworked
®newhenrun on ary numberof processorsasdid the
non-delnggingprogramwhenrun on one processar But
whenwe ranon morethanoneprocessothe speedupvas
quite small. It turnedout that deluggingmodewas not
beingcompletelyturnedoff asthe ag which sayswhether

or notto usethehashtablewasbeingsetcorrectlyonly on
processof. Thereforeall otherprocessorsvould never
usethehashtable. As is oftenthe case bugswhich affect
only performancecan be harderto detectthanbugsthat
affectcorrectness.

6 RelatedSearch Algorithms

OurchesgprogramuseslamboeesearcKus94, aparal-
lelization of scoutsearci{Pea8(), in which atevery node
of the searchtree, the programsearcheghe ®rst child
to determineits value, andthentries to prove, in paral-
lel, that all of the other children of the node are worse
alternatvesthanthe ®rstchild. This approachto paral-
lelizing gametreesearchis quite natural,andit hasbeen
usedby several other parallel chessprograms.,such as
Cray Blitz [HSN89 andZugzwang[FMM91]. Still oth-
ers have proposedor analyzedvariationsof this style of
gametreesearcHABD82, MC82, Fis84 Hsu9(Q. We do
not claim thatthe searchalgorithmis a new contrikution.
Insteadwe view the algorithmasa testbedor evaluating
mechanismaeededor thedesignof scalablepredictable,
asynchronouparallelprograms.

Jamboreesearchwas usedin our previous program,
*Tech[Kus94. *Socratesis a stepforward compared
to *Techbecauseve introducedalinguistic layerandrun-
time systemcalled Cilk 1.0 [BJK*94] to make it easier
to programthe applicationwithout worrying aboutthe
schedulingssuesMany of thetechnique®riginally used
in *Techwereborrovedfor *Socrates.Inspiredby some
problemswe had with early versionsof our *Tech pro-
gram, Leisersonand Blumofe designeda provably good
schedulethathasgoodspaceandtime boundsaswell as
low communicationsequirement$BL94].

Otherparallelalgorithmsbasedn Scoutsearctinclude
minimal tree search,mandatorywork ®rst, and princi-
pal variation splitting. S. Akl, D. Barnardand R. Do-
ran [ABD82] proposedthe minimal tree seach, which
performstheweak - searchby searchinghe minimal
tree (i.e., the Knuth-Moorecritical tree [KM75]). Each
positionis kept in an expandedform, potentially for a
long time, resultingin unrealisticstoragerequirements.
TheDeep-Thoughparallelalgorithmasdescribedn Hsu's
thesigHsu9( is avariantof the high-storage-requirement
minimaltreesearch.

J. Fishlurn [Fis84 proposedhe mandatorywork ®ist
(MWF) algorithm. Algorithm MWF is basedn theweak
versionof - search.It explicitly computegshe number
of critical childrenof the positionbeingsearchedA child
of a positionis critical if the child is in the Knuth-Moore
critical tree, which meansthat the child would de®nitely
be searchedby the - algorithm. If the position be-
ing searchedhasmorethanonecritical child, thenMWF
searchethe®rstchild andthensearchetheotherchildren
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in parallel. If the ®rstchild turnsout to be worsethan
someotherchild, MWF thenresearchethe childrenthat
mightbethebest,all in parallel.In contrastJamboreee-
searchesequentially For nodeswith exactly onecritical
child, MWF searchepistthe®rstchild. Fishkurnanalyzed
MWF for best-orderedndworst-orderedrees but notfor
realisticgametrees.Onecanconstrucgametreesthatare
mostly best-orderedin which the MWF algorithmdoes
almostasbadlyasthenaiwe parallel - searchs o
speedup.

Fishlurn's MWF algorithm can be viewed as being
separatdrom the schedulerbut his analysisdependson
the scheduler For example,Fishlurn provesthat worst-
ordered game-treesachiere speedupusing mandatory-
work-®rston a tree-of-processorschedulerin which the
depthof the game-treés much greaterthanthe depthof
the processottree. Our Theorem2, in contrast,states
that for an in®niteprocessolperfectschedulerthe aver-
ageavailableparallelismis lessthan3 andthe speedups
lessthanone. Eventhoughthe MWF algorithmis tangled
up with thetree-of-processoischeduleronecaninterpret
Fishlurn's resultssomeavhatindependentlyof the sched-
uler. Fishlurn's resultsindicate,for example,thatif one
hasa tree of processorshatis half asdeepasthe game
tree and the degree of the processotree is greaterthan
the dggreeof the gametree,thenthecritical pathis short
andthe work ef®cieng is good. Sucha treeis asgood
as@in®niteprocessorsfor analgorithmin whichtheshal-
lowest 2 pliesof thegametreearesearchedn parallel

allel searchalgorithm that is very similar to Jamboree
search.Zugzwangachiezeshigh work-ef®cieny, search-
ing to within a few percenthe samenumberof nodesn a
parallelsearchasin a sequentiatearch.The ef®cieng of
our programsappearso be somavhatlower, probablybe-
causehe Zugzwangteamhasgoneto substantiaéffort to
try to ensurehatthey searchthetreein a mostlybest-®rst
order

Theparallelaspiratiorsearctalgorithm[Bau7g divides
the - window into sggments,andgiveseachprocessor
a differentsegmentof the window to search. Aspiration
searclachiezesonly smallparallelspeedupsSurprisingly
the serial version of aspirationsearchoften runs faster
thanain®nitewindow search.Todaymoststate-of-the-art
chessprograms,including *Tech, usea serial aspiration
searchin whichthegametreeis searcheavith asmall -
window, andif the scoreis outsideof thewindow, thetree
is researched.

R. Karp andY. Zhang[KZ89] shav how to searchan
AND/OR treein parallelby carefully allocatingthe right
numberof processorgo eachsubtree. C. Stein[Ste93
employs Karp and Zhangs algorithm as a subroutineto
doaparallel - search.Steinperformsa binary search
for thevalueof thegametree,at eachstagecorvertingthe
gametreeto an AND/OR tree with the questiondls the
valueof therootgreatethan ?°.

Thereareseveral otherapproacheto gametreesearch
thatarenotbasedn - search.H. Berliner'sB* search
algorithm[Ber79 triesto prove that one of the movesis

andthe deepest 2 plies of the gametree are searched betterwith respecto a pessimistievaluationthanary of

serially. It turnsout thatthe half-the-depth-seriallgtrat-
egy, whenappliedto Jamboresearchreducesheaverage
available parallelismeven further, down to about2 for
worst-orderedrees. Fishturn did not analyzewhat hap-
pensif thetreeof processorss asdeepasthe gametree.
Thereasorthat MWF achievesspeedupn worst-ordered
treesis thatMWF researchethe childrenwho failedtheir
testsin parallel,while the Jamborealgorithmserially re-
searchesll the failed children. Hence for worstordered
trees JJamboresearch®nddittle parallelismwhile MWF
®ndsmuchparallelism.Any chesgprogranthatis search-
ing worst-orderedreesis not competitive, however.

Several programsuse principal variant splitting (PV-
splitting) [MC82], which is a anothervariationon MWF,
but the ideasbehind PV-splitting are, like MWF, some-
whatobscuredy thefactthata tree-of-processorsched-
uler is entanglednto the searchalgorithm. Later work
hasseparatedhe schedulefrom the algorithm. For ex-
ample,Cray Blitz [HSN89 apparentlyusesPV-splitting
with somethindik e awork-stealingschedulerNo critical
pathanalysisor measuremetitasbeenperformedor Cray
Blitz, however.

The Zugzwang program, developedby R. Feldmann,
P. Mysliwietz, and B. Monien [FMM91], usesa par

the othermoveswith respecto an optimistic evaluation.
D. McAllester's Conspirag searcfMcA88] expandsthe
treein suchaway thatto changehevalueof therootwill
requirechangingthe valuesof mary of the leavesof the
tree. The SSS*algorithm [Sto79 appliesbranchand
boundtechniguego gametree search. Thesealgorithms
all requirespacewhich is nearly proportionalto the run
time of the algorithm,but the the constantof proportion-
ality may be small enoughto be feasible. While these
algorithmsall appearto be parallelizable they have not
yet beensuccessfullyjdemonstrateds practicalserial al-
gorithms. We wantedto be ableto compareour work to
thebestserialalgorithms.

7 Conclusions

The history of *Socratesshedssomelight on the prob-
lemsof developinga high-performancearallelprogram.
The*Socrateshesseam whichincludesncludesk. Blu-
mofe, M. Halbherr C. Joeg, B. KuszmaulC. Leiserson,
andY. Zhou of MIT aswell asD. Dailey andL. Kauf-
man of Heuristic Software, decidedto startwith a new
chesgprogramratherthanto try to parallelizethe original
Socrateprogram.Thedif®cultywith theoriginal Socrates
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programis that it usesmary global variableswhich are

modi®edhroughouthe search.We felt thatit would be

easietto startwith a programthatwasdesignedo modify

its statein a non-destructie fashionby alwaysmakinga

new copy of thevariableghatrepresenthestateof achess
boardin the tree search. It turnedout that the decision
to startwith a new programresultedn the programbeing
substantiallywealer thanwe had hoped,becauseave did

not have suf®cienttime to getall of the chessknowledge
transferedrom Socratego *Socrates.

The programwas developedon a very tight sched-
ule. Dailey implementeda bare-boneshesgprogramthat
copieschessoardsandprovidedit to theMIT contingent
in May 1994. DuringJune Dailey visitedMIT to helptune
theprogram but we spentmostof Junesimply gettingthe
parallelversionof theprogramto work correctly Thepro-
gram startedplaying predictablyonly a few daysbefore
thetournament.Thetournamentvasto starton Saturday
morning,andon the previous Thursdaynightthe program
crashe® out3timesthatwe playedit. Fridaymorningwe
pacleduptwo X-terminalsandtwo modemsnto thetrunk
of our carsanddrove the eight hoursto CapeMay, New
Jersg, wonderingwhetherwe were going to be embar
rassedoy a programthatwould crashduring tournament
play. Fridaynightwe loggedin andmadechangedgo the
programuntil 3am. Thenthetournamenbegan. Saturday
morningwe playedandwon our ®rstgame. We noticed
someproblemswith the program,and modi®edt for the
Saturdayevening match, which we alsowon. Saturday
night we madesomemore modi®cationgo the program,
andon Sundaymorningwe won our third game. We left
theprogramalonefor the Sundayeveninggame whichwe
lost to DeepThought. *Socratess insuf®cientapprecia-
tion of thevalueof castlingrightsresultedn a poormove
thatDeepThoughtpunishedorilliantly in whatthe on-site
commentatorsalled®oneof theall-timegreatesgameof
computerchess®.Our ®fthgameresultedn a disappoint-
ing lossto Zarkov, in which *Socrategnadetwo mistales
dueto insuf®cientthesknowledge. The®rstmistale was
similar to the mistale in the gameagainstDeepThought,
but*Socratesnanagedo sahagethegameto adravnrook
andpawvn endgamelUnfortunately*Socratesmanagedo

®nda losing move in a position that the commentators

thoughtwasnearlyaforceddrav. Throughouthetourna-
menttheprogramranwithoutcrashingandsearchedjuite
deeply If only we hadgivenDailey moretime to tunethe
chesknowledge...

Oneof the importantorganizationdifferencesetween
*Techand*Socratess that*Socratesseparatethe appli-
cation from the schedulerwhereasin *Techthe sched-
uler andthe applicationwere wound up together More
importantly *Socratesemploys a linguistic layerto help
theprogrammeexpresshe programindependentlyf the
schedulerSeparatinghesystengreatlysimpli®edheim-

plementatiorof *Socrates,and allowed us to implement
severalotherparallelapplicationsncludinga proteinfold-
ing program[PJG*94 whichwasthe ®rstprogramto ®nd
thenumberof Hamiltonianpathsina4 4 3 grid, and
somesmallerprogramssuchas the doubly recursve Fi-
bonaccroutine,abacktrackingearcho solvetheproblem
of determininghow mary waysthereareto place queens
onan by chesshoard,aray-tracingimagerendering
program andaradiosityimagerenderingorogram.

We arenow developingadditionalmechanism$or Cilk
to provide high performanceon a wider variety of appli-
cations. We aretrying to improve the linguistic layer, to
develop abstractiongor manipulatingshareddatastruc-
tures,andto simplify theinterfaceto input/outputandthe
operatingsystem.
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