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Abstract

We proposea programmingmodelfor distributedcon-
currentsystemswith mobileobjectsin thecontext of a pro-
cesscalculus. Codemobility is inducedby lexical scoping
on names.Objectsand messagesmigrate towards the site
where their prefixesare lexically bound. Classdefinitions,
on theotherhand,aredownloadedfromthesitewhere they
are defined,and are instantiatedlocally uponarrival. We
provideseveral programmingexamplesto demonstrate the
expressivenessof the model. Finally, basedon this model
wedescribean architecture for a run-timesystemsupport-
ing concurrent,distributedcomputationsandcodemobility.
Keywords: Distributed Computing, Process-Calculus,
Concurrency, Code Mobility, Implementation.

1 Introduction
Over the last few years,the increasein speedof both

personalcomputersandnetwork connectionshasfostered
an ever growing researchinterest in distributed comput-
ing. Moreover, researchon computationor codemobility
hasbecomeoneof the leadingedgesof computerscience,
with vastapplicationsin web languages,intelligentmobile
agents,cryptography, andhigh-performancecomputing,to
namea few.

Theintroductionof the � -calculus[11, 17] andotherre-
latedprocesscalculi, in the early nineties,asa model for
concurrentdistributedcommunicatingsystemsprovided a
theoreticalframework uponwhich researcherscould build
solid results. The main abstractionsin thesecalculi are
processes,representingarbitrarycomputationsand,names,
representingplaceswhereprocessessynchronizeand ex-
changedata. Recentextensionsof thesemodelsallowed
usfor thefirst time to glimpse,in a rigorousway, thecom-
plexity of distributedsystemswith mobile resources[3, 6,
9, 23, 25].

Underlyingthesemodelsis thegeneralconceptof mobil-

ity, thatis theability for processes,objectsor computations
to dynamicallychangetheir location,site,or accessrights,
asthesystemevolves.Mobility comesin two flavors: weak
mobility, meaningcodemovementbetweencomputations,
and;strongmobility, meaningthemovementof entirecom-
putationsthroughthenetwork [10].

Theadvantagesof aprocess-calculusapproachto thede-
velopmentof concurrentdistributedsystemsaremanifold:

1. thecalculiprovideanaturalprogrammingmodelastheir
main abstractionsdealwith the notionsof communication
andconcurrency;

2. they usuallyhaveverysmallkerneldefinitions,with well
understoodsemanticsproviding ideal frameworks for lan-
guagedefinitions. This significantly diminishesthe usual
gapbetweenthe semanticsof the languageandthat of its
implementation;

3. they arescalablein the sensethat high level constructs
canbereadilyobtainedfrom encodingsin thekernelcalcu-
lus;

4. they commonlyfeaturetypesystemsthatallow not only
to checkthe type safenessof programsbut also to collect
importantinformationfor codeoptimization.

Our approachin the developmentof a concurrentpro-
gramming languageand run-time systemfor distributed
systemsis distinct from other works using CORBA [2],
DCOM [1] or Java/RMI, althoughwe sharesomeof the
goals.Themaindifferencescanbesummarizedasfollows:

1. weareinterestedin developingsystemsprovablycorrect,
with relatively simple,well definedsemantics;

2. our computationsarenetworkaware, i.e, namescanbe
localor remote(belongingto othersites)andthedistinction
is explicit in the syntax. The systemdoesnot provide the
illusion of asingle,local,addressspace;

3. we areinterestedin exploring theconcurrency andfine
grainedparallelismin our model with high-performance,
low-costclustersof PCs,interconnectedwith Giga-switch



network technology;

4. we provide inter-platformsupportin heterogeneousnet-
works by using emulatedbyte-codefor implementation
technology, muchlikeJava/RMI.

Distributed TyCO – DiTyCO, the model and system
architecturewe propose in this paper, is based on a
form of the � -calculuscalledTypedConcurrentObjects–
TyCO [24]. The model features,first classobjects,asyn-
chronousmethodinvocations,and classdefinitions. The
calculusformally describesthe concurrentinteractionof
ephemeralobjectsthroughasynchronouscommunication.
Synchronouscommunicationis implementedby sending
continuationsin messages.Classesareprocessesparame-
terizedon a sequenceof variables.Unboundedbehavior is
modeledthroughexplicit instantiationof recursiveclasses.

Supportfor a distributedsettingis introducedwith the
notionof locationor site:placeswhereTyCOcomputations
occur. Nameslocal to a site arelexically boundto it asin
Obliq [5]. Codemovementis triggeredby thelexical scope
of namesprefixingmethodinvocations,objectsor classdef-
initions. Themigrationof prefixedprocessesis determinis-
tic, point to point,andasynchronous.Synchronizationonly
happenslocally, at reductiontime.

The DiTyCO [23] model presentsa flat organization
of sites, that reflects the architecturesof current imple-
mentationsof high-performancenetworks, namely Giga-
Switches[7, 8]. We feel that, the site organizationshould
mapthelow level hardwarearchitectureascloselyaspossi-
ble to allow anefficient implementationof themodel.

The amountof parallelism/concurrency generateddur-
ing the executionof programsis very large andvery fine
grained,typically a few tensof byte-codeinstructionsper
thread. To exchangeitems with suchgranularitywithout
loosingperformancewe needa very low latency network
andhigh-bandwidth.We usetheconcurrency in our model
to effectively hide the existing communicationlatency by
performing fast context switchesbetweenlocal threads.
Thuswe areusingasour targetarchitecture,low-cost,off-
the-shelf,clustersof PCsinterconnectedwith a high speed
network.

At the programminglevel, DiTyCO grows from TyCO
mainly by introducing two simple constructsfor making
namesandclassesvisible to thenetwork (export) andfor
makingnetwork namesandclassesavailable to local pro-
cesses(import). From an implementationpoint of view
theDiTyCO sourcecodeis compiledinto byte-codefor an
extendedTyCO virtual machine[15]. Eachsite is imple-
mentedasa threadthatrunsanextendedTyCO virtual ma-
chine with private registersand memoryareas. A site is
createdto run a DiTyCO programand is freed when the
programends.

Theoutlineof thepaperis asfollows. Thenext section
briefly introducestheTyCOprocesscalculus,its syntaxand

semantics;section3 introducesdistribution andcodemo-
bility in TyCO.Section4 describestheprogrammingmodel
inducedby theextendedcalculus,with examples.Section5
describesthe hardwareplatform we areaiming at andthe
rationalefor this decision. It then continuesto describe
thesoftwarearchitectureof ourimplementationof DiTyCO,
andrelatedcompilation,emulationandperformanceissues.
Thepaperendswith a brief overview of relatedwork, con-
clusionsandfuturework.

2 The TyCO Calculus
The focusof this paperis on theextensionof theTyCO

processcalculusandits languageimplementationto support
distribution and codemobility. However, the main ideas
thatsupportthiswork canbeeasilyembodiedin any name-
passingcalculus that satisfiesa few mild pre-conditions
(e.g.[4, 11, 12, 17, 24]).

TyCO [24] (Typed Concurrent Objects) is a name-
passing calculus in the line of the asynchronous� -
calculus[11] thatuseslabeledasynchronousmessagesand
objectscomposedof methodsasthefundamentalprocesses.
Messagesandobjectsareprefixedby namesthat represent
their locations. In the sequelwe introducethe syntaxand
semanticsof TyCO. The discussionis much abbreviated
dueto spaceconstraints.For a fully detaileddescriptionthe
readermayreferto thelanguagedefinition[22].

Thebasicsyntacticcategoriesarenames, rangedoverby�������
	��
���
���
� ; labels, rangedover by � ��� , and;classvari-
ables, rangedover by � �
� . Let �	 denotethe sequence	��������
	�� , with � �"! , of pairwisedistinctvariables.Then
thesetof processes,rangedby # ��$ is givenby thefollow-
ing grammar:

# %&%(' 0 terminatedprocess) # ) # concurrentcomposition)
new �	 # local channeldeclaration) 	+* �
,-��/. asynchronousmessage) 	�0�1 object) � ,2��/. instanceof class)
def 3 in # definitionof classes

A message	�* �24�,2��5. selectsthe method �24 in an object	�0�1 where 1 is a collection of methodsof the form6 � ��7 �	���8 '9# �:��;�;�;�� � �<7 �	��=8 '># ��? ; the result is the pro-
cess#�4 wherethenamesin �	 4 arereplacedby thenames�� ,
denoted#�4 6 ��A@ �	 4 ? . Thisform of reductionis calledcommu-
nication.

7 COMMUNICATION
8

	B* � 4 ,2��5. ) 	�0 6 � � 7 �	 � 8 'C# � ��;�;�;D� � � 7 �	 � 8 'E# � ?GF # 4 6 ��H@ �	 4 ?
Similarly, an instance�I4
,2��J. selects,from a classdefinition3 of the form � �:7 �	<��8 'K# � and ;�;�; and �ML 7 �	 L 8 'K#�L ,



theclass�I4 ; theresultis theprocess#�4 wherethenamesin�	 4 arereplacedby thenamesin �� . This form of reductionis
calledinstantiation.

7 INSTANTIATION
8

def � 7 �	�8 'E# in �N,2��J.<F def � 7 �	�8 'O# in # 6 ��A@ �	�?
Finally, to simplify the syntaxsomewhat,we let the scope
of a new extendasfar to theright aspossible,andwe sin-
gle out a label— val— to beusedin objectswith a single
method.

	�* ,2��J. abbreviates 	�* val ,2��/.	�0/7 ��A8 'E# abbreviates 	�0 6 val 7 ��H8 'E# ?
Wesketchasmallexampleof asingleelementpolymorphic
cell. We definea classwith two attributes: the self name
andthevaluev of thecell. Theclasshastwo methodsone
for readingthe currentcell valueandanotherto changeit.
Therecursionat theendof eachmethodkeepsthecell alive
aftera reduction.

def Cell(self, v) =
self ?

6
read(r) = r![v]

)
Cell[self, v],

write(u) = Cell[self, u]?
in new x Cell[x, 9]

)
new y Cell[y, true]

TyCO features a (Damas-Milner) polymorphic type-
systemandthedefinitionof thecell is polymorphicon the
attribute v. This is why we caninstantiatea Cell with an
integerandanotherwith a booleanattribute. For example,
theprocess

new z x![z]
)
z?(w)=print[w]

whenplacedin parallelwith theabove cells, interactswith
the integer cell locatedat x invoking the methodread in
thatcell. Thereply is amessagedirectedto z with thecell’s
value9. Finally, this messagewould interactwith thepro-
cessz?(w)= print[w] to invoke its only methodto print the
value9.

3 Distribution and Code Mobility
Using TyCO asour basecalculuswe proceedto define

thenext layer: networks. We introducea new classof iden-
tifiers,sites, distinctfrom any classof identifiersin thebase
calculus.We let P and Q rangeover thesetof sites.Located
names, aresite-namepairs;wewrite Q . 	 for name	 located
at site Q . Similarly, locatedclassvariables, aresite-class
variablepairs,written Q . � , denotingthe classvariable �
locatedat site Q . Namesandclassvariablesarecollectively
known aslocatedidentifiersor simply identifiers.

Wethenallow locatedidentifiersto occurin any position
in the basecalculuswhere (non-bindingoccurrencesof)
identifierscan. The calculusthusobtainedconstitutesthe
first layer of themodel.Sincesiteidentifiersareintroduced
anew, theremustbe no provision in the basecalculusfor
binding locatedidentifiers.As such,at this level, a located
identifierbehavesasany otherconstantin thebasecalculus.
Thesecondlayer is composedof site-processpairs,denotedQ5, # . , andcalled locatedprocesses, composedvia conven-
tional parallel, restriction,anddefinition operators.Thus,
thesetof networksis givenby thefollowing grammar.

R %S%(' 0 terminatednetwork) Q5, # . locatedprocess) RUTVR
concurrentcomposition)

new Q . 	 R scoperestriction)
def Q . 3 in

R
classdefinition

The bindingsin networksareasexpected:a locatednameQ . 	 occursfree in a network if Q . 	 is not in the scopeof
a new Q . 	 ; otherwise Q . 	 occursbound. The set of free
locatednamesin a network, notation W-X 7 R 8 , is definedac-
cordingly. Similarly, a locatedclassvariable Q . � occurs
freein anetwork

R
if Q . � is not in thescopeof a def Q . 3 ,

for � oneof the � 4 definedin 3 . The set W2Y 7 R 8 of free
locatedclassvariablesin networksis definedaccordingly.

Structural congruenceallows us to abstractfrom the
staticstructureof networks; it is definedasthe leastrela-
tion closedover compositionandrestriction,that satisfies
themonoidlawsfor parallelcomposition,aswell asthefol-
lowing rules.

7 NIL
8 Q5, 0 .�Z 07 SPLIT
8 Q5, # �[. T Q5, #�\ .�Z Q/, # � ) #�\ .7 NEW
8 Q5, new 	 # .�Z new Q . 	 Q5, # .7 DEF
8 Q5, def 3 in # .<Z def Q . 3 in Q5, # .7 GCN 8 new Q . 	 0 Z 07 GCD 8 def Q . 3 in 0 Z 07 EXN 8 R � T new Q . 	 R \ Z new Q . 	]7 R � T^R \ 8

if Q . 	`_a W-X 7 R ��87 EXD 8 R � T def Q . 3 in
R \ Z def Q . 3 in 7 R � TVR \ 8

if bAY 7 3 8dc W2Y 7 R �D8 'fe
Rule NIL garbagecollects terminatedlocatedprocesses,
whereasrulesGCN andGCD garbagecollectunusednames
anddefinitions,respectively. Whenusedfrom left to right,
the rule SPLIT gathersprocessesunderthe samelocation,
allowing reductionto happen;the right to left usageis for
isolating prefixed processes(messages,objects,instantia-
tions)to betransportedover thenetwork (seerulesSHIP in
thereductionrelationbelow). Therearealsorulesthatallow



thescopeof aname(ruleNEW) or of aclassdefinition(rule
DEF) local to a process,to extrudeandencompassa net-
work with severallocatedprocesses(rulesEXN andEXD).

Simplenamesin processesareimplicitly locatedat the
sitewheretheprocessoccurs;a name	 or a classvariable� occurringin a locatedprocessQ5, # . is implicitly located
at site Q . Whensendingidentifiersover the network their
implicit locationsneedto be preserved, if we areto abide
by the lexical scopingconvention. A name 	 is uploaded
to a site Q ; a classvariable � is downloadedfrom a siteQ . A translationof identifiers from site P to site Q is a total
function g=hji definedasfollows:

g�h�i 7k	�8 def'lP . 	 g=hji 7 Q . 	�8 def' 	 g=hji 7 Qnm . 	�8 def'oQnm . 	
g hji 7 � 8 def'lP . � g h�i 7 Q . � 8 def'"� g h�i 7 Q m . � 8 def'oQ m . �
We arenow readyto definethereductionrelationovernet-
works. The first rule, LOC, allows processesin sites to
evolve locally.

7 LOC
8 # Fp$
Q5, # .�F Q/, $q.

This rule, plus the familiar rules for parallel composition,
restriction,definitionsandstructuralcongruencewhich we
omit, form thebackboneof thereductionrelation.We now
discussthethreeremainingaxiomsthatintroduceweakmo-
bility.

Processesprefixed at locatedidentifiersplay a crucial
role in the model. They determinethe semanticsassoci-
atedwith codemovement.A processQ . 	�* �
,2��J. representsa
remotemethodinvocationon anobjectlocatedat a name	
at site Q . Themessagemovesto site Q . On theotherhand,
a processQ . 	�0�1 denotesanobjectthatmustbe locatedat
name 	 at site Q . In other words the locatedprefix name
inducesacodemigrationoperationbetweenthecurrentsite
andsite Q . Note that conceptuallythereis not much dif-
ferencebetweena remotemethodinvocationandanobject
migration; in section5 we show that from an implementa-
tionpointof view thedifferenceis notabysmaleither. Thus,
we seethat lexical scopeon namesinducescodeshipping
semanticsfor methodinvocationsandobjects.Theaxioms
areasfollows:

7 SHIPM 8 PH, Q . 	�* �
,2��J.S.<F Q5, 	�* �
,2�� g�h�i .S.7 SHIPO 8 PH, Q . 	�0�1f.<F Q5, 	�0�1 g=hji .
Note that, if the methodinvocation Q . 	�* �
,2��/. (respectively,
object Q . 	�0n1 ) is locatedat site P , then, in order to keep
the lexical scopeof names,the free namesin �
,2��/. (respec-
tively 1 ) must be translatedaccordingly to �
,2�� g h�i . (re-
spectively 1 g h�i ). So,whensendingQ . 	�* �
,-��/. (respectivelyQ . 	�0�1 ) from P to Q we actually transmit �
,2�� g=hji . (respec-
tively 1 g=hji ). This is theessenceof theaxiomsSHIP.

As an example let us try a remoteprocedurecall in
TyCO. The client at site Q invokesthe procedurer at siteP with a local argument � , waits for the reply andcontin-
ueswith # . Theprocedureacceptsa requestandanswersa
localname� (somewherein thebody $ of theprocedure).

Q5,new �s7 P .r * , �t�J. ) �H0/7k�A8 'E# 8u. T PH, r 057-	 P 8 ' $v.�Z
applying:NEW

� EXN

new Q . �s7 Q5, P .r * , �t�J.S. T Q5, �H057-�A8 'C# . T Pt, r 057k	 P 8 ' $q.-8wF
applying:SHIPM

new Q . �s7 PH, r * , Q . � Q . �/.&. T Q5, �H057-�A8 'C# . T PH, r 057-	 P 8 ' $v.28wZ
applying:SPLIT

new Q . � Q5, �H057-�A8 'O# . T PH, r * , Q . � Q . �J. ) r 0/7k	 P 8 ' $q.�F
applying:LOC

new Q . � Q5, �H057-�A8 'O# . T PH, $ 6 Q . � Q . �A@�	 P ?�.�Fyx
Q reduces

new Q . � Q5, �H057-�A8 'O# . T PH, Q . �z* , ��.&.�FyZ{F
applying:SHIPM � SPLIT

� LOC

new Q . � Q5, # 6 P . �<@:��?�.�Z
applying:NEW

Q5,new � # 6 P . �<@:��?�.
We thusseethata remotecommunicationinvolvestwo re-
ductionsteps: one to get the methodinvocation/objectto
thetargetsiteandtheotherto consumethemessage/object
at the target (cf. [9]); the former is an asynchronousoper-
ation,the latter requiresa rendez-vous.This reflectsactual
implementations.

Anotherkind of remoteinteractionoccurswhena site Q
findsaninstantiationof theform P . �N,2��J. . A classvariable�
prefixedwith a sitenameP indicatesthat � wasoriginally
definedatsite P . Theclassdefinitions(classesin particular)
have to bedownloadedfrom site P to site Q . Thefollowing
axiomdoesthetrick.

7 FETCH
8

� a}|H~/� 7 3 8
def P . 3 in Q5, P . �N,2��J.S.�F def P . 3 in Q5, def 3Mg�h�i in �N,-��/.&.
Thus,contraryto lexical scopein names,the lexical scope
of a classvariable inducescode fetching semanticsin a
way reminiscentof languagessuchasJava. Also notethat,
again,whencopying 3 to Q we mustkeepthelexical bind-
ings for the free variablesof 3 , so we actuallydownload3Mg hji . We opt to download 3 insteadof just thedefinition
for � in it sinceoften � will bea mutuallyrecursive defi-
nition involving otherclassesin 3 .

Below wepresentanexampleof thiskind of interaction.
We move a pieceof codefrom site Q to site P ; the code
containsa classvariable� local to P . Thedefinitionfor �



is downloadedfrom site P thereafter.

Pt, def � 7-	�8 'O# in Q . �t057�8 'E� , ��.S. T Q5, ��* , .&.�Z
applying:DEF

� EXD

def P . � 7k	�8 'C# in 7 PH, Q . �t057�8 'E� , ��.S. T Q5, ��* , .&.-8�F
applying:SHIPO

def P . � 7k	�8 'C# in 7 Q5, �H057�8 'EP . � , P . ��.S. T Q5, ��* , .&.-8wF
applying:SPLIT

� LOC

def P . � 7k	�8 'C# in Q/, P . �N, P . ��.S.�F
applying:FETCH

def P . � 7k	�8 'C# in Q/, def � 7-	�8 'O#{g�h�i in �N, P . ��.S.�F
applying:LOC

def P . � 7k	�8 'C# in Q/, def � 7-	�8 'O#{g�h�i in #{g�h�i 6 P . ��@�	�?�.

4 Programming
Theprogrammingmodelassociatedwith theframework

describedin theprevioussectionis rathersimplerequiring
just two new constructs.

export new 	 # import 	 from Q in #
export def 3 in # import � from Q in #

A site usesthe export constructto provide identifiersto
other sites in a network. In other words export is used
to declarethe external interfaceof a site. Other sites in
the network use theseexported identifiers for local com-
putationswith the help of the import construct. As we
haveseenhowever, thesemanticsassociatedwith imported
namesis codeshippingwhereasfor importedclassvari-
ablesit is codefetching. The syntaxof the baselanguage
remainsunchanged,sinceweneverwrite locatedidentifiers
explicitly. The translationof the above constructsinto the
basecalculusextendedwith locatedidentifiersis straight-
forward.

, , Q5, export new 	 # . T^R . . def' new Q . 	�7 Q5,S, , # . .S. T , , R . .28
, , import 	 from Q in # . . def'K, , # 6 Q . 	�@:	d?�. .

, , Q5, export def 3 in # . T<R . . def' def Q . 3 in 7 Q5,&, , # . .&. T , , R . .-8
, , import � from Q in # . . def'K, , # 6 Q . � @ � ?[. .
The remainderof this sectionis devotedto a coupleof

programmingexamplesin theextendedlanguage,DiTyCO,
to attestthesimplicity andflexibility of themodel.

Thefirst exampleis adaptedfrom Fournetet.al. [9] and
illustratesanappletserver. It modelsthedownloadof applet
byte-codeover thenetwork of sites. We give two possible
implementationsbasedon, respectively, codefetching and
codeshippingsemantics.

The first programdefinesthe appletserver asa collec-
tion of classdefinitions. Theclient siteusescodefetching

to selecta given class(that is, the target applet)from the
server. Whentheclient createsaninstanceof, say, Applet�
it triggersthe codemovementfrom the server site to the
client site, sinceApplet� is lexically boundto the server
site. Oncethe codearrivesat the client site, the instantia-
tion is performedasin thebasecalculus.Theprogramis as
follows.

SERVER SITE

export def Applet � (x) = P �
and ;�;�;
and Applet L (x) = P L
in ;�;�;

CLIENT SITE

import Applet� from server
in Applet� [v]

Thesecondprogramdefinestheappletserver asa class
whosemethods,onceinvoked,ship thecodefor anapplet.
At theserversite,theinvocationof amethodapplet � causes
the appletP� to be shippedto the namep lexically bound
to theclientsite.Eachclientcreatesafreshnamewherethe
appletserver is supposedto locatetheapplet,theninvokes
theserverwith thisnameand,in parallel,triggerstheapplet.
Theprogramis asfollows.

SERVER SITE

def AppletServer (self) =
self ?

6
applet � (p) = p?(x)=P � ) AppletServer[self],;�;�;
applet L (p) = p?(x)=P L ) AppletServer[self]?

in export new appletserver
AppletServer[appletserver]

CLIENT SITE

import appletserver from server in
new p appletserver!applet � [p]

)
p![v]

Let us now try to understandhow the server and the
client interact. We startby translatingthe import/export
clausesto obtain

new server.appletserver
server[def ;�;�; in AppletServer[appletserver]]

T
client[new p server.appletserver!applet � [p]

)
p![v]]

Then, the messageserver.appletserver!applet � [p]
moves to the server (yielding the messageapplet-
server!applet � [client.p]) with oneSHIPM reductionstep,
one local reduction at the server invokes the applet �
method, and one final SHIPO step migrates the applet
client.p?(x)=P � backto theclient,yielding theprocess:



new server.appletserver
server[def ;�;�; in AppletServer[appletserver]]

T
client[new p p?(x)=P � g server client

)
p![v] ]

Notice how the structuralcongruencerules NEW and
EXN areused(from left to right) to allow namep at client
to encompassboth sites, and then (from right to left) to
bring p local to the client again. Notice also that the ap-
plet body getstranslatedto reflect its new site: if P refers
to a namex local to the appletserver, then P g server client

refersto the remotenameserver.x. It shouldbe obvious
thatclientsmaydownloadtheappletto any site;a message
appletserver!applet � [site.p] migratesthecodeto site.

The next example is inspired in the SETI (Search
for Extra-Terrestrial Intelligence) research program.
Seti@homewas developedby the SETI researchteamas
a way to dealwith the vastcomputationalpower required
to processdataobtainedby theprogram’sradio-telescopes.
Here we model an applicationthat only requiresa single
commandfrom a remote client to be downloadedfrom
the SETI server site. Henceforward, the applicationruns
“forever” at the client site processingdata chunks from
SETI’s database.Thecodefor bothserver andclient sites
is givenbelow. Note that,theprocesslet 	 ' �G* �
,2��J. in #
abbreviatesnew P �G* �
,-�� P . ) P 0/7k	�8 '�# , thushiding the
reply-tonameP .

SETI SITE

new database
export def Install() = � install � ; Go[]
and Go() = let data = database!newChunk[]

in � process � ; Go[]
in
database ?

6
newData(data) = ...
newChunk(replyTo) = ...?

CLIENT SITE

import install from seti
in Install[]

Thecodein the client just instantiatesa copy of the In-
stall classat theseti server site. The FETCH rule migrates
a copy of thecodefor Install to theclient site. Freeidenti-
fiersin thecodegettranslatedto exposethelexical binding.
Thus,afteranapplicationof FETCH we have thefollowing
situationat theclient thefollowing process.

def (Install() = ;�;�; and Go() = ;�;�; ) g seti client in Install[]

After a local instantiation,theinstallationprocedure(de-
noted as � install � ) runs and configuresall that is neces-
sary for the programto start. The systemstartsby call-
ing methodnewChunk. The let abbreviation describes

a remotemethodinvocation,implementedvia two (asyn-
chronous)remotemessages.Thereply to this methodcall,
from theSETI database,is a chunkof datato beprocessed
locally at the client. After this stepwe get the following
situation:

def (Install() = ;�;�; and Go() = ;�;�; ) g seti client

in ( � process � ; Go[]) g seti client

The client gets the data chunk and doesthe required
numbercrunching(denotedby � process � ). Afterwardsthe
programat theclientwill run“forever” insidethisGo loop.

5 The Implementation of DiTyCO
In this sectionwe describethe architectureof the Di-

TyCO run-time systemand specifically how it interfaces
with the TyCO virtual machinedevelopedfor the calcu-
lus [15]. We startby describingthekind of hardwareplat-
form weareinterestedin andthenproceedto mapDiTyCO
on topof it.

The Hardware Platform

Our test-bedhardware for DiTyCO consistsof a clus-
ter of four dual-processorPCsinterconnectedwith a 1Gb/s
Myrinet switch assembledunder project Dolphin. Each
processorruns the open source,freeware, Linux operat-
ing systemwith supportfor SymmetricMulti-Processing.
EachPCis additionallyconnectedthrougha Fast-Ethernet
(100Mb/s)link to theexternalnetwork (figure1). Thishard-
wareplatformhasalreadybeenusedto developaprototype
for ahigh-performanceexplicitly parallelprogramminglan-
guage[21].
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Myrinet 
switch

Fast Ethernet External 

Network

Figure 1. The Hardware Platform.

Our interestin this kind of hardware platform steams
from thefollowing reasons:

1. item theparallelismgeneratedby theTyCO virtual ma-
chineis veryfine grained,typically a few tensof byte-code
instructionsperthread;

2. to exchangeitemswith suchgranularitywithout loosing



performancewe needa very low latency network, aspro-
videdby thesegiga-switches.Switchesarequiteefficientat
point-to-pointcommunicationaspacketsdonothaveto hop
through several intermediatenodesbefore reachingtheir
destinations;

3. the large volume of parallelism,and consequentlyof
messagesandcodethat is sentover thenetwork, requiresa
network with highbandwidthto achievegoodperformance;

4. the use of multiprocessingnodesis very important
sinceit allows to performoptimizationsin thecaseof local
(within a node)communication.In this case,codemove-
mentor messagesendingcanbeimplementedwith asingle
shared-memoryreferenceexchange;

Last but not least, the fine-grained,pervasive concur-
rency in ourmodelallowsusto effectively hidetheexisting
communicationlatency by performingfastcontext switches
to other, non-blocked,threads.

The Software Architecture

Our implementationof DiTyCO hasthreelevels: sites,
nodes andnetworks. Sitesform thebasicsequentialunits
of computation.Nodeshave a one-to-onecorrespondence
with physicalIP nodesandmay have an arbitrarynumber
of sitescomputingeitherconcurrentlyor in parallel. This
intermediatelevel doesnot exist in the formal model. It
makesthe architecturemoreflexible by allowing multiple
sitesat a given IP node. Finally, the network is composed
of multipleDiTyCOnodesconnectedin astaticIP topology.
Messagepassingandcodemobility occursat the level of
sites,andat this level thecommunicationtopologychanges
dynamically. This structureis illustratedin figure2.

Sites

import

export

Nodes

Network Identifiers

Figure 2. DiTyCO architecture.

1. SITES arethe basicunits of the implementation.They
are implementedas threads,eachrunninga re-engineered
TyCO virtual machine[15]. The TyCO virtual machine
(TyCOVM) was developedas a run-time systemfor the
TyCO calculus.Thearchitectureincludes:a programarea
wherethebyte-codeis kept;a heaparea for dynamicdata-

structuressuch as names,messagesand objects; a run-
queueto keep runnablebyte-codeblocks and their cor-
respondingenvironment bindings; a local variable table
wherethebindingsof local variablesarekept,and;a stack
for evaluatingbuiltin expressions.

The emulatoritself is an implementationof the name-
passingcomputationalmodelof TyCO briefly describedin
section2. Programsarecompiledinto an intermediatevir-
tual machineassembly. This in turn is compiledinto hard-
wareindependentbyte-code.Themappingbetweentheas-
semblyandthe final byte-codeis almostone-to-one.The
nestedstructureof the sourceprogramis preserved in the
final byte-code.This allows theefficient dynamicselection
of byte-codeblocks that have to be moved betweensites.
This designhasproved to be quite compactand efficient
whencomparedwith relatedlanguagessuchas Pict [18],
Oz [16] andJoin/JoCaml[13] (see[15, 14] for details).

TyCOVM

Heap

I/O

Local exports table...

Incoming messages/objects/classes

Outgoing messages/objects/classes

Figure 3. Site architecture.

SitesareimplementedasextendedTyCOVMs (figure3).
The extensionsare requiredto supportremoteinteraction
through an intermediatenode-widecommunicationdae-
mon. In thesequelwe givea descriptionof thechanges.

Local vs. Network References. Variablesmaynow hold,
besideslocal references, networkreferences. A local refer-
enceis a pointer to the heapof the local site. A network
reference,on theotherhand,is “a pointer” to a datastruc-
ture allocatedin the heapof someremotesite. Network
referenceshave a hardwareindependentrepresentationthat
keepsinformationon the remotevariable,its site, and IP
address.

Network reference:7 HeapId � SiteId � IpAddress 8
Local reference:0x04faa40c

Mapping between Local and Network References. An
export table is neededto mapnetwork referencesinto heap
pointersfor all local variablesthatleave thesite. Whenthe
sitesendsamessage,objector classcodeto anotherremote



site, the free variablesin theseprocessesare translatedin
two steps.Local variablesleaving a sitearetranslatedinto
network references.All othervariablesor dataareleft un-
touched. The mappingbetweenthe translatedlocal refer-
encesandtheircorrespondingnetwork referencesis keptin
a local export table. Whenthedatareachesthedestination
site, the secondstepof the translationis performed. All
variablesin the processlexically boundto the destination
sitearetranslatedinto localpointersusingthatsite’sexport
table.Again,theotherreferencesor dataareleft untouched.

New Virtual Machine Instructions. New instructionsare
requiredto provide (respectively obtain)thenetwork refer-
encesfor exported(respectively imported)identifiers.This
is doneby inquiring a network nameservicethat imple-
mentsthe network level of the model (seebelow). The
two additionalinstructions– export andimport – per-
form this function. export registersa local identifier in
thenetwork nameservicethusmakingit availableto other
sites. import consultsthe network nameserviceto find
the network referencefor an importedidentifier. Oncethe
informationis availableto thelocal virtual machineremote
interactionis possible.

Re-implementation of Instructions for Communica-
tion. New semanticsarerequiredfor the instructionsthat
handlecommunicationin theTyCO virtual machine.These
aretrobj andtrmsg. Thetrobj x virtual machinein-
structiontriesto reduceanobjectwith someavailablemes-
sagelocatedat thepositionheldin variablex. Now x may
hold a pointerto the local heapor a network reference.In
the first case,the reductionhappenswithin the site andis
implementedjust as in the TyCO machine. In the second
casex is a network referencefor a namein the heapof
someremotesite.Thebyte-codefor theobjectandthebind-
ingsfor thefreevariables(afterhaving beentranslated)are
packagedinto a buffer and placedon the outgoing-queue
addressedto the remotesite. Thetrmsg x instructionis
thedualof theabovefor messages,andtheapproachis sim-
ilar. If x is a network referencethelabelandthearguments
of themessage(afterhaving beentranslated)arepackaged
into abuffer andplacedin theoutgoing-queueaddressedto
theremotesite.

Re-implementation of Instructions for Instantia-
tion. The instructioninstof X of the virtual machine,
createsan instanceof a classwhosebyte-codeis located
at someprogramlabelX. Again, we have to considertwo
cases.If X is a local reference,the byte-codefor the class
is in the programareaand reductionproceedsas in the
TyCO machine.However, if X is a network reference,then
it representsa pieceof byte-codethat lies in someremote
site’s programarea.In this case,anasynchronousmessage
requestingthe byte-codeis placedin the outgoing-queue
addressedto the remotesite. Sometime later, the reply
messagewith the packagedbyte-codeis received in the

incoming-queue. The code is then dynamically linked
to the local programand the reductionproceedslocally.
Notice that the synchronousrequestcan be effectively
overlappedwith computationby rapidly switchingcontext
to anotherlocal thread.

Queues for Incoming/Outgoing Data. Thesearerequired
to allow sitesto receive/sendmessages,objectsandclass
definitionsdynamicallyfrom/to othersites. Incomingpro-
cessesare placedin the incoming-queueof a site by the
local communicationdaemon– TyCOd. Thequeueis read
periodicallyby thelocal TyCOVM andaftersomeprocess-
ing theincomingprocessesareusedin local computations.
Likewise,theTyCOVM placesoutgoingmessages,objects
or classdefinitionsin the outgoing-queueto be picked up
by thelocalTyCOd.

I/O Port. An I/O port is requiredfor eachsite for in-
put/outputoperationsso thatusersmayselectively provide
datato runningprogramsor receivedatafrom them.

DiTyCO node

outgoing queue

TyCOd Site
TyCOi

incoming queue

TyCOsh

TyCOsh

Figure 4. Node architecture.

2. NODES arecomposedof apoolof sitesrunningconcur-
rently, a dedicatedcommunicationdaemon(TyCOd),anda
userinterfacedaemon(TyCOi). Thereis oneDiTyCOnode
perIP node.Thisarchitectureis illustratedin figure4.

A DiTyCO nodeis implementedasa Unix process.The
sites,thecommunicationdaemon(TyCOd),andtheuserin-
terfacedaemon(TyCOi) areimplementedasthreadssharing
theaddressspaceof thenode.EachsiteexecutesaDiTyCO
program.New sitesarecreatedwhenanew programis sub-
mittedfor executionanddestroyedwhentheprogramexits.
Userssubmitnew programsfor executionin a nodeusing
a shellprogramcalledTyCOsh.Theuserrequestsarehan-
dledby a nodemanagerdaemon,theTyCOi.

The TyCOd daemonis responsiblefor all the dataex-
changebetweensitesin thenetwork. Interactionsbetween
sitesmaybe local, whensitesbelongto the samenode,or
remotewhenthe sitesbelongto differentnodes.Local in-
teractionsareoptimizedusingsharedmemory. Remotein-
teractionsinvolve threesteps:

1. thesiteplacesapackagedprocesswith adestinationnet-



work referencein theoutgoing-queue;

2. the local TyCOd getsthe processfrom the queue,gets
thedestinationIP from thenetwork referenceandsendsthe
processto theTyCOd of thenodewherethe remotesite is
located,andfinally;

3. theremoteTyCOdtakestheprocessandplacesit in the
incoming-queueof the remotesite whereit will be picked
upby thelocal TyCOVM.

In additionto forwardingprocessesfor sites,theTyCOd
alsohandlesrequestsfrom local sitesto thenetwork name
service. Theserequestsoccur when instructionssuchas
export andimport areexecuted.

3. NETWORKS allow sitesto make identifierspublicly
available to othersites. Explicitly exportedidentifiers,as
well assite namesareregisteredin a NetworkNameSer-
vice. Conceptually, the servicemaintainstwo tables,one
for sitesand anotherfor exported identifiers. Eachtuple
of the site tableincludesthe lexemethat identifiesthe site
in thesourceprograms(thekey attribute),asiteidentifier(a
naturalnumber)andtheIP addresswherethesiteis located.

SiteTable: SiteName �F SiteId � IpAddress

The key for the tableof exportedidentifiersis compound
andusesthelexemesfor theidentifierandthesiteit belongs
to. Besidesthekey, eachtuplealsocontainsauniquenatural
numberheapidentifier.

IdTable: SiteName � IdName �F HeapId

The network addressfor an identifier is composedby its
uniqueHeapId, the site identifier and its IP location. So,
thenetwork referencefor anidentifiernamedappletserver
at thesiteserver is translatedasthetuple:

(IdTable(server,appletserver), SiteTable(server))

Currently, in this first implementation,the network name
serviceis centralizedandall sitesknow its locationin ad-
vance.This will change,asthesystemmatures,into a dis-
tributednetwork nameservice. This is a fundamentalde-
velopmentfor reasonsof both redundancy (for failure re-
covery)andperformance.

6 Related Work
Work in distributedobject-orientedsystemshasfocused

in two mainareasaccordingto thekind of approachtaken
in their development.

Froma softwaretechnologyviewpoint, severalsystems
have beenproposedthat supportobject distribution in an
heterogenousnetwork environment. The main idea is to
give the illusion of locality to clientsdespitethe fact that
the server objectsmay be physicallyallocatedsomewhere
else in a network. The most commonsystemscapable

of suchfunctionalitiesareMicrosoft’s DistributedCompo-
nentObjectModel (DCOM [1]), OMG’s CommonObject
RequestBroker Architecture(CORBA [2]) andJavaSoft’s
Java/RemoteMethodInvocation(Java/RMI).

Another approach is to study distributed (object-
oriented) systemsfrom theoreticalpoint of view, using
frameworkssuchasprocesscalculi, andtry to evolve from
this work into working prototypes.Thereareseveral pro-
posalsfor calculi thatmodeldistribution, weak(code)mo-
bility and,strong(computation)mobility. Implementations,
however, arestill very scarce.We briefly describesomeof
theproposals.

In Mobile Join, Fournet et. al. [9], extend the join-
calculuswith the notion of location definedas a set of
processeswith a local environmentsurroundedby a mem-
brane. They are locatedat sites and can be atomically
moved acrossa web-wide tree of locations. Distribution
andmobility aredirectlysupportedby explicit primitivesin
thecalculus.

Distributed-� , by Riely andHennessy[19], is anexten-
sion of the � -calculusthat modelsdynamically evolving
networks of distributedprocesses.It incorporatesnotions
of remoteexecution,migration, and site failure. Located
namesareexplicit in thesyntaxandtheir useis controlled
by permissionsassociatedwith thenames.

Nomadic-� , by Sewell et.al. [20] introducesexplicit
primitivesfor mobility anddistribution into the � -calculus.
Processesare executedat sites(locations). They identify
two fragmentsof theresultingcalculus:thefirst lower-level
with locationdependentprimitiveswhile asecondfragment
is entirely location independent.The semanticsof the lo-
cation independentfragmentis thendefinedbasedon the
lower level fragment.

In Ambients,Cardelli andGordon[6] introducea pro-
cesscalculusthat modelsthe notionsof ambients,agents,
actionsandcapabilities.Thecalculusis thenextendedwith
asynchronouscommunicationandvariablebinding primi-
tivesto model interaction. Mobility is describedin terms
of the movementof agentsand their associatedambients
andcapabilitiesthrougha network. Ambientsarebounded
placeswhereagentscompute.They areselfcontained.Am-
bientsencounterobstacleswhile moving throughanetwork
andusecapabilitiesto allow othersto performlocal opera-
tionswithout revealingtheir trueidentity.

Seal[25] is a processcalculussuitedfor modelingIn-
ternetapplicationsandprogramminglanguages.The mo-
bile units of the calculusarecalledseals. The threemain
abstractionsare: locationsthatmodel,for example,bound-
ariesof networks,IP nodes,addressspaces;processesmod-
elingflow of controlsuchasthreadsandOSprocesses,and;
resourcesthat model physicalresourcessuchas network,
memoryandperipherals.



7 Conclusions and Future Work

We have introduced a programmingmodel for dis-
tributed computationswith codemobility that is both in-
tuitive and providesadequateabstractionsfor coding dis-
tributedapplications.Themodelis basedon a processcal-
culus framework which makes it amenableto formal ver-
ification. Also, many commonfeaturesin processcalculi
suchas type systemscan be usedto greatly improve the
quality of the generatedcodein the compilationprocess.
The fine grainedparallelismthat is generatedby the com-
piler and the asynchronouscomputationalmodelprovides
greaterflexibility in overlappingcommunicationwith lo-
cal computations.Theabstractmachinemustschedulenew
threadswhile theremoteoperationis beingexecuted.This
canbeimplementedefficientlyaseachthreadis rathersmall
andcarriesa smallstate.

Our test-bedhardwareconsistsof a low-costclusterof
PCs,interconnectedwith a 1Gb/sMyrinet network switch,
built in the context of project Dolphin. We considerthis
platformideal for experimentingwith our modelgiventhe
constraintsin the amountandgranularityof the generated
parallelism.

Currently, the first DiTyCO prototype is in the final
stagesof the implementation. We have developeda type
checkingschemethatensuresthatnotypemismatchor pro-
tocol errorsoccurin remoteinteractions.Theschemecom-
binesbothstaticanddynamictypechecking.On theother
hand,we needto introducefault-toleranceandtermination
detectioninto thesystem.We wantto beableto detectsite
failures,to reconfigurethecomputationtopologyandto try
to terminatecomputationscleanly.
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