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Abstract

This paper presentsa multithreadedabstract madine
for the TyCO processcalculus. We arguethat processcal-
culi provide a powerful framavork to reasonabout fine
grainedparallel computationsThey allow the construction
of formally verifiable systemsn which to basehigh-level
programmingidioms, combinedwith eficient compilation
schemesnto multithreadedarchitectuies.
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1. Intr oduction

In recentyearsresearcherbave devoteda greateffort in
providing semanticdor pure concurrent/paralleprogram-
ming languagesvithin therealmof process-calculiMilner,
Parrow and Walker’s w-calculusor a asynchronougormu-
lation due to Hondaand Tokoro [11, 20] and Boudol [6]
hasbeenthe startingpoint for mostof theseattempts.Sev-
eral forms and extensionsof the asynchronousr-calculus
have sincebeenproposedo provide for more direct pro-
grammingstyles,andto improve efficiency andexpressve-
nesg7, 9, 32).

Dataflav and von Neumannarchitecturesepresenthe
two extremesin a continuousdesignspace.In the dataflav
model, computationsare triggered by the availability of
all input valuesto an instruction (the firing rule). This
makesthe modeltotally asynchronousindtheinstructions
self scheduling. Dataflav architecturegangefrom pure
dataflov [3, 10, 24], hybrid dataflav/control-flow [8, 22,
23] andlately multithreadedRISC|[1, 2, 26] designs.Mul-
tithreadingaimsto provide high processoutilizationin the
presencef largememoryor interprocessocommunication
latengy. Thesehigh lateng operationsareoverlappedwith
computatiorby rapidly switchingto the executionof other
threads.

Next generationmicroprocessordesign coupled with
VLSI technologypoint to multithreadechardware as typ-
ified by IBM’ s Powver4 and Sun’s MAJC, featuringmulti-
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ple RISC/VLIW coresand very high bandwidthinterpro-
cessorconnectionsaiming at large grain multithreading.
On anotherscale,current superscalamicroprocessode-
signs such as the MIPS R10k, the PA-RISC 8k and the
Alpha 21264 implementwhat is commonly called micro-
dataflowusing moderatelylarge instructionwindows, out-
of-order execution, dynamicdispatchand register renam-
ing. The next generatiorsuperscalamicroprocessorsvill
requirea greateramountof fine grainedparallelismto fully
explore their aggressie dynamicdispatch.In this context,
multithreadinghardware supportcanprovide a solutionby
allowing fastcontet switches,overlappingmemoryloads
or interprocessocommunicatiorwith computation.More-
over, multithreadingmay remove mostpipeline hazardsn
currentvon Neumannimplementationsthus avoiding the
needfor complex forwardingandbranchpredictionlogic.
However, single-threadperformancein multithreadedar
chitecturess typically low, this having a negative impact
on individual applications performance. The ideal situ-
ation would call for applicationsthemseles to be parti-
tionedinto several fine grainedthreadsby a compilerand
the hardwaremultithreadingwould thenoverlapthe multi-
ple threadsrom thatsingleapplication.

Programmingparadigmsand compilationstechniques
adequatdo profit from this kind of hardwarearemajor re-
searchareasIn recentyearsthefocushasshiftedfrom pure
dataflav languagesuchasid [21], to numericallyoriented
Sisal[18] andfinally to the compilationof more corven-
tional languagesuchas Cilk [5] (a multithreadedC) and
ML onvon Neumannrarchitecturesa shift drivenby Nikhil
andArvind’s seminalwork on P-RISC[22].

Languageshatallow anefficientcompilationfrom high-
level constructsinto low-level, fine grained, threadsare
quite suitablefor multithreadedcomputing. In this con-
text, there are several advantagesin using processcal-
culi [9, 11, 32] for concurrentandparallelcomputing.Pro-
cesscalculi provide a naturalprogrammingmodelasthey
dealwith the notionsof communicationand concurreny.
They usually have very small kernelcalculi, with well un-
derstoodsemanticshatform idealframewvorksfor language



implementations. This significantly diminishesthe usual
gap betweenthe semanticof the languageandthat of its
implementationThe mappingsetweerhigh level abstrac-
tions into suchkernel calculi provide naturalcompilation
schemeghat exposethreadparallelismat the instruction
set architecture(ISA) level. Moreover, explicit commu-
nication allows the compilerto extractimportanthints of
how andwhena runningthreadshouldbe suspendedtypi-
cally whena high lateng/ load or interprocessocommuni-
cationoccurs).Finally, thesecalculialsocommonlyfeature
type systemghatallow notonly to checkthetype safeness
of programsbut alsoto collect importantinformation for
codeoptimization,namelyto minimize the amountof to-
kensusedin the computation$4, 13, 14].

We arguethatprocessalculi provide a powerful frame-
work to reasoraboutfine grainedparallelcomputationsl-
lowing for examplethe constructionof formally verifiable
systems high-level programmingidioms and, optimizing
compilersbasedon static type-checkingnformation. We
presenaismall,asynchronougkernelobjectlanguagéased
in a processcalculus. From a programmingpoint of view
suchlanguagesare suitableto expressdataflav computa-
tions, andin particular multithreadedcomputations. The
baseprocesgalculusis quite expressve andmary interest-
ing programmingdioms canbe encodedn its kernelform.
Theseencodings,on the other hand, provide a straight-
forward way of compiling high-level programsinto low-
level, threadedcode, thus exposedto the ISA level. The
asynchronousharacterof the calculus makes the inter-
leaved/parallelexecutionof threadsa natural choice. To
formalizethesdadeasweintroduceaspecificatiorfor amul-
tithreadedabstractmachinewhich possessesmportantrun-
time properties,namelyits soundnessvith respectto the
basecalculus,andthe absenceof deadlocksn well typed
programs.

Theremaindeof thepaperis organizedasfollows. Sec-
tion 2 presentshe ThreadedTyCO calculus. Sections3
and4 presentwo multithreadedabstractmachinedor the
calculus.Sections describesnimplementatiorfor thesec-
ond abstractmachine,namelythe fundamentadatastruc-
tures and the instruction set architecture. Section6 de-
scribesa compilationschemefor languagesising the cal-
culusasan intermediaterepresentatiotanguage. Finally,
section7 compareghis approactto otherrelatedwork and
issuessomeconclusionsandfutureresearchdirections.

2. The ThreadedTyCO Calculus

We startwith the TyCO (TypedConcurrenbjects)pro-
cesscalculus[30, 32]. TyCOis aform of theasynchronous
m-calculusfeaturingfirst classobjects,asynchronousnes-
sagesand polymorphicprocessdefinitions. The calculus
formally describeghe concurrentnteractionof ephemeral

objectsthrough asynchronousommunication. Here, we
recastthe calculuswith a multithreadeddataflav flavor,
whosemainabstractiongrethreads tokens andresouces
We call the new calculusTTyCO.

Below, for eachsyntacticcatgyory a, we let @ denote
ai,...,an, andlet & denoteay;...;a,, forn > 0.
Whenn is 0, & is representedby £ (no specialnotationis
neededn this casefor @). Thedifferencebetweeni andd
is thatwe allow permutationon the former, but not on the
latter.

Threads(T") are sequentialcompositionsof atomicin-
structions. The syntax[I] denotesa threadcomposedbf
a sequenceof instructions. Concurrentcompositionof
threadds denotecby 7'. Threadsconstitutethe unit of con-
curreng in thecalculus.

Instructions(I) arethe constituentof threadsandmay
generatdokensor resourcesResourcesre piecesof code
whoseexecutionis pendingon the arrival of atoken. A re-
sourcemay be an objectz = M or a polymorphicthread
definition X = A. In eachcasex, X is the tag of there-
source. Tokensare piecesof datathat activate resources,
ultimately producingnew threads. A token is an asyn-
chronousmessager./{y) that invokesthe method! in an
objectresourcegaggedwith z, or aninstancecreationX (x)
that producesa copy of the threadtaggedwith X. A final
instruction,new z, allows the creationof a new tagin a
giventhread.

Threadabstractions(4) andmethodnaps(AM) complete
the calculus. A threadabstractionZ)T is simply a thread
abstractean a sequencef variables.Think of thesevari-
ablesasthe parametersf the thread;the token that acti-
vatesa resourceX = A alsoprovidesthe argumentsfor
the thread. Methodsform the bodiesof objects. They are
maps(thatis, partialfunctionsof finite domain)from labels
into threadabstractionsThis time, the tokenthatactivates
aresourcer = M mustsupplyalabel(to obtainanabstrac-
tion), andtheargumentgto obtaina runnablethread).

Given disjoint setsfor objecttags(z, v, z, infinite), for
threadtags(X), andfor labels(l), we write thefull syntax
of thecalculusasfollows.

T [1] Thread
I ==t | R | newz Instruction
t = zlZ) | X(Z) Token
R = z=M | X=A Resource
M = I=A Methodmap
A ()T Abstraction

To illustratethe syntaxandmain abstraction®f the cal-
culuswe sketcha small exampleof a single elementpoly-
morphiccell. We definea threadabstractionthe Cell, with
two attributes:the locationself andthe valuev of thecell.



Thethreadbodyis definedasa singleobjectwith two meth-
ods, onefor readingthe currentcell value,andanotherto

changeit. Therecursionat the endof eachmethodkeeps
thecell alive afterareduction.

Cell = (self, value) [
self = {
read = (reply-to) [
reply-to.val{value); Cell{(self, value)
1,
write = (newval) [
Cell{self, newval)
]
}
I

new intcell; Cell({intcell, 5);

new boolcell; Cell{boolcell, false);
intcell.write(7);

new r; boolcell.read(r);

r = {val = (x)[io.print(x)] }

TTyCO featuresa predicatve polymorphictype-system
and,asaresult,the Cell abstractioris polymorphicon the
attribute value. Next, we createinstancef Cell with in-
tegerandbooleanattributes,respectiely. Finally, we write
thevalue7 in theintcell (originally with the value5); read
thevaluefrom boolcell andwait for areplyin tagr. When
the reply messagearrives, a new threadis spavned that
printsthevaluein themessage.

3 An Abstract Machine

Here we presentan abstractmachinefor interpreting
TTyCO processesThe machineevolvesby maintaininga
storeof resourcesndtokens,andanalyzingtheinstructions
in eachthreadfrom left to right. Resource$or whichthere
areno matchingtokenspendingaremovedto the store;to-
kensfor which thereareno availableresourcesare moved
to the store.Beforewe presenthereductionrelation,some
machinerymustbeintroduced.

Preliminaries. We take the view that programsareclosed
for tags,that is that the collection of threadsthat consti-
tutesa programcontainsno free tags. A tag z is bound
in the sequencef instructions” in a threadof the form
[[; new z; I'], andin thethreadT” of anabstractior(§z2)T;
otherwiset is free. For tagsdenotingthreaddefinitions,the
ruleis slightly different.A tag X is boundin A andin I'in
athreadof theform [I; X = A; I"]; otherwiseit is free.

A directconsequencef thisdefinitionis that,in aclosed
program,when scanninga threadfrom left to right, a re-
sourceX = A alwaysappeargrior to atoken X (£). On

the otherhand,sincethe creationof a new tag z is decou-
pledfrom thecreationof its resourcesye cannotguarantee
thataresourcer = M appeargrior to atokenz.l{g). As
such,instancecreationtokenswill neverfind their way into
thestore.

Anotherconsequencis thatwe cannothave mutuallyre-
cursie threaddefinitions. A smallchangen the syntaxof

resourcesteplacingX = A be/;/A (mapsfrom thread
tagsinto abstractions)ywould solve the problem. For sim-
plicity we proceedwith simplerecursve threaddefinitions
X =A.

Itemsin thestoreareasubsebf thepossiblanstructions.
We malke this clearby introducinga new syntacticcategory.

S == R | z.l{9)

Then,the stateof the machineis representedby a term
run T in S denotinga pool of threadsunningon a pool of
availableresourcesndtokens. We assumehat all bound
tags(objectandthread)in theinitial programare pairwise
distinct. Givensucha programT, we build theinitial state
of themachineasrun Tg in ¢.

Given the above notion of free tags, we denote by

Z/§}T theusual(capture-goiding) substitutionof Z for
in T. To extracta methodin a map of methods,we use

(I =AM).I L4 to apply an abstractionto a se-
quencewe write ((7)T)(Z) & {Z/7}T; sothat, when
Mis (I = ()T, M"), theexpressionM.l[{Z) standgor the

thread{z/7}T.

Structural congruence. Following Milner [19] we divide
the computationalrules of the calculusin two parts: the
structual congruenceulesandthe reductionrules. Struc-
tural congruenceules allow the re-writing of termsuntil
they arein theform requiredby reduction thussimplifying
thepresentatiorf thelatter

For o athreadT or astoreitem S, thestructuralcongru-
encerelationis the smallestcongruenceelationon threads
thatincludesthefollowing singlerule.

~ ~1

a=a if & is a permutatiorof &'

Notice that concurreng and non-determinismare intro-
ducedby allowing arbitrary permutationdbetweenthreads
anditemsin the store.

Reduction. Computationis driven by the interactionbe-
tween concurrentthreadsof execution. Eachthreadpro-
ducesew tags tokensandresourceshatinteractwith those
alreadyin the store. New threadsresultfrom appropriate
matchingof tagsin thestore.Figurel summarizesherules.
FORK-M: A methodinvocationz.l () selectshemethod
[ of anobjectz = M in the store. The matchingis done
via the nametag, herez. Theresultis athreadwhosepa-
rametershave beenreplacedby the argumentsy. FORK-
o: Inversely anobjectz = M is triggeredby a message



run [z.1(g); I, T in z = M, S — run [I],T, M.I{(§) in S (FORK-M)
run [z = M; I, T in 2.1(§), S — run [I],T, M.1{7) in § (FORK-O)
run [X();I],Tin X = A,§ > run [I],T,A{f) in X = 4,8 (FORK-D)
run [z = M;I),Tin§ »run[[],Tinz=M,S (STORE-O)

run [z.1(7), 1), Tin § = run [}, T in z.1{7), 3 (STORE-M)

run[X = A;1],TinS = run[i],Tin X =A,8 (STORE-D)

run [new z; I],7in § — run [{y/2}1],Tin S if y notfreein I,T, S (NEW)
run[,T7inS —runTin$S (Ge)

§=8 T=T7" runTinS —>runT"inS" (sTRUCT)

runTin S — runT"in S"

Figure 1. Abstract machine for TTyCO

x.1{(f) waiting in the store. In eachcase the messageand
objectsare consumed. Thesetwo forms of reductionare
calledcommunication

FORK-D: Anotherform of reductionoccurswhen we
createa new instanceX (Z) of athreaddefinition X = A.
Theresultis athreadwhoseparameterfiave beenreplaced
by the agumentsz. Notice that the resourceis not con-
sumedin the processwe wouldn't have unbounded:om-
putationsotherwise. This form of reductionis called in-
stantiation

STORE-O, STORE-M, STORE-D: Whenthereis nomatch
in the storefor atokenor aresourceappearingn athread,
theseareputinto the store.

NEW: To createa new tag,we rely on the setof tagsbe-
ing infinite, andpick oneunusedn therestof thestate.Gc
allows the garbagecollectionof anemptythread. STRUCT
bringsstructuralcongruenceénto reduction.

Themachinehaltswhenthepool of threadssmptiesthat
is, whenastaterun ¢ in S is reached.

Discussion.With respecto TyCO, we have tradedthe ex-

plicit parallel compositionof processegor the sequential
natureof threadscoupledwith the non-determinisnin the

selectionof a resourceor a token (capturedby the struc-

tural congruenceelation). We expectthreadedlyCO to be

soundandcompletewith respecto TyCO.

Also, for typable programs[32] the abstractmachine
doesnot deadlock,that is, it either halts or runs indefi-
nitely [15]. This propertyis intimately linkedto the ability
of the type systemto guarantedhat, in a typableprogram,
objectshave theright methodsor messagefL7].

4 A Refinementof the Abstract Machine

The machineproposedn the previoussectionis still far
from an efficient interpreter:substitutionsareactuallyper
formedby visiting the threads andthe storeis completely
unstructuredthe machinerelying on the structuralcongru-
encerelationto bring forward the appropriateresourceor
tokenfor agivenrule. Thissectionpresentanothembstract
machinethat avoids substitutionandallows for directly ac-
cessingthe resourcesandtokensin the store. Onceagain,
somenew definitionsareneededeforewe maypresenthe
reductionrelation.

Preliminaries. An ervironment is amapfrom objecttags
into objecttags.A threadclosuec or T'e is apaircomposed
of athreadT’ andanervironmente. We alsoneedclosures
for resourcesincethesemay go into the store. Abstac-
tion closules Ae andmethodclosules M e aredefinedasfor
threadclosures.We evaluateclosuresxe suchthatthefree
tagsin « arein thedomainof e.

The store, formerly a bagof resourcesindmessagess
given somestructure,becominga map s from threadtags
X to (thread)abstractiorclosuresde, andfrom objecttags
z to queues; of methodclosuresor of messagesontents
I{Z). A queueq canbe regardedasa possiblyemptylist
ay : - ag; theemptyqueuebeingdenotedby o. Queues
arenot neededor threaddefinitionssincethe bindingsin
thecalculus(seeSection3) guarante¢hatthereis at mosta
definitionX = A perthreadtag X . Also, messageseedno
accompaying ervironmentsince,whenstoring, we apply
the currentervironment.

The stateof the machineis now representedby a term
run éin s denotinga pool of threadclosuresrunningon a
mapfrom tagsto the availableresourcesndtokens.



run [z.1(7); Ile,¢in s — run [Ile, & Te'{Z:= e(§)} in s{e(z) := q} if s(e(z)) = Me' : ¢, M.l = ()T (FORK-M)

run [z = M;Tle,éin s — run [Ile, & Te{7:= 7} in s{e(z) := ¢} if s(e(z)) = W) : ¢, M.l = ()T
Tle,&,Te'{Z:=e(}ins if s(X) = ((T)e

Tle,éin s{e(z) := q: Me} if s(e(z)) =q

run [z.1(5), Ile,éin s — run [I]e, &in s{e(z) := q : le(§))} if s(e(z)) = ¢

run [X (i); Ile,éin s — run

run [z = M;Ie,éin s — run

[
[
[
[
[
[

run [X = A;Ile,éin s — run [Ile, éin s{X := Ae}

run [new z; Ile,¢in s — run [Ile{z := y},¢in s{y := o} if y notin dom(s)

run éy,c,é2in s = run ¢,é;,62in s
run[le,éin s > runéin s

(FORK-0)
(FORK-D)
(STORE-0)
(STORE-M)
(STORE-D)

(NEW)
(SWITCH)
(co)

Figure 2. The environment machine for TTyCO

For agivenmapa from elements3 into elementsy, we
usethenotationa{ s := ~} for themapa' suchthata'(5')
isy wheng' is 8, andis a(3") otherwise.

Reduction. Figure2 summarizesherulesfor the environ-
mentmachine A synopsif therulesfollows.

FORK-M: Givenamessage:.[(y) in anervironmente,
we look for amethodclosureM e’ atthe headof the queue
associateavith e(z). A new threadclosureis createdwith
the appropriateervironment; Me' is dequeued.FORK-O:
Inversely givenanobjectz = M in anervironmente, we
look for amessagé() atthe headof the queueassociated
with e(z). A new threadclosureis createdwith the appro-
priateenvironment;!(7) is dequeuedrFORK-D is similar to
FORK-M, only that the abstractionclosureis not removed
from thestore.

STORE-O, STORE-M, STORE-D: Theseruleshehaesim-
ilarly to their counterpartén the previousmachine the dif-
ferencebeingthat tokensand resourcesare now storedat
thetail of the queueassociatedvith thetag. This time, the
STORE rulesmustonly betried afterthe FORK rules.

NEW: Insteadof creatinga new tagy and substituting
throughouthe remainingthreadf, we placea new binding
{z := y} in theervironmentanda new entry {y := e} in
thestore.

SWITCH: This new rule reintroducesnon-determinism
via permutationsof thread closures (notice that rule
STRUCT is no longer present). It statesthat at any point
in the executionwe may switch the context to run another
threade arywherein thepool. Thecurrentthreadis accord-
ingly movedbackto thethreadpool. Thisruleis fundamen-
tal for theimplementatiorof multithreading.

Discussion.Becauseave have imposeda discipline (FIFO)
in theaccesso theresource# thestoreaswell asanorder
in the applicationof the FORK/STORE rules,we expectthe

ervironmentmachinenotto becompletewith respecto the
machinen the previoussection.Thefollowing run

run new z;z = {I = (y)[|}; 2.1{(1); 2.1{2); in ¢ =°
run e in z.l1(1)

may not be mimicked by the environmentmachine.

Also, the machinepreseres the invariantthat, at ary
time during a computationthe queuesare eitherempty or
have only messageser have only method-closuref25].

5. Implementation

We proposean implementatiorthat closelyfollows the
specificatiorof theabstractachindn theprevioussection.

1. Eachthreadis compiledinto a block of contiguousin-
structions.The machinestartswith theinitial threadandan
emptystore.

2. Thestoreis implementedwith multiple data-structures
residingin aheap.Environmentsareimplementedastables
in the heap,andare copiedto registerswhenthe threadis
running.

3. Resourceclosuresareimplementedaspairsresidingin
the heap,and composef a referenceto a pieceof code
andatableholdingthe ervironment.

4. Thecodefor anabstractiond is just a block of contigu-
ousinstructionsthatof amethodmap M is composeaf a
dispatchtablefollowedby the codefor eachmethod.

5. Tokens X (Z), y.l{Z) areimplementedastablesin the
heapholdingtheargumentst (plusthelabell in the caseof
messages).

6. Threadclosuresin the pool have ervironmentsdivided
in two tables,argumentsandfree variables comingfrom a



tokenandfrom aresourcerespectiely.

7. A new threadclosurejts environmentbuilt asdescribed
above,is addedo thethreadpool whenafork occurs.New
threadscanbe startedwhenthe currentoneends(rule Ge)
or whena contect switchoccurs(rule swiTcH).

8. Themachinehaltswhenthethreadpoolis empty

Machine Ar chitecture We proposea heapbasedmachine
architecturgFigure 3). Eachthreadkeepsa smallamount
of statein its environment,namely the programcounterand

thelocationof theargumentsandfreevariablesn theheap.
Global registerskeeptrack of the top of the heapand of

thelimits of the threadpool. Eachinstanceof the program
counterregisterpointsinto the programareawherethecode
for the completeprogramis stored. A setof genericregis-

ters denoted%i,%j wherei ,j are non negative integers,
is usedto keepthe instructionoperands. We assumethe

numberof registersto be aslarge asneeded.Hardwareor

software techniquessuch as register renamingor register
windows may be usedto provide this illusion in the real

world. Datais moved betweenthe heapand machinereg-

istersby commonload/storenstructions.Thus,in asense,
theinstructionsetarchitecturedefinedbelow is RISC-like.

Registers

/

%pc|[0]

Program Heap

I~
] %61
™

%p[0]

%pc[1]

%hp J
Global %eq o
Registers %sq e—

Thread Pool
Figure 3. Machine architecture

The program areakeepsthe codefor the programto be
executed. The codeis divided in threadblocks and dis-
patchtablesfor objects. The heapis a flat addressspace
wheredynamicdata-structureareallocated.Spaceis allo-

catedin blocksof contiguousnachinewordscalledframes.
Themachinemanipulateshreebasicdata-structureatrun-
time: (object)tags,tokensandresourcesTagsindex shared
queuef messagéokensl{Z) andof methodclosuresi/e.
Messageokensareimplementechsframesholding the la-
bel ! plus a variablenumberof agumentsz. Methodclo-
suresMe areimplementedas framesholding a reference
to a dispatchtable plus an ervironmenttable for the free
variablesn M.

The thread pool implementsa collection of threadclo-
suresé readyfor execution. It is usedto accountfor the
limited resourcesand performanceconsiderationgresent
in real machinesjmposingan upperboundon the number
of simultaneouslyactive threads Eachthreadclosureholds
areferenceo apieceof codein the programandreferences
to the parameteandfree variableervironmentin the heap.
A new thread,resultingfrom a FORK, inheritsits environ-
mentfrom the token andthe resourceandis placedin the
pool waiting to be scheduledor execution.

Environmentvariablesintroducedwith new areinitially
boundto emptyqueuesn the heapandallocatedto generic
machineregisters. They arediscardedafter the threadter
minates. Despitetheir short life span,the tagsthey are
boundto may continueto exist long after the threadends.
Thisis accomplishedfor example ,whenatagis sentasan
argumento amessagéargetedoutsidethe scopeof thetag,
thusescapinghe context of the currentthread.

SpecialRegisters. The machineusesa small setof global
registersto control the main data-structuresnamely the
heapand the threadpool. Register %hp (Heap Pointer)
pointsto the next available positionin the heap. Registers
%eqand%sq keepthe boundarieof the threadpool. The
ervironmentof eachthreads keptin threespecialocalreg-
isters. Register%pc (ProgramCounter)pointsto the next
instructionto be executedin the thread. Whena program
starts, register %pc is loadedwith the addresof the first
instructionof themain thread.Registers%f (Freevariable
ervironment)and %p (Parameteervironment)are usedto
hold referenceso the free variableand parameteerviron-
ments respectiely.

Instruction SetAr chitecture Thecoreinstructionsetis de-
scribedbelow.

frm  %i,n Frameallocation
new %i Queueallocation
Iw  %i k(%)) Load

sw %i,k(%j) Store

forko  %i,%] Fork onobject
forkm %i,%j Fork onmessage
forkd  X,%i Fork on definition
switch n Threadswitch
newt Loadnew thread

Heap allocation instructions allocate spacefor data-



structures.frm  %i,n allocatesa frame of sizen in the
heapandkeepsa pointerto it in register%i. new %i cre-
atesa new queuen theheapandkeepsa pointerto it in the
register%oi .

Load/Stoe instructionsmove datafrom the heapinto
registersandvice-versa.lw %i,k(%j) copiesthe word
at the heapframe pointedto by %j andat offsetk to the
register%i. sw %i,k(%j) copiesthewordattheregister
%i to the heapframepointedto by %;j, at offsetk.

Fork instructionsimplementreduction. forkd  X,%i
createsa new threadrunningthe codelabeledby X andpa-
rametersointedto by register%i. forko  %i,%j takes
anobjectat a frame pointedto by register%i, andtriesto
reduceatthetagpointedto by register%j. forkm  %i,%)j
takesa messageat a frame pointedto by register%i, and
triesto reduceatthetagpointedto by register%;.

Multithreadinginstructionsmanagehe executionof the
multiple threadsgeneratedby the machineat run-time.
switch  n performsa context switch to the n-th thread
in the pool, andplacesthe currentthreadbackin the pool.
newt terminatesthe executionof the currentthreadand
loadsa new onefrom the pool.

Thethreefork instructionsareillustratedin figure4. A
forkd immediatelycreatesa new threadthatis addedto
thethreadpool. A forko instructiongenerates method
closurethat requiresan extra messageoken to produce
a runnablethread. When (if) such a messagearrives a
new threadis activatedandis addedto the pool. Finally,
forkm instructionggeneratenessagéokensthatremainin
the heapwaiting for a suitableobjectresource.Whenthis
happens new threadis addedo thepool.
forkm

forkd forko

X<y> x.l<y>

running thread
............... object resource
message token

Figure 4. The three fork operations

Thesenstructionsarethencomplementeavith theusual
setof controlflow instructionsjncludingrelative andabso-
lute jump instructions,to control the flow within a thread

and, primitive instructionsfor arithmeticandlogic opera-
tions. All theseinstructionsare registerto-register asis
usualin RISCdesigns.

6. Multithr eadedCode

This sectiondescribeshe compilationof high level pro-
gramminglanguagesnto the TTyCO calculusandfinally
into the assemblyof the abstractmachine. We claim that
TTyCO canbeusedasaneffectiveintermediateepresenta-
tion languagdor mary highlevelidiomsandthatthistrans-
lation allows implicit parallelismto be exposedn theform
of multithreadedbrograms.

Severalidioms have beenencodednto TTyCO, namely
a functional core [29], an idiom for client-serer/session
basedccomputing[12] and,alanguagewith supportfor dis-
tribution andcodemobility [31]. In the sequelwe will use
anexamplefrom afunctionallanguageo describeéhecom-
pilation schemefor TTyCO. The example consistsof the
well known map functionappliedto atreestructure.

fun map ft = case t of {
bud = bud,
leaf n = leaf (f n),
node | r = node (map fl) (map fr)

}

The above definitioncanbe encodednto a TTyCO pro-
gramby a straightforvard encoding[29]. We get the fol-
lowing intermediateepresentation:

to[
Map = (f,t, map-reply) t;[
new case-reply; t.val(case-reply);
case-reply = {
bud = () tz[
new x; Bud(x); map-reply.val(x)
],
leaf = (n) t3[
new x; f.val(n,x);
x = {val = (v) t5[
new y; Leaf(y,v); map-reply.val(y)
1}
],
node = (I,r) ty4]
new x; Map(f,l,x);
new y; Map{f,r,y);
x = {val = (It) tg[
y = {val = (rt) t;[
new z;Node(z,lt,rt);map-reply.val{z)
1}
1}
]
}



]

... Il use map

The Assembly Layout closelyfollows that of the source
programsn the sensehatthreadsconstitutethe mainorga-
nizationblock for the code. The codefor nestedthreadsn

anassemblyprogramis flattened.A typical codeblock for

athread[I;;...;I,] is shovn below:

t hread labell
load arguments
load free variables
code for 13

code for |,
get new thread

]

Eachthreads identifiedby auniquelabel . Noticethat
the only occasionwherelw instructionsare usedis at the
beginning of the executionof a thread,exceptfor eventual
spilling events. The codefor eachof the instructionsr; is
composedf asequencef basicmachinenstructions.

Compiling objectsrequiresthe use of dispatchtables.
They appeain betweerthreadblocksin theassemblycode
andareidentifiedby uniquelabel s. Eachlabelin sucha
sequencédoldsa pointerto the codeof somemethodin an
object.

label = {l1,..] n}

The Compiler is fairly typicalin thatit recursvely flattens
thenestedhreadsn the TTyCO encodingof the high level

construcinto asequencef independentsinglecodeblock,

threads.

The breakupinto threadsis very noticeablen theinter
mediateTTyCO codeandis even moreapparenwhenwe
proceednefurtherstepandcompileit to ourtargetinstruc-
tion setarchitecture Hereis the codefor the centralobject
controllingthecase statement:

ol = {t2 , t3, t4 } /I the dispatch table

thread t2 [ /I the bud case
Iw %0,1(%f) /Il map-reply
new %1 Il new x

frm %2,1

sw %1,0(%2)

forkd Bud,%?2 /I Bud<x>

frm %3,2

sw 0,0(%3)

sw %1,1(%3)

forkm %3,%0 /I map-reply.val<x>
newt

thread t3 [ /I the leaf case

Iw %0,0(%p) Il n

Iw %1,0(%f) I f

Iw %2,1(%f) /Il map-reply
new %3 /I new X
frm %4,3

sw 0,0(%4)

sw %0,1(%4)

sw %3,2(%4)

forkm %4,%1 Il fval<n,x>
frm %5,2

sw t5,0(%5)

sw %2,1(%5)

forko %5,%3 Il x={val= (W)t5[...]
newt

]

thread t4 [ /I the node case
Iw %0,0(%p) Il

Iw %1,1(%p) I/

Iw %2,0(%f) I f

Iw %3,1(%f) /I map-reply
new %4 /I new x
frm %5,3

sw %2,0(%5)

sw %0,1(%5)

sw %4,2(%5)

forkd Map,%5 /I Map<f,l,x>
new %6 Il new y
frm %7,3

sw %2,0(%7)

sw %1,1(%7)

sw %6,2(%7)

forkd Map,%7 /I Map<f,ry>
frm %38,3

sw t6,0(%8)

sw %3,1(%8)

sw %6,2(%8)

forko %8,%4 I x={val= (I)t6[...]
newt

7 Conclusionsand Further Work

Multithreading is an important techniquethat is very
likely to migrateto hardwarein the next generation®f mi-
croprocessorgpeningnew possibilitiesin the exploitation
of fine-grainedparallelismin applications. From a pro-
grammingpoint of view process-calculprovide a suitable
paradigmnot only to formally modelsuchsystemsbut also
to provide compilationschemeghat naturally breakdown
high level programsinto ISA level threadedcode particu-
larly suitablefor thesehardwarearchitectures.

The programminglanguagesnore akin to TTyCO also
derive from the realm of the processcalculi. Pict [25]
is a pure concurrentprogramminglanguagebasedon the
asynchronoug-calculus. Therun-timesystemis basedon
Turnersabstractnachinespecificatior{28]. Thebasicpro-
grammingabstractionsreprocesseandnamegtags).Pro-
cessesommunicatéy sendingvaluesalongsharechames.



Objectsin Pict arelessefficient thanin TTyCO. They re-
quire more heapspaceand have a more complex method
invocationprotocol,involving two messagesTurner's ma-
chine also usesreplication for persistentdata producing
substantiallymore heapgarbagehan TTyCO that usesre-
cursion.

Another related languageis Join, an implementation
of the Join calculus[9]. Names(tags), expressionsand
processesare the basic abstractions. Join programsare
composedf processes;ommunicatingasynchronouslpn
namesand producing no valuesand, expressionsevalu-
atedsynchronoushandproducingvalues. Joinintroduces
a powerful extension— the join-pattern Patternscombine
names,input processesnd replicationinto a single con-
struct. A join-patterndefinesa synchronizatiorpatternbe-
tweeninput processewaiting on a collectionof names.

On a more corventionalside, Cilk is the project most
akin to ours. Cilk [5] is an efficient multithreadedrun-
time systemdevelopedat MIT. Cilk computationsnay be
viewed asdirectedacgyclic graphsthatevolvein time. Cilk
programsare composedf a sequencef procedueseach
of whichis brokeninto a sequencef oneor morethreads
Threadsare non-blocking, which meansa thread cannot
spavn children and wait for their results. The computa-
tion evolvesin a data-flav fashion. The Cilk languages
anextensionto C thatprovidesan abstractiorof threadsn
explicit continuation-passingtyle. Cilk programsarepre-
processedtb C codeandthenlinkedwith arun-timelibrary.

Currently we haveasequentialmplementatiorof afine-
grained,object-basedanguagebasedn the TTyCO calcu-
lus. This kernel languagefeaturesobjects,asynchronous
methodinvocationsandthreadsas main abstractions.The
languagas strongly implicitly typedandsupportgparamet-
ric polymorphism.The abstracinachineis implementedn
the form of a compact,portableand, self-containedbyte-
code emulator The semanticsis provided by the for-
mal modelpresentedn section4, which itself grows from
Turner’swork onther-calculus. Themainnovelty is thein-
troductionof explicit threadsascomputationalinits. This
malkescompilersupportfor very fine grainedmultithread-
ing possible asit exposegarallelismatthe ISA level.

We have shavn, througha setof experimentsthat our
implementatioris quite efficient even by comparisonwith
systemghat compiledirectly to C or native code[15, 16].
TTyCO performscloseto Pict[25] andOz[27] in programs
that are mainly functionalwhereasn programswith non-
trivial object data structuresit outperformsthem both in
speedandheapusage.

Thework ontheTTyCOlanguagdocusenthreeareas.
Firstwe aim atimplementinga fully multithreadedsystem
startingfrom the currentsequentiaimplementation. Us-
ing this modelwe wish to studythe opportunitiesfor fine-
grainedparallelismnamelyin thepresencef simpleinter-

leaving andtrue threadparallelism. Finally, aninteresting
point concernghe implicationsof multithreadedexecution
in the developmentof type systemghat could allow inter-

estingtypedrivenoptimizations.
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