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Abstract

This paper presentsa multithreadedabstract machine
for theTyCOprocesscalculus. We arguethat processcal-
culi provide a powerful framework to reasonabout fine
grainedparallel computations.They allow theconstruction
of formally verifiablesystemson which to basehigh-level
programmingidioms, combinedwith efficient compilation
schemesinto multithreadedarchitectures.
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1. Intr oduction

In recentyearsresearchershavedevotedagreateffort in
providing semanticsfor pureconcurrent/parallelprogram-
minglanguageswithin therealmof process-calculi.Milner,
Parrow andWalker’s � -calculusor a asynchronousformu-
lation due to Hondaand Tokoro [11, 20] and Boudol [6]
hasbeenthestartingpoint for mostof theseattempts.Sev-
eral forms andextensionsof the asynchronous� -calculus
have sincebeenproposedto provide for more direct pro-
grammingstyles,andto improveefficiency andexpressive-
ness[7, 9, 32].

Dataflow andvon Neumannarchitecturesrepresentthe
two extremesin a continuousdesignspace.In thedataflow
model, computationsare triggeredby the availability of
all input valuesto an instruction (the firing rule). This
makesthemodeltotally asynchronousandthe instructions
self scheduling. Dataflow architecturesrangefrom pure
dataflow [3, 10, 24], hybrid dataflow/control-flow [8, 22,
23] andlately multithreadedRISC[1, 2, 26] designs.Mul-
tithreadingaimsto providehigh processorutilization in the
presenceof largememoryor interprocessorcommunication
latency. Thesehigh latency operationsareoverlappedwith
computationby rapidly switchingto theexecutionof other
threads.

Next generationmicroprocessordesign coupled with
VLSI technologypoint to multithreadedhardwareas typ-
ified by IBM’ s Power4 andSun’s MAJC, featuringmulti-

ple RISC/VLIW coresandvery high bandwidthinterpro-
cessorconnections,aiming at large grain multithreading.
On anotherscale,currentsuperscalarmicroprocessorde-
signs such as the MIPS R10k, the PA-RISC 8k and the
Alpha 21264implementwhat is commonlycalled micro-
dataflowusingmoderatelylarge instructionwindows, out-
of-order execution,dynamicdispatchand register renam-
ing. The next generationsuperscalarmicroprocessorswill
requirea greateramountof finegrainedparallelismto fully
explore their aggressive dynamicdispatch.In this context,
multithreadinghardwaresupportcanprovide a solutionby
allowing fastcontext switches,overlappingmemoryloads
or interprocessorcommunicationwith computation.More-
over, multithreadingmay remove mostpipelinehazardsin
currentvon Neumannimplementations,thus avoiding the
needfor complex forwardingandbranchpredictionlogic.
However, single-threadperformancein multithreadedar-
chitecturesis typically low, this having a negative impact
on individual application’s performance. The ideal situ-
ation would call for applicationsthemselves to be parti-
tionedinto several fine grainedthreadsby a compilerand
thehardwaremultithreadingwould thenoverlapthemulti-
ple threadsfrom thatsingleapplication.

Programmingparadigmsand compilationstechniques
adequateto profit from this kind of hardwarearemajor re-
searchareas.In recentyearsthefocushasshiftedfrom pure
dataflow languagessuchasId [21], to numericallyoriented
Sisal [18] andfinally to the compilationof more conven-
tional languagessuchasCilk [5] (a multithreadedC) and
ML onvonNeumannarchitectures,ashift drivenby Nikhil
andArvind’sseminalwork on P-RISC[22].

Languagesthatallow 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 communicationandconcurrency.
They usuallyhave very small kernelcalculi, with well un-
derstoodsemanticsthatform idealframeworksfor language



implementations.This significantly diminishesthe usual
gapbetweenthe semanticsof the languageandthat of its
implementation.Themappingsbetweenhigh level abstrac-
tions into suchkernel calculi provide naturalcompilation
schemesthat exposethreadparallelismat the instruction
set architecture(ISA) level. Moreover, explicit commu-
nication allows the compiler to extract importanthints of
how andwhena runningthreadshouldbesuspended(typi-
cally whena high latency loador interprocessorcommuni-
cationoccurs).Finally, thesecalculialsocommonlyfeature
typesystemsthatallow not only to checkthetypesafeness
of programsbut also to collect important information for
codeoptimization,namelyto minimize the amountof to-
kensusedin thecomputations[4, 13, 14].

We arguethatprocesscalculi providea powerful frame-
work to reasonaboutfine grainedparallelcomputationsal-
lowing for examplethe constructionof formally verifiable
systems,high-level programmingidioms and, optimizing
compilersbasedon static type-checkinginformation. We
presentasmall,asynchronous,kernelobjectlanguagebased
in a processcalculus. From a programmingpoint of view
suchlanguagesare suitableto expressdataflow computa-
tions, and in particularmultithreadedcomputations. The
baseprocesscalculusis quiteexpressiveandmany interest-
ing programmingidiomscanbeencodedin 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
asynchronouscharacterof the calculusmakes the inter-
leaved/parallelexecutionof threadsa naturalchoice. To
formalizetheseideasweintroduceaspecificationfor amul-
tithreadedabstractmachinewhichpossessesimportantrun-
time properties,namelyits soundnesswith respectto the
basecalculus,andthe absenceof deadlocksin well typed
programs.

Theremainderof thepaperis organizedasfollows. Sec-
tion 2 presentsthe ThreadedTyCO calculus. Sections3
and4 presenttwo multithreadedabstractmachinesfor the
calculus.Section5 describesanimplementationfor thesec-
ond abstractmachine,namelythe fundamentaldatastruc-
tures and the instruction set architecture. Section6 de-
scribesa compilationschemefor languagesusingthe cal-
culusasan intermediaterepresentationlanguage.Finally,
section7 comparesthis approachto otherrelatedwork and
issuessomeconclusionsandfutureresearchdirections.

2. The ThreadedTyCO Calculus

Westartwith theTyCO(TypedConcurrentObjects)pro-
cesscalculus[30, 32]. TyCO is a form of theasynchronous� -calculusfeaturingfirst classobjects,asynchronousmes-
sages,andpolymorphicprocessdefinitions. The calculus
formally describestheconcurrentinteractionof ephemeral

objectsthroughasynchronouscommunication. Here, we
recastthe calculuswith a multithreadeddataflow flavor,
whosemainabstractionsarethreads, tokens, andresources.
We call thenew calculusTTyCO.

Below, for eachsyntacticcategory � , we let �� denote�����
	�	
	
����
 , and let �� denote ������	
	
	�����
 , for ����� .
When � is � , �� is representedby � (no specialnotationis
neededin this casefor �� ). Thedifferencebetween�� and ��
is thatwe allow permutationson theformer, but not on the
latter.

Threads( � ) are sequentialcompositionsof atomic in-
structions. The syntax � ���� denotesa threadcomposedof
a sequenceof instructions �� . Concurrentcompositionof
threadsis denotedby �� . Threadsconstitutetheunit of con-
currency in thecalculus.

Instructions(
�
) aretheconstituentsof threads,andmay

generatetokensor resources.Resourcesarepiecesof code
whoseexecutionis pendingon thearrival of a token. A re-
sourcemay be an object  "!$# or a polymorphicthread
definition %&!(' . In eachcase, )�*% is the tag of the re-
source. Tokensare piecesof datathat activate resources,
ultimately producingnew threads. A token is an asyn-
chronousmessage �	 +�,��-/. that invokes the method + in an
objectresourcetaggedwith  , or aninstancecreation%0,�� .
thatproducesa copy of the threadtaggedwith % . A final
instruction,new  , allows the creationof a new tag in a
giventhread.

Threadabstractions( ' ) andmethodmaps( # ) complete
the calculus.A threadabstraction12� 435� is simply a thread
abstractedon a sequenceof variables.Think of thesevari-
ablesas the parametersof the thread;the token that acti-
vatesa resource%�!6' also providesthe argumentsfor
the thread. Methodsform the bodiesof objects. They are
maps(thatis, partialfunctionsof finite domain)from labels
into threadabstractions.This time, thetokenthatactivates
aresource 7!8# mustsupplyalabel(to obtainanabstrac-
tion), andthearguments(to obtaina runnablethread).

Given disjoint setsfor object tags(  )� - ��9 , infinite), for
threadtags( % ), andfor labels( + ), we write thefull syntax
of thecalculusasfollows.

� :;:<! � ���� Thread� :;:<! =?>A@ > new  Instruction

= :;:<!  )	 +*,�� . >0%0,�� . Token

@ :;:<!  B!C# >0%D!C' Resource

# :;:<! E+F!C' Methodmap

' :;:<! 1�� F3G� Abstraction

To illustratethesyntaxandmainabstractionsof thecal-
culuswe sketcha smallexampleof a singleelementpoly-
morphiccell. We definea threadabstraction,theCell, with
two attributes:the locationself andthevaluev of thecell.



Thethreadbodyis definedasasingleobjectwith two meth-
ods,onefor readingthe currentcell value,andanotherto
changeit. The recursionat the endof eachmethodkeeps
thecell aliveaftera reduction.

[
Cell = (self, value) [

self = H
read = (reply-to) [

reply-to.val , value . ; Cell , self, value .
],
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 = H val = (x)[io.print , x . ] I

]

TTyCO featuresa predicative polymorphictype-system
and,asa result,theCell abstractionis polymorphicon the
attributevalue. Next, we createinstancesof Cell with in-
tegerandbooleanattributes,respectively. Finally, we write
thevalue7 in the intcell (originally with thevalue5); read
thevaluefrom boolcell andwait for a reply in tagr. When
the reply messagearrives, a new threadis spawned that
printsthevaluein themessage.

3 An Abstract Machine

Here we presentan abstractmachinefor interpreting
TTyCO processes.The machineevolvesby maintaininga
storeof resourcesandtokens,andanalyzingtheinstructions
in eachthread,from left to right. Resourcesfor which there
areno matchingtokenspendingaremovedto thestore;to-
kensfor which thereareno availableresourcesaremoved
to thestore.Beforewepresentthereductionrelation,some
machinerymustbeintroduced.

Preliminaries. We take theview thatprogramsareclosed
for tags, that is that the collection of threadsthat consti-
tutesa programcontainsno free tags. A tag  is bound
in the sequenceof instructions ��KJ in a threadof the form� �� � new  �� ��KJ;� , andin thethread� of anabstraction1��-  L�9K35� ;
otherwiseit is free.For tagsdenotingthreaddefinitions,the
rule is slightly different.A tag % is boundin ' andin ��KJ in
a threadof theform � �� �*%M!8'N� ��KJ<� ; otherwiseit is free.

A directconsequenceof thisdefinitionis that,in aclosed
program,whenscanninga threadfrom left to right, a re-
source%O!(' alwaysappearsprior to a token %0,2� . . On

theotherhand,sincethe creationof a new tag  is decou-
pledfrom thecreationof its resources,wecannotguarantee
thata resource P!Q# appearsprior to a token  )	 +*,2�-R. . As
such,instancecreationtokenswill neverfind theirway into
thestore.

Anotherconsequenceis thatwecannothavemutuallyre-
cursive threaddefinitions.A small changein thesyntaxof

resources,replacing%S!T' by E%?!8' (mapsfrom thread
tagsinto abstractions),would solve the problem. For sim-
plicity we proceedwith simplerecursive threaddefinitions%D!C' .

Itemsin thestoreareasubsetof thepossibleinstructions.
Wemakethisclearby introducinganew syntacticcategory.U :V:<! @ >W �	 +�,��-/.

Then,the stateof the machineis representedby a term
run �� in �U denotinga poolof threadsrunningon apoolof
availableresourcesandtokens. We assumethat all bound
tags(objectandthread)in the initial programarepairwise
distinct. Givensucha program ��4X we build theinitial state
of themachineasrun ��4X in � .

Given the above notion of free tags, we denote byH4� FYZ�- I � theusual(capture-avoiding)substitutionof � for �-
in � . To extract a methodin a map of methods,we use

1[+\!&'N��#T3]	 + def! ' ; to apply an abstractionto a se-

quencewe write 1�1��- 3G�^3_,�� . def! HF� 4YZ�- I � ; so that, when# is 1[+�!`12�- 35�a��# J 3 , theexpression#b	 +�,�� . standsfor the
threadHF� 4YZ�- I � .

Structural congruence.Following Milner [19] we divide
the computationalrules of the calculusin two parts: the
structural congruencerulesandthe reductionrules. Struc-
tural congruencerules allow the re-writing of termsuntil
they arein theform requiredby reduction,thussimplifying
thepresentationof thelatter.

For � athread� or astoreitem
U

, thestructuralcongru-
encerelationis thesmallestcongruencerelationon threads
thatincludesthefollowing singlerule.

��dce�� J if �� is a permutationof �� J
Notice that concurrency and non-determinismare intro-
ducedby allowing arbitrarypermutationsbetweenthreads
anditemsin thestore.

Reduction. Computationis driven by the interactionbe-
tweenconcurrentthreadsof execution. Eachthreadpro-
ducesnew tags,tokensandresourcesthatinteractwith those
alreadyin the store. New threadsresult from appropriate
matchingof tagsin thestore.Figure1 summarizestherules.

FORK-M: A methodinvocation )	 +*,2�-R. selectsthemethod+ of an object  f!e# in the store. The matchingis done
via the nametag,here  . The result is a threadwhosepa-
rametershave beenreplacedby the arguments �- . FORK-
O: Inversely, an object  C!e# is triggeredby a message



run �  )	 +*,��-g. � ���� � �� in  B!h#b� �UWi run � ���� � ��j��#b	 +*,��-g. in �U (FORK-M)

run �  B!h#`� ���� � �� in  )	 +*,��-/. � �UWi run � ���� � ��j��#b	 +*,��-g. in �U (FORK-O)

run � %0,��-R. � ���� � �� in %M!8'N� �UWi run � ���� � ��j��'N,2�-/. in %M!8'N� �U (FORK-D)

run �  B!h#`� ��k� � �� in �UWi run � ���� � �� in  7!8#b� �U (STORE-O)

run �  )	 +*,��-g. � ���� � �� in �UWi run � ���� � �� in  )	 +*,��-/. � �U (STORE-M)

run � %?!"'N� ���� � �� in �UWi run � ���� � �� in %M!8'l� �U (STORE-D)

run �new  �� ���� � �� in �UWi run �mH - Y� I ��k� � �� in �U if - not freein �� � ��j� �U (NEW)

run � � � �� in �UWi run �� in �U (GC)

�U c �U J ��8c �� J run �� J in �U J i run �� J J in �U J J
run �� in �UWi run �� J J in �U J J (STRUCT)

Figure 1. Abstract machine for TTyCO

 )	 +*,��-g. waiting in thestore. In eachcase,themessagesand
objectsare consumed.Thesetwo forms of reductionare
calledcommunication.

FORK-D: Another form of reductionoccurswhen we
createa new instance%0,�� . of a threaddefinition %n!`' .
Theresultis a threadwhoseparametershavebeenreplaced
by the arguments � . Notice that the resourceis not con-
sumedin the process;we wouldn’t have unboundedcom-
putationsotherwise. This form of reductionis called in-
stantiation.

STORE-O, STORE-M, STORE-D: Whenthereis nomatch
in thestorefor a tokenor a resourceappearingin a thread,
theseareput into thestore.

NEW: To createa new tag,we rely on thesetof tagsbe-
ing infinite, andpick oneunusedin therestof thestate.GC

allows thegarbagecollectionof anemptythread.STRUCT

bringsstructuralcongruenceinto reduction.

Themachinehaltswhenthepoolof threadsempties,that
is, whena staterun � in �U is reached.

Discussion.With respectto TyCO, we have tradedtheex-
plicit parallel compositionof processesfor the sequential
natureof threads,coupledwith thenon-determinismin the
selectionof a resourceor a token (capturedby the struc-
tural congruencerelation).We expectthreadedTyCO to be
soundandcompletewith respectto TyCO.

Also, for typable programs[32] the abstractmachine
doesnot deadlock,that is, it either halts or runs indefi-
nitely [15]. This propertyis intimately linkedto theability
of the typesystemto guaranteethat, in a typableprogram,
objectshavetheright methodsfor messages[17].

4 A Refinementof the Abstract Machine

Themachineproposedin theprevioussectionis still far
from anefficient interpreter:substitutionsareactuallyper-
formedby visiting the threads,andthe storeis completely
unstructured,themachinerelying on thestructuralcongru-
encerelation to bring forward the appropriateresourceor
tokenfor agivenrule. Thissectionpresentsanotherabstract
machinethatavoidssubstitutionandallows for directly ac-
cessingthe resourcesandtokensin the store. Onceagain,
somenew definitionsareneededbeforewemaypresentthe
reductionrelation.

Preliminaries. An environmento is amapfrom objecttags
intoobjecttags.A threadclosure p or �qo is apaircomposed
of a thread� andanenvironmento . We alsoneedclosures
for resourcessincethesemay go into the store. Abstrac-
tion closures 'qo andmethodclosures #ro aredefinedasfor
threadclosures.We evaluateclosures��o suchthat thefree
tagsin � arein thedomainof o .

Thestore, formerly a bagof resourcesandmessages,is
given somestructure,becominga map s from threadtags% to (thread)abstractionclosures'qo , andfrom objecttags to queuest of methodclosuresor of messagescontents+*,�� . . A queuet canbe regardedasa possiblyempty list� � :vu
u�u/:�� 
 ; theemptyqueuebeingdenotedby w . Queues
arenot neededfor threaddefinitionssincethe bindingsin
thecalculus(seeSection3) guaranteethatthereis atmosta
definition %D!C' perthreadtag % . Also,messagesneedno
accompanying environmentsince,whenstoring,we apply
thecurrentenvironment.

The stateof the machineis now representedby a term
run �p in s denotinga pool of threadclosuresrunningon a
mapfrom tagsto theavailableresourcesandtokens.



run �  )	 +*,��-/. � ���� oK�2�p in s i run � ���� oK���p��*�qo J H4�9x:y!CoR1��- 3 I in s�H2oR1z 43L:y!Ct I if sK1[oR1z 43*3{!h#ro J :�tR��#b	 +)!T12�9K35� (FORK-M)

run �  7!C#`� ���� oK�2�p in s i run � ���� oK���p��*�qo|H4�9N:<!}�- I in s�H�oK1[ ~3L:<!8t I if s|1�oR1z ~3�3{!C+*,��-g. :�tR��#b	 +Z!Q1��9R3G� (FORK-O)

run � %0,��-/. � ���� oK�2�p in s i run � ���� oK���p��*�qo J H4�9x:y!CoR1��- 3 I in s if sK1[%d3�!�1�1��9R3G��3*o J (FORK-D)

run �  7!C#`� ���� oK�2�p in s i run � ���� oK���p in s�H2oR1z 43L:y!CtN:K#ro I if sK1�oK1[ ~3�3�!"t (STORE-O)

run �  )	 +*,��-/. � ���� oK�2�p in s i run � ���� oK���p in s�H2oR1z 43L:y!CtN:|+*,[oR1��- 3 . I if sK1�oK1[ ~3�3{!8t (STORE-M)

run � %M!8'N� ���� oK�2�p in s i run � ���� oK���p in s�H�%6:y!8'qo I (STORE-D)

run � new  �� ���� oK�2�p in s i run � ���� o|H2 �:y! - I �
�p in s�H - :y!bw I if - not in dom1�s23 (NEW)

run �p��k��pk���p_� in s i run p����p������p_� in s (SWITCH)

run � � oK�2�p in s i run �p in s (GC)

Figure 2. The environment machine for TTyCO

For a givenmap � from elements� into elements� , we
usethenotation��H2�W:y!f� I for themap � J suchthat � J 1[� J 3
is � when � J is � , andis ��1[� J 3 otherwise.

Reduction. Figure2 summarizestherulesfor theenviron-
mentmachine.A synopsisof therulesfollows.

FORK-M: Givena message )	 +*,��-g. in an environment o ,
we look for a methodclosure#ro J at theheadof thequeue
associatedwith oR1z ~3 . A new threadclosureis createdwith
the appropriateenvironment; #ro J is dequeued.FORK-O:
Inversely, givenanobject  d!�# in anenvironment o , we
look for a message+*,��-R. at theheadof thequeueassociated
with oR1z ~3 . A new threadclosureis createdwith theappro-
priateenvironment; +�,��-g. is dequeued.FORK-D is similar to
FORK-M, only that the abstractionclosureis not removed
from thestore.

STORE-O, STORE-M, STORE-D: Theserulesbehavesim-
ilarly to their counterpartsin thepreviousmachine,thedif-
ferencebeing that tokensandresourcesarenow storedat
thetail of thequeueassociatedwith thetag. This time, the
STORE rulesmustonly betriedaftertheFORK rules.

NEW: Insteadof creatinga new tag - andsubstituting
throughouttheremainingthread �� , we placea new bindingH� 0:<! - I in theenvironmentanda new entry H - :<!�w I 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 mayswitch the context to run another
threadp anywherein thepool. Thecurrentthreadis accord-
ingly movedbackto thethreadpool. Thisrule is fundamen-
tal for theimplementationof multithreading.

Discussion.Becausewe have imposeda discipline(FIFO)
in theaccessto theresourcesin thestoreaswell asanorder
in theapplicationof theFORK/STORE rules,we expectthe

environmentmachinenot to becompletewith respectto the
machinein theprevioussection.Thefollowing run

run new  ��* 7!rH2+Z!�1 - 3_� � I �* )	 +*,*� . �* )	 +*,�� . � in � iA�
run � in  �	 +�,5� .

maynotbemimickedby theenvironmentmachine.
Also, the machinepreserves the invariant that, at any

time during a computationthe queuesareeitheremptyor
haveonly messagesor haveonly method-closures[25].

5. Implementation

We proposean implementationthat closelyfollows the
specificationof theabstractmachinein theprevioussection.

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

2. The storeis implementedwith multiple data-structures
residingin aheap.Environmentsareimplementedastables
in the heap,andarecopiedto registerswhenthe threadis
running.

3. Resourceclosuresareimplementedaspairsresidingin
the heap,andcomposedof a referenceto a pieceof code
anda tableholdingtheenvironment.

4. Thecodefor anabstraction' is just a blockof contigu-
ousinstructions;thatof a methodmap # is composedof a
dispatchtablefollowedby thecodefor eachmethod.

5. Tokens %0,�� . , - 	 +�,�� . are implementedas tablesin the
heapholdingthearguments� (plusthelabel + in thecaseof
messages).

6. Threadclosuresin the pool have environmentsdivided
in two tables,argumentsandfreevariables,comingfrom a



tokenandfrom aresource,respectively.

7. A new threadclosure,its environmentbuilt asdescribed
above,is addedto thethreadpoolwhena fork occurs.New
threadscanbestartedwhenthecurrentoneends(rule GC)
or whena context switchoccurs(rule SWITCH).

8. Themachinehaltswhenthethreadpool is empty.

Machine Ar chitecture We proposea heapbasedmachine
architecture(Figure3). Eachthreadkeepsa small amount
of statein its environment,namely, theprogramcounterand
thelocationof theargumentsandfreevariablesin theheap.
Global registerskeeptrack of the top of the heapand of
thelimits of thethreadpool. Eachinstanceof theprogram
counterregisterpointsinto theprogramareawherethecode
for thecompleteprogramis stored.A setof genericregis-
ters denoted%i ,%j where i ,j are non negative integers,
is usedto keepthe instructionoperands.We assumethe
numberof registersto be aslargeasneeded.Hardwareor
software techniquessuchas register renamingor register
windows may be usedto provide this illusion in the real
world. Datais movedbetweenthe heapandmachinereg-
istersby commonload/storeinstructions.Thus,in a sense,
theinstructionsetarchitecturedefinedbelow is RISC-like.

Registers

Global
Registers

Thread Pool

Heap

main [
  new   %1
  frm   %2
  sw    %1,0(%2)
  new   %3
  fork2 %2,%3
  ...
  ...
  fork  X,%5
]

X [
  new   %1
  new   %2
  frm   %3
  sw    %2,0(%3)
  sw    %1,1(%3)
  new   %4
  fork1 %3,%4
  ...
  ...
]

t0 = { X1,...,X4 }

X1 [
  new   %1
  ...
  ...

Program

%hp

%eq

%sq

%pc[0]

%pc[1]

%f[0]

%p[0]

Figure 3. Machine architecture

Theprogramareakeepsthecodefor theprogramto be
executed. The code is divided in threadblocks and dis-
patchtablesfor objects. The heap is a flat addressspace
wheredynamicdata-structuresareallocated.Spaceis allo-

catedin blocksof contiguousmachinewordscalledframes.
Themachinemanipulatesthreebasicdata-structuresat run-
time: (object)tags,tokensandresources.Tagsindex shared
queuesof messagetokens+*,�� . andof methodclosures#ro .
Messagetokensareimplementedasframesholding the la-
bel + plus a variablenumberof arguments � . Methodclo-
sures #ro are implementedas framesholding a reference
to a dispatchtable plus an environmenttable for the free
variablesin # .

The threadpool implementsa collectionof threadclo-
sures �p readyfor execution. It is usedto accountfor the
limited resourcesand performanceconsiderationspresent
in realmachines,imposinganupperboundon thenumber
of simultaneouslyactive threads.Eachthreadclosureholds
areferenceto apieceof codein theprogramandreferences
to theparameterandfreevariableenvironmentin theheap.
A new thread,resultingfrom a FORK, inheritsits environ-
mentfrom the tokenandtheresource,andis placedin the
poolwaiting to bescheduledfor execution.

Environmentvariablesintroducedwith new areinitially
boundto emptyqueuesin theheapandallocatedto generic
machineregisters.They arediscardedafter the threadter-
minates. Despitetheir short life span, the tags they are
boundto may continueto exist long after the threadends.
This is accomplished,for example,whena tagis sentasan
argumentto amessagetargetedoutsidethescopeof thetag,
thusescapingthecontext of thecurrentthread.

SpecialRegisters.Themachineusesa small setof global
registersto control the main data-structures,namely the
heapand the threadpool. Register %hp (Heap Pointer)
pointsto the next availablepositionin the heap.Registers
%eqand%sq keeptheboundariesof the threadpool. The
environmentof eachthreadis keptin threespeciallocalreg-
isters. Register%pc (ProgramCounter)pointsto the next
instructionto be executedin the thread. Whena program
starts,register%pc is loadedwith the addressof the first
instructionof themain thread.Registers%f (Freevariable
environment)and%p(Parameterenvironment)areusedto
hold referencesto the freevariableandparameterenviron-
ments,respectively.

Instruction SetAr chitectureThecoreinstructionsetis de-
scribedbelow.

frm %i,n Frameallocation
new %i Queueallocation
lw %i,k(%j) Load
sw %i,k(%j) Store
forko %i,%j Fork on object
forkm %i,%j Fork on message
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 queuein theheapandkeepsa pointerto it in the
register%i .

Load/Store instructionsmove data from the heapinto
registersandvice-versa. lw %i,k(%j) copiesthe word
at the heapframepointedto by %j andat offset k to the
register%i . sw %i,k(%j) copiesthewordat theregister
%i to theheapframepointedto by %j , at offsetk .

Fork instructionsimplementreduction. forkd X,%i
createsa new threadrunningthecodelabeledby X andpa-
rameterspointedto by register%i . forko %i,%j takes
anobjectat a framepointedto by register%i , andtries to
reduceat thetagpointedto by register%j . forkm %i,%j
takesa messageat a framepointedto by register%i , and
triesto reduceat thetagpointedto by register%j .

Multithreadinginstructionsmanagetheexecutionof the
multiple threadsgeneratedby the machineat run-time.
switch n performsa context switch to the n-th thread
in thepool, andplacesthe currentthreadbackin thepool.
newt terminatesthe executionof the current threadand
loadsanew onefrom thepool.

Thethreefork instructionsareillustratedin figure4. A
forkd immediatelycreatesa new threadthat is addedto
the threadpool. A forko instructiongeneratesa method
closurethat requiresan extra messagetoken to produce
a runnablethread. When (if) such a messagearrives a
new threadis activatedand is addedto the pool. Finally,
forkm instructionsgeneratemessagetokensthatremainin
the heapwaiting for a suitableobjectresource.Whenthis
happensa new threadis addedto thepool.

running thread

object resource

message token

X<y>

forkd

x=M

forko

x.l<y>

forkm

Figure 4. The three fork operations

Theseinstructionsarethencomplementedwith theusual
setof controlflow instructions,includingrelativeandabso-
lute jump instructions,to control the flow within a thread

and,primitive instructionsfor arithmeticand logic opera-
tions. All theseinstructionsare register-to-register, as is
usualin RISCdesigns.

6. Multithr eadedCode

This sectiondescribesthecompilationof high level pro-
gramminglanguagesinto the TTyCO calculusandfinally
into the assemblyof the abstractmachine. We claim that
TTyCOcanbeusedasaneffectiveintermediaterepresenta-
tion languagefor many highlevel idiomsandthatthis trans-
lation allows implicit parallelismto beexposedin theform
of multithreadedprograms.

Several idiomshave beenencodedinto TTyCO, namely
a functional core [29], an idiom for client-server/session
basedcomputing[12] and,a languagewith supportfor dis-
tribution andcodemobility [31]. In thesequelwe will use
anexamplefrom afunctionallanguageto describethecom-
pilation schemefor TTyCO. The exampleconsistsof the
well known map functionappliedto a treestructure.

fun map f t = case t of H
bud = bud,
leaf n = leaf (f n),
node l r = node (map f l) (map f r)I

Theabovedefinitioncanbeencodedinto a TTyCO pro-
gramby a straightforward encoding[29]. We get the fol-
lowing intermediaterepresentation:

t X [
Map = (f,t,map-reply) t � [

new case-reply; t.val , case-reply . ;
case-reply = H

bud = () t � [
new x; Bud , x . ; map-reply.val , x .

],
leaf = (n) t � [

new x; f.val , n,x . ;
x = H val = (v) t � [

new y; Leaf , y,v . ; map-reply.val , y .
]
I

],
node = (l,r) t � [

new x; Map , f,l,x . ;
new y; Map , f,r,y . ;
x = H val = (lt) t � [

y = H val = (rt) t � [
new z;Node , z,lt,rt . ;map-reply.val , z .

]
I

]
I

]I



]
... // use map

]

The Assembly Layout closely follows that of the source
programsin thesensethatthreadsconstitutethemainorga-
nizationblock for thecode.Thecodefor nestedthreadsin
anassemblyprogramis flattened.A typical codeblock for
a thread � � � ; 	�	
	 ; � 
 � is shown below:

thread label[
load arguments
load free variables
code for I �
...
code for I �
get new thread

]

Eachthreadis identifiedby auniquelabel . Noticethat
the only occasionwherelw instructionsareusedis at the
beginningof theexecutionof a thread,exceptfor eventual
spilling events. The codefor eachof the instructions

�_�
is

composedof a sequenceof basicmachineinstructions.
Compiling objectsrequiresthe useof dispatchtables.

They appearin betweenthreadblocksin theassemblycode
andareidentifiedby uniquelabel s. Eachlabel in sucha
sequenceholdsa pointerto thecodeof somemethodin an
object.

label = � l � ,...,l �|�
The Compiler is fairly typical in thatit recursively flattens
thenestedthreadsin theTTyCO encodingof thehigh level
constructinto asequenceof independent,singlecodeblock,
threads.

Thebreakupinto threadsis very noticeablein the inter-
mediateTTyCO codeandis even moreapparentwhenwe
proceedonefurtherstepandcompileit to our targetinstruc-
tion setarchitecture.Hereis thecodefor thecentralobject
controllingthecase statement:

o1 = � t2 , t3, t4 � // the dispatch table

thread t2 [ // the bud case
lw %0,1(%f) // map-reply
new %1 // new x
frm %2,1
sw %1,0(%2)
forkd Bud,%2 // Bud<x>
frm %3,2
sw 0,0(%3)
sw %1,1(%3)
forkm %3,%0 // map-reply.val<x>
newt

]

thread t3 [ // the leaf case
lw %0,0(%p) // n
lw %1,0(%f) // f
lw %2,1(%f) // map-reply
new %3 // new x
frm %4,3
sw 0,0(%4)
sw %0,1(%4)
sw %3,2(%4)
forkm %4,%1 // f.val<n,x>
frm %5,2
sw t5,0(%5)
sw %2,1(%5)
forko %5,%3 // x= � val= (v)t5[...]
newt

]

thread t4 [ // the node case
lw %0,0(%p) // l
lw %1,1(%p) // r
lw %2,0(%f) // f
lw %3,1(%f) // map-reply
new %4 // new x
frm %5,3
sw %2,0(%5)
sw %0,1(%5)
sw %4,2(%5)
forkd Map,%5 // Map<f,l,x>
new %6 // new y
frm %7,3
sw %2,0(%7)
sw %1,1(%7)
sw %6,2(%7)
forkd Map,%7 // Map<f,r,y>
frm %8,3
sw t6,0(%8)
sw %3,1(%8)
sw %6,2(%8)
forko %8,%4 // x= � val= (lt)t6[...]
newt

]

7 Conclusionsand Further Work

Multithreading is an important techniquethat is very
likely to migrateto hardwarein thenext generationsof mi-
croprocessors,openingnew possibilitiesin theexploitation
of fine-grainedparallelismin applications. From a pro-
grammingpoint of view process-calculiprovide a suitable
paradigmnot only to formally modelsuchsystemsbut also
to provide compilationschemesthat naturallybreakdown
high level programsinto ISA level threadedcodeparticu-
larly suitablefor thesehardwarearchitectures.

The programminglanguagesmoreakin to TTyCO also
derive from the realm of the processcalculi. Pict [25]
is a pure concurrentprogramminglanguagebasedon the
asynchronous� -calculus.Therun-timesystemis basedon
Turner’sabstractmachinespecification[28]. Thebasicpro-
grammingabstractionsareprocessesandnames(tags).Pro-
cessescommunicateby sendingvaluesalongsharednames.



Objectsin Pict are lessefficient than in TTyCO. They re-
quire more heapspaceandhave a morecomplex method
invocationprotocol,involving two messages.Turner’sma-
chine also usesreplication for persistentdata producing
substantiallymoreheapgarbagethanTTyCO that usesre-
cursion.

Another related languageis Join, an implementation
of the Join calculus[9]. Names(tags), expressionsand
processesare the basic abstractions. Join programsare
composedof processes,communicatingasynchronouslyon
namesand producingno valuesand, expressionsevalu-
atedsynchronouslyandproducingvalues. Join introduces
a powerful extension– the join-pattern. Patternscombine
names,input processesand replicationinto a single con-
struct. A join-patterndefinesa synchronizationpatternbe-
tweeninputprocesseswaitingon acollectionof names.

On a more conventionalside, Cilk is the project most
akin to ours. Cilk [5] is an efficient multithreadedrun-
time systemdevelopedat MIT. Cilk computationsmay be
viewedasdirectedacyclic graphsthatevolve in time. Cilk
programsarecomposedof a sequenceof procedureseach
of which is brokeninto a sequenceof oneor morethreads.
Threadsare non-blocking,which meansa threadcannot
spawn children and wait for their results. The computa-
tion evolves in a data-flow fashion. The Cilk languageis
anextensionto C thatprovidesanabstractionof threadsin
explicit continuation-passingstyle. Cilk programsarepre-
processedto C codeandthenlinkedwith arun-timelibrary.

Currently, wehaveasequentialimplementationof afine-
grained,object-basedlanguagebasedin theTTyCO calcu-
lus. This kernel languagefeaturesobjects,asynchronous
methodinvocationsandthreadsasmain abstractions.The
languageis strongly, implicitly typedandsupportsparamet-
ric polymorphism.Theabstractmachineis implementedin
the form of a compact,portableand,self-containedbyte-
code emulator. The semanticsis provided by the for-
mal modelpresentedin section4, which itself grows from
Turner’swork onthe � -calculus.Themainnovelty is thein-
troductionof explicit threadsascomputationalunits. This
makescompilersupportfor very fine grainedmultithread-
ing possible,asit exposesparallelismat theISA level.

We have shown, througha setof experiments,that our
implementationis quite efficient even by comparisonwith
systemsthatcompiledirectly to C or native code[15, 16].
TTyCOperformscloseto Pict [25] andOz[27] in programs
that aremainly functionalwhereasin programswith non-
trivial object datastructuresit outperformsthem both in
speedandheapusage.

Thework ontheTTyCOlanguagefocusesonthreeareas.
First we aim at implementinga fully multithreadedsystem
startingfrom the currentsequentialimplementation. Us-
ing this modelwe wish to studythe opportunitiesfor fine-
grainedparallelism,namelyin thepresenceof simpleinter-

leaving andtrue threadparallelism.Finally, an interesting
point concernsthe implicationsof multithreadedexecution
in the developmentof type systemsthat couldallow inter-
estingtypedrivenoptimizations.
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