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Abstract

We proposea programmingmodelfor distributed con-
currentsystemsvith mobileobjectsin the context of a pro-
cesscalculus. Codemobility is inducedby lexical scoping
on names.Objectsand messges migrate towards the site
whete their prefixesare lexically bound. Classdefinitions,
ontheotherhand,are downloadedromthesitewhele they
are defined,and are instantiatedlocally uponarrival. We
provide several programmingexamplesto demonstate the
expressivenessf the model. Finally, basedon this model
we describean architecture for a run-timesystemsupport-
ing concurent,distributedcomputationandcodemobility.
Keywords: Distributed Computing, Process-Calculus,
Concurrency, Code M obility, Implementation.

1 Introduction

Over the last few years,the increasein speedof both
personalcomputersand network connectionshasfostered
an ever growing researchinterestin distributed comput-
ing. Moreover, researclon computationor code mobility
hasbecomeoneof the leadingedgesof computerscience,
with vastapplicationsin weblanguagesintelligentmobile
agentsgcryptographyandhigh-performance&omputing to
namea few.

Theintroductionof ther-calculus[11, 17] andotherre-
lated processcalculi, in the early nineties,as a model for
concurrentdistributed communicatingsystemsprovided a
theoreticalframenork uponwhich researchersould build
solid results. The main abstractionsn thesecalculi are
processeggepresentin@rbitrarycomputationgand,names,
representingplaceswhere processesynchronizeand ex-
changedata. Recentextensionsof thesemodelsallowed
usfor thefirst time to glimpse,in arigorousway, the com-
plexity of distributed systemswith mobile resourceg3, 6,
9, 23 25|

Underlyingthesemodelsis thegeneratoncepof mobil-
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ity, thatis the ability for processegybjectsor computations
to dynamicallychangetheir location,site, or accessights,

asthesystemevolves.Mobility comesin two flavors: weak
mobility, meaningcodemovementbetweencomputations,
and;strongmobility, meaninghemovementof entirecom-

putationsthroughthe network [10].

Theadwantage®f aprocess-calculuapproacho thede-
velopmenbf concurrentdistributedsystemsaremanifold:

1. thecalculiprovide anaturalprogrammingmodelastheir
main abstractiongleal with the notionsof communication
andconcurreng;

2. they usuallyhave very smallkerneldefinitions,with well
understoodsemanticgproviding ideal frameworks for lan-
guagedefinitions. This significantly diminishesthe usual
gap betweenthe semanticof the languageandthat of its
implementation;

3. they arescalablein the sensethat high level constructs
canbereadilyobtainedrom encodingsn thekernelcalcu-
lus;

4. they commonlyfeaturetype systemghatallow notonly
to checkthe type safenes®f programsbut alsoto 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.Themaindifferencesanbe summarizedsfollows:

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

2. ourcomputationsarenetworkaware, i.e, namescanbe
local or remote(belongingto othersites)andthedistinction
is explicit in the syntax. The systemdoesnot provide the
illusion of asingle,local, addresspace;

3. weareinterestedn exploring the concurreng andfine
grainedparallelismin our modelwith high-performance,
low-costclustersof PCs,interconnectedvith Giga-switch



network technology;

4. we provide inter-platformsupportin heterogeneouset-
works by using emulatedbyte-codefor implementation
technologymuchlike Java/RMI.

Distributed TyCO — DiTyCO, the model and system
architecturewe proposein this paper is basedon a
form of the w-calculuscalled Typed ConcurrentObjects—
TyCO [24]. The modelfeatures first classobjects,asyn-
chronousmethodinvocations,and classdefinitions. The
calculusformally describesthe concurrentinteraction of
ephemerabbjectsthrough asynchronougommunication.
Synchronouscommunicationis implementedby sending
continuationdn messagesClassesre processeparame-
terizedon a sequencef variables.Unboundedehaior is
modeledthroughexplicit instantiationof recursve classes.

Supportfor a distributed settingis introducedwith the
notionof locationor site: placeswvhereTyCO computations
occur Nameslocal to a site arelexically boundto it asin
Oblig [5]. Codemavementis triggeredby thelexical scope
of namegrefixingmethodinvocationspbjectsor classdef-
initions. Themigrationof prefixedprocessess determinis-
tic, pointto point, andasynchronousSynchronizatioronly
happensdocally, atreductiontime.

The DiTyCO [23] model presentsa flat organization
of sites that reflectsthe architecturesof currentimple-
mentationsof high-performancenetworks, namely Giga-
Switcheg[7, 8]. We feel that, the site organizationshould
mapthelow level hardwarearchitectureascloselyaspossi-
ble to allow anefficientimplementatiorof the model.

The amountof parallelism/concurrencgeneratecdur-
ing the executionof programsis very large and very fine
grained,typically a few tensof byte-codeinstructionsper
thread. To exchangeitemswith suchgranularity without
loosing performancewne needa very low lateng network
andhigh-bandwidth.We usethe concurreng in our model
to effectively hide the existing communicationateng by
performing fast context switchesbetweenlocal threads.
Thuswe areusingasour targetarchitectureJow-cost, off-
the-shelf clustersof PCsinterconnectedavith a high speed
network.

At the programminglevel, DiTyCO grows from TyCO
mainly by introducingtwo simple constructsfor making
namesandclassewisible to the network (export) andfor
making network namesand classesvailableto local pro-
cessegimport). From an implementationpoint of view
the DiTyCO sourcecodeis compiledinto byte-codefor an
extendedTyCO virtual machine[15]. Eachsiteis imple-
mentedasa threadthatrunsanextendedTyCO virtual ma-
chine with private registersand memoryareas. A site is
createdto run a DiTyCO programand is freed whenthe
programends.

The outline of the paperis asfollows. The next section
briefly introduceshe TyCO processalculus,ts syntaxand

semanticssection3 introducesdistribution and codemo-

bility in TyCO. Sectiord4 describesheprogrammingmodel
inducedby theextendedcalculuswith examples.Section5

describeghe hardware platform we are aiming at andthe

rationalefor this decision. It then continuesto describe
thesoftwarearchitecturef ourimplementatiorof DiTyCO,

andrelatedcompilation,emulationandperformancéssues.
The paperendswith a brief overview of relatedwork, con-

clusionsandfuturework.

2 TheTyCO Calculus

Thefocusof this paperis on the extensionof the TyCO
procesgalculusandits languagemplementatiorio support
distribution and code mobility. However, the main ideas
thatsupportthis work canbe easilyembodiedn any name-
passingcalculusthat satisfiesa few mild pre-conditions
(e.0.[4, 11, 12, 17, 24)).

TyCO [24] (Typed ConcurrentObjects) is a name-
passing calculus in the line of the asynchronousr-
calculus[11] thatuseslabeledasynchronousessageand
objectscomposedf methodsasthefundamentaprocesses.
Messageandobjectsare prefixed by nameshat represent
their locations. In the sequelwe introducethe syntaxand
semanticsof TyCO. The discussionis much abbreviated
dueto spaceconstraintsFor afully detaileddescriptiorthe
reademayreferto thelanguagelefinition[22].

Thebasicsyntacticcategyoriesarenamesrangedover by
a, b, z,y,u,v; labels rangedover by I, k, and; classvari-
ables rangedover by X,Y. Let # denotethe sequence
x1 -+ - xn, With n > 0, of pairwisedistinctvariables.Then
the setof processesangedby P, @ is givenby the follow-
ing grammar:

P == 0 terminatedorocess
| P|P concurrentomposition
| new & P local channeldeclaration
| «![o] asynchronousessage
| ?M object
| X[0] instanceof class
| def Din P definitionof classes

A messager!l;[0] selectsthe method!l; in an object
x?M where M is a collection of methodsof the form
{li(#1) = P,...,l1,(%,) = P,}; theresultis the pro-
cessP; wherethenamesn z; arereplacedoy the namesy,
denotedP;{4/%;}. Thisform of reductionis calledcommu-
nication

(COMMUNICATION)

Similarly, aninstanceX;[?] selectsfrom a classdefinition
D of theform X1(z1) = P, and...and X (&) = P,



theclassX;; theresultis the processP; wherethenamesn
Z; arereplacedy thenamesn @. Thisform of reductionis
calledinstantiation

(INSTANTIATION)
def X (%) = P in X[0] — def X (%) = P in P{0/%}

Finally, to simplify the syntaxsomavhat, we let the scope
of anew extendasfar to theright aspossible andwe sin-
gle out alabel— val— to be usedin objectswith a single
method.

z![0] abbreviates
z?(§) =P abbreviates

z!val[?]
z?{val(g) = P}

We sketcha smallexampleof asingleelementpolymorphic
cell. We definea classwith two attributes: the self name
andthevaluev of the cell. The classhastwo methodsone
for readingthe currentcell valueandanotherto changeit.

Therecursionattheendof eachmethodkeepshecell alive
afterareduction.

def Cell(self, v) =
self ? {
read(r) = rl[v] | Cell[self, v],
write(u) = Cell[self, u]

in new x Cell[x, 9] | new y Cell[y, true]

TyCO featuresa (Damas-Milner) polymorphic type-
systemandthe definition of the cell is polymorphicon the
attribute v. This is why we caninstantiatea Cell with an
integer andanothemwith a booleanattribute. For example,
theprocess

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

whenplacedin parallelwith the above cells, interactswith
the integer cell locatedat x invoking the methodread in
thatcell. Thereplyis amessagéirectedto z with thecell’'s
value9. Finally, this messagevould interactwith the pro-
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 ary classof identifiersin thebase
calculus.We let » ands rangeover the setof sites.Located
namesaresite-namepairs;we write s.z for namez located
at site s. Similarly, locatedclassvariables are site-class
variablepairs, written s.X, denotingthe classvariable X
locatedat site s. Namesandclassvariablesarecollectively
known aslocatedidentifiers or simply identifiers.

We thenallow locatedidentifiersto occurin arny position
in the basecalculuswhere (non-binding occurrencesof)
identifierscan. The calculusthus obtainedconstituteghe
firstlayer of themodel. Sincesiteidentifiersareintroduced
anev, theremustbe no provision in the basecalculusfor
binding locatedidentifiers. As such,at this level, alocated
identifierbeharesasary otherconstantn thebasecalculus.
Thesecondayeris composedf site-procespairs,denoted
s[P], and calledlocatedprocessescomposedvia corven-
tional parallel, restriction,and definition operators. Thus,
the setof networksis givenby thefollowing grammar

N == 0 terminatechetwork
| s[P] locatedprocess
| N | N concurrentomposition
| newsax N scoperestriction
| defs.Din N classdefinition

The bindingsin networks are asexpected:a locatedname
s.z occursfreein a network if s.z is notin the scopeof
anew s.z; otherwises.z occursbhound The setof free
locatednamesin a network, notationfn(V), is definedac-
cordingly. Similarly, a locatedclassvariable s.X occurs
freein anetwork NV if s.X is notin thescopeof adef s.D,
for X oneof the X; definedin D. The setft(N) of free
locatedclassvariablesn networksis definedaccordingly

Structural congruenceallows us to abstractfrom the
static structureof networks; it is definedasthe leastrela-
tion closedover compositionand restriction, that satisfies
themonoidlaws for parallelcompositionaswell asthefol-
lowing rules.

(NIL) s[0]=0
(SPLIT) s[P1] || s[P2] = s[P1 | Ps]
(NEW) s[new z P] = new s.z s[P]

(DEF) s[def D in P] =def s.D in s[P]

(GeN) new sz 0=0

(GeD) def s.DiINn0=0

(EXN) Ny || new s.x Ny = new s.z (Ny || Na)

if s.xz & fn(Ny)
(EXD) N || def s.D in Ny = defs.D in (Nl || NQ)
if bt(D)Nft(Ny) =0

Rule NiL garbagecollects terminatedlocated processes,
whereasulesGcN andGceD garbagesollectunusechames
anddefinitions,respectiely. Whenusedfrom left to right,
therule SPLIT gathersprocessesinderthe samelocation,
allowing reductionto happeniheright to left usageis for
isolating prefixed processegmessagesobjects,instantia-
tions)to betransporteaver the network (seerulesSHIP in
thereductiorrelationbelow). Therearealsorulesthatallow



thescopeof aname(rule NEw) or of aclassdefinition(rule
DEF) local to a process}o extrude and encompass net-
work with severallocatedprocessegulesExN andExD).
Simplenamesin processesreimplicitly locatedat the
sitewherethe processccurs;a namez or a classvariable
X occurringin alocatedprocesss[P] is implicitly located
at site s. Whensendingidentifiersover the network their
implicit locationsneedto be presered, if we areto abide
by the lexical scopingcorvention A namez is uploaded
to a site s; a classvariable X is downloadedfrom a site
s. A translationof identifiers from siter to site s is a total
functiono,; definedasfollows:
ors(T) *

ors(X) X

ors(8.1) L

ors(5.X) B'x

ors(s'.x) C

ors(s'X) E's' X

We arenow readyto definethereductionrelationover net-
works. The first rule, Loc, allows processesn sitesto
evolvelocally.

P—-Q

(Loo) P> s

This rule, plus the familiar rulesfor parallel composition,
restriction,definitionsandstructuralcongruencevhich we
omit, form the backboneof the reductionrelation. We now
discusghethreeremainingaxiomsthatintroduceweakmo-
bility.

Processegrefixed at locatedidentifiers play a crucial
role in the model. They determinethe semanticsassoci-
atedwith codemovement. A processs.z!/[7] represents
remotemethodinvocationon anobjectlocatedata namex
atsite s. The messagenovesto sites. Onthe otherhand,
aprocesss.z? M denotesan objectthat mustbe locatedat
namez at site s. In otherwordsthe locatedprefix name
inducesacodemigrationoperatiorbetweerthe currentsite
andsite s. Note that conceptuallythereis not much dif-
ferencebetweera remotemethodinvocationandan object
migration;in section5 we shav thatfrom animplementa-
tion pointof view thedifferencds notabysmakither Thus,
we seethatlexical scopeon namesinducescodeshipping
semanticgor methodinvocationsandobjects. The axioms
areasfollows:

(SHIPM)
(SHIPO)

r[s.2W[D]] = s[z![vo,s]]
r[s.x?M] = s[z?Mo,s]

Note that, if the methodinvocations.z!l[7] (respectiely,
objects.z?M) is locatedat site r, then, in orderto keep
the lexical scopeof namesthe free namesin {[¢] (respec-
tively M) must be translatedaccordinglyto [[¢o,s] (re-
spectvely Mo,s). So,whensendings.z!l[7] (respectrely
s.x?M) from r to s we actually transmitl[vo ;] (respec-
tively Mo,,). Thisis theessencef the axiomsSHiIP.

As an example let us try a remote procedurecall in
TyCO. Theclient at site s invokesthe procedurep at site
r with a local agumentw, waits for the reply and contin-
ueswith P. Theprocedureacceptsarequestindanswersa
local nameu (somevherein thebody @ of theprocedure).

slnew a (rp![vd] | a?(y) = P)] || rlp?(ar) = Q] =
applying:NEw, ExXN

new s.a (s[r.p![val] || sla?(y) = P] || rlp?(ar) = Q]) »
applying: SHIPM

new s.a (r[p![s.w s.a]] || s[a?(y) = P]||r[p?(zr) = Q])
applying:SpLIT

new s.a sfa?(y) = P] || r[p![s.v s.a] | p?(zr) = Q] —
applying:Loc

new s.a s[a?(y) = P] || r[Q{s.w s.a/zr}] =*
Qreduces

new s.a sfa?(y) = P] || r[s.a![u]] = =—
applying: SHIPM, SpPLIT, LOC

new s.a s[P{r.u/y}] =

applying:NEw

s[new a P{r.u/y}]

We thus seethata remotecommunicatiorinvolvestwo re-
duction steps: oneto get the methodinvocation/objecto
thetargetsite andthe otherto consumeahe message/object
at the target (cf. [9]); the formeris anasynchronousper
ation, the latterrequiresa rendez-wus. This reflectsactual
implementations.

Anotherkind of remoteinteractionoccurswhenasite s
findsaninstantiatiorof theform . X [0]. A classvariableX
prefixedwith a site namer indicatesthat X wasoriginally
definedat siter. Theclassdefinitions(classesn particular)
have to be downloadedfrom siter to site s. Thefollowing
axiomdoesthetrick.

(FETCH)
X € dom(D)
def r.D in s[r.X[0]] — def ».D in s[def Do, in X[?]]

Thus, contraryto lexical scopein namesthelexical scope
of a classvariable inducescode fetching semanticsin a
way reminiscenbf languagesuchasJava. Also notethat,
again,whencopying D to s we mustkeepthelexical bind-
ings for the free variablesof D, sowe actuallydownload
Do,,. We optto download D insteadof just the definition
for X in it sinceoften X will be a mutually recursve defi-
nition involving otherclassesn D.

Below we presentinexampleof thiskind of interaction.
We move a pieceof codefrom site s to site r; the code
containsa classvariable X localto r. Thedefinitionfor X



is downloadedrom siter thereafter

rldef X(z) = Pin s.a?() = X[b]] || s[a!]]] =
applying:Der, EXD

def r.X(x) = Pin (r[s.a?() = X[b] || s[a![]]) =
applying: SHIPO

def r.X(z) = Pin (s[a?() =
applying:SPLIT, LoC

def r.X(z) = Pin s[r.X[r.b]] =

applying:FETCH

def r.X(z) = P in s[def X(z) = Po,s in X[r.b]] =
applying:Loc

def r.X(z) = P in s[def X(z) = Po,s in Po.{r.b/z}]

r.X[rb]] || slall]]) =

4 Programming

The programmingnodelassociatedvith the frameawork
describedn the previous sectionis rathersimplerequiring
justtwo new constructs.

export new z P
exportdef D in P

import z from sin P
import X from sin P

A site usesthe export constructto provide identifiersto

other sitesin a network. In otherwords export is used
to declarethe external interface of a site. Other sitesin

the network usetheseexportedidentifiersfor local com-

putationswith the help of the import construct. As we

have seerhowever, the semanticassociatedvith imported
namesis code shippingwhereasfor imported classvari-

ablesit is codefetching. The syntaxof the baselanguage
remainsunchangedsincewe neverwrite locatedidentifiers
explicitly. The translationof the above constructsnto the

basecalculusextendedwith locatedidentifiersis straight-
forward.

e ew s.z(s[[P]] || [N])

def

[s[export new z P] || N]

[import z from sin P] = [P{s.z/z}]
[s[export def D in P]|| N] £'def s.D in (s[[P]] || [N])
[import X from sin P] & [P{s.X/X}]

The remainderof this sectionis devotedto a coupleof
programmingexamplesn theextendedanguageDiTyCO,
to attestthe simplicity andflexibility of themodel.

Thefirst exampleis adaptedrom Fournetet. al. [9] and
illustratesanappletsener. It modelsthedownloadof applet
byte-codeover the network of sites. We give two possible
implementationdasedon, respectiely, codefetching and
codeshippingsemantics.

The first programdefinesthe appletsener asa collec-
tion of classdefinitions. The client site usescodefetching

to selecta given class(thatis, the target applet)from the
sener. Whenthe client createsaninstanceof, say Applet;
it triggersthe code movementfrom the sener site to the
client site, since Applet; is lexically boundto the sener
site. Oncethe codearrivesat the client site, the instantia-
tion is performedasin thebasecalculus.The programis as
follows.

SERVER SITE

export def Applet;(x) = Py
and ...
and Appleti (x) = Py,
in ...

CLIENT SITE

import Applet; from server
in Applet;[v]

The secondporogramdefinesthe appletsener asa class
whosemethodsonceinvoked, ship the codefor anapplet.
At thesenersite,theinvocationof amethodapplet; causes
the appletP; to be shippedto the namep lexically bound
to theclientsite. Eachclient createsa freshnamewherethe
appletsener is supposedo locatethe applet,theninvokes
thesenerwith thisnameand,in parallel triggerstheapplet.
Theprogramis asfollows.

SERVER SITE

def AppletServer (self) =
self 2 {
applet; (p) = p?(x)=P; | AppletServer[self],

6-1If-JI-0|etk(I0): p?(x)=P; | AppletServer[self]

in export new appletserver
AppletServer[appletserver]

CLIENT SITE

import appletserver from server in
new p appletserverlapplet;[p] | p![v]

Let us now try to understanchow the sener and the
client interact. We startby translatingtheimport/export
clausego obtain

new server.appletserver
server[def ... in AppletServer[appletserver]] ||
client[new p server.appletserverlapplet;[p] | p![v]]

Then, the messageserver.appletserverlapplet;[p]
moves to the sener (yielding the messageapplet-
serverlapplet;[client.p]) with one SHIPM reductionstep,
one local reduction at the sener invokes the applet;
method, and one final SHIPO step migratesthe applet
client.p?(x)=P; backto theclient, yielding the process:



new server.appletserver
server[def ... in AppletServer[appletserver]] ||
client[new p p?(X):PjUserver client | p'v] ]

Notice how the structural congruencerules NEw and
EXN areused(from left to right) to allow namep at client
to encompasdoth sites, and then (from right to left) to
bring p local to the client again. Notice alsothat the ap-
plet body getstranslatedo reflectits new site: if P refers
to a namex local to the appletsener, then Poserver client
refersto the remotenameserver.x. It shouldbe obvious
thatclientsmay downloadthe appletto ary site;amessage
appletserver!lapplet ;[site.p] migratesthe codeto 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 vastcomputationapower required

to processlataobtainedby the programs radio-telescopes.

Here we model an applicationthat only requiresa single
commandfrom a remote client to be downloadedfrom
the SETI sener site. Henceforward, the applicationruns
“forever” at the client site processingdata chunksfrom
SETI's databaseThe codefor both server andclient sites
is givenbelow. Notethat,theprocesdet z = a!l[o] in P
abbreviatesnew r a!l[or] | r?(z) = P, thushiding the
reply-tonamer.

SETI SITE

new database
export def Install() = (install); Go[]
and Go() = let data = database!newChunk]]
in (process); Go[]
in
database ? {
newData(data) = ...
newChunk(replyTo) = ...

}

CLIENT SITE

import install from seti
in Install[]

The codein the client just instantiatesa copy of theIn-
stall classat the seti sener site. The FETCH rule migrates
acopy of the codefor Install to the client site. Freeidenti-
fiersin thecodegettranslatedo exposethelexical binding.
Thus,afteranapplicationof FETCH we have the following
situationatthe clientthefollowing process.

def (Install() =... and Go() = ... )0sei dlient iN INstall[]

After alocalinstantiationtheinstallationprocedurdde-
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-
chronousyemotemessagesThe reply to this methodcall,
from the SETI databaseis a chunkof datato be processed
locally at the client. After this stepwe get the following
situation:

def (Install() = ... and Go() = ... )oseii client
in ((process); Go[])oseti client

The client getsthe data chunk and doesthe required
numbercrunching(denotedby (process)). Afterwardsthe
programattheclientwill run“forever” insidethis Go loop.

5 Thelmplementation 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 describingthe kind of hardwareplat-
form we areinterestedn andthenproceedo mapDiTyCO
ontopofit.

The Hardware Platform

Our test-bedhardware for DiTyCO consistsof a clus-
ter of four dual-processoPCsinterconnectedvith a 1Gb/s
Myrinet switch assembledunder project Dolphin. Each
processorruns the open source,freeware, Linux operat-
ing systemwith supportfor SymmetricMulti-Processing.
EachPCis additionallyconnectedhrougha Fast-Ethernet
(100Mb/s)link to theexternalnetwork (figurel). Thishard-
wareplatformhasalreadybeenusedto developa prototype
for ahigh-performancexplicitly parallelprogrammindan-

guagg21].

Fast Et hernet Ext er nal
L Net wor k
2x 2x
Pl Pl
==
Myri net
swi tch
2x 2x
Pl Pl

Figure 1. The Hardware Platform.

Our interestin this kind of hardware platform steams
from thefollowing reasons:
1. itemthe parallelismgeneratedy the TyCO virtual ma-
chineis veryfine grained typically a few tensof byte-code
instructionsperthread,;

2. to exchangatemswith suchgranularitywithoutloosing



performanceve needa very low lateng/ network, aspro-
videdby thesegiga-switchesSwitchesarequite efficientat
point-to-pointcommunicatioraspacketsdo nothave to hop
through several intermediatenodesbefore reachingtheir
destinations;

3. the large volume of parallelism,and consequentlyof
messageandcodethatis sentover the network, requiresa
network with high bandwidthto achieve goodperformance;

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

Last but not least, the fine-grained,penasive concur
reng in ourmodelallows usto effectively hidetheexisting
communicatiodateng by performingfastcontect switches
to other, non-blocled,threads.

The Software Architecture

Our implementatiorof DiTyCO hasthreelevels: sites,
nodes andnetworks. Sitesform the basicsequentialinits

of computation.Nodeshave a one-to-onecorrespondence

with physicallP nodesand may have an arbitrary number
of sitescomputingeither concurrentlyor in parallel. This
intermediatelevel doesnot exist in the formal model. It
malesthe architecturemore flexible by allowing multiple
sitesat a given IP node. Finally, the network is composed
of multiple DiTyCO nodesconnectedn astaticlP topology
Messagepassingand code mobility occursat the level of
sites,andat thislevel the communicatiortopologychanges
dynamically This structureis illustratedin figure 2.

Network ldentifiers

VA
gof

Figure 2. DiTyCO architecture.

export

Nodes Q

Sites

1. SITES arethe basicunits of theimplementation.They
areimplementedasthreads,eachrunninga re-engineered
TyCO virtual machine[15]. The TyCO virtual machine
(TyCOVM) was developedas a run-time systemfor the
TyCO calculus. The architecturancludes:a programarea
wherethe byte-codds kept; a heapareafor dynamicdata-

structuressuch as names,messagesnd objects; a run-
gueueto keep runnablebyte-codeblocks and their cor-
respondingervironmentbindings; a local variable table
wherethe bindingsof local variablesarekept,and;a stak
for evaluatingbuiltin expressions.

The emulatoritself is an implementationof the name-
passingcomputationamodelof TyCO briefly describedn
section2. Programsare compiledinto anintermediatevir-
tual machineassembly This in turn is compiledinto hard-
wareindependenbyte-code.The mappingbetweerthe as-
semblyandthe final byte-codeis almostone-to-one.The
nestedstructureof the sourceprogramis preseredin the
final byte-code This allows the efficient dynamicselection
of byte-codeblocksthat have to be moved betweensites.
This designhas proved to be quite compactand efficient
when comparedwith relatedlanguagesuchas Pict [18],
0z[16] andJoin/JoCam[13] (se€[15, 14] for details).

Incoming messages/objects/classes

Local exports tablﬁl

Figure 3. Site architecture.

SitesareimplementedasextendedTyCOVMs (figure 3).
The extensionsare requiredto supportremoteinteraction
through an intermediatenode-wide communicationdae-
mon. In the sequelwe give a descriptionof thechanges.

Local vs. Network References. Variablesmaynow hold,
besidedocal refeencesnetworkrefelences A local refer
enceis a pointerto the heapof the local site. A network
referencepn the otherhand,is “a pointer”to a datastruc-
ture allocatedin the heapof someremotesite. Network
referencediave a hardwareindependentepresentatiothat
keepsinformation on the remotevariable,its site, and IP
address.

Network reference(Heapld, Siteld, IpAddress)
Local referenceDx04faad40c

Mapping between Local and Network References. An

exporttableis neededo mapnetwork referencesnto heap
pointersfor all local variablesthatleave the site. Whenthe
sitesendsamessagegbjector classcodeto anotheremote



site, the free variablesin theseprocessesre translatedn
two steps.Local variabledeaving a site aretranslatednto
network referencesAll othervariablesor dataareleft un-
touched. The mappingbetweenthe translatedocal refer
encesandtheir correspondingnetwork referencess keptin
alocal exporttable. Whenthe datareacheghe destination
site, the secondstep of the translationis performed. All
variablesin the procesdexically boundto the destination
sitearetranslatednto local pointersusingthatsite’s export
table.Again,theotherreferencesr dataareleft untouched.

New Virtual Machine Instructions. New instructionsare
requiredto provide (respectiely obtain)the network refer
encedor exported(respectiely imported)identifiers. This
is done by inquiring a network nameservicethat imple-
mentsthe network level of the model (seebelon). The
two additionalinstructions- expor t andi nport — per
form this function. export registersa local identifierin
the network nameservicethusmakingit availableto other
sites. i nport consultsthe network nameserviceto find
the network referenceor animportedidentifier Oncethe
informationis availableto thelocal virtual machineremote
interactionis possible.

Re-implementation of Instructions for Communica-
tion. New semanticsarerequiredfor the instructionsthat
handlecommunicatiorin the TyCO virtual machine.These
aret robj andtrnsg. Thetrobj x virtual machinen-
structiontriesto reducean objectwith someavailablemes-
sagelocatedat the positionheldin variablex. Now x may
hold a pointerto the local heapor a network reference.In
the first case,the reductionhappenswithin the site andis
implementedust asin the TyCO machine. In the second
casex is a network referencefor a namein the heapof
someremotesite. Thebyte-coddor theobjectandthebind-
ingsfor thefreevariableg(afterhaving beentranslatedpre
packagednto a buffer and placedon the outgoing-queue
addressedo the remotesite. Thet r nsg X instructionis
thedualof theabovefor messagesandtheapproachs sim-
ilar. If x is anetwork referencehelabelandthearguments
of the messagégafter having beentranslatedare packaged
into a buffer andplacedin the outgoing-queuaddressetb
theremotesite.

Re-implementation of Instructions for Instantia-
tion. Theinstructioni nst of X of the virtual machine,
createsan instanceof a classwhosebyte-codeis located
at someprogramlabel X. Again, we have to considertwo
cases.If X is alocal referencethe byte-codefor the class
is in the programareaand reductionproceedsas in the
TyCO machine.However, if X is a network referencethen
it represents pieceof byte-codethatlies in someremote
site’s programarea.In this caseanasynchronoumessage
requestingthe byte-codeis placedin the outgoing-queue
addressedo the remotesite. Sometime later, the reply
messagewith the packagedbyte-codeis receved in the

incoming-queue. The codeis then dynamically linked
to the local programand the reductionproceeddocally.
Notice that the synchronousrequestcan be effectively
overlappedwith computationby rapidly switchingcontext
to anothetdocal thread.

Queuesfor Incoming/Outgoing Data. Thesearerequired
to allow sitesto recevve/sendmessagespbjectsand class
definitionsdynamicallyfrom/to othersites. Incomingpro-

cessesre placedin the incoming-queueof a site by the

local communicatiordaemon- TyCOd. The queueis read

periodicallyby thelocal TyCOVM andaftersomeprocess-
ing theincomingprocesseareusedin local computations.
Likewise,the TYCOVM placesoutgoingmessagesybjects
or classdefinitionsin the outgoing-queudo be picked up

by thelocal TyCOd.

/O Port. An 1/O port is requiredfor eachsite for in-
put/outputoperationsso thatusersmay selectvely provide
datato runningprogramsor receve datafrom them.

DiTyCO node
incoming queue

outgoing queue

Figure 4. Node architecture.

2. NODES arecomposeaf a pool of sitesrunningconcur
rently, a dedicateccommunicatiordaemon(TyCOd),anda
userinterfacedaemon(TyCOi). Thereis oneDiTyCOnode
perIP node.This architecturas illustratedin figure 4.

A DiTyCO nodeis implementedasa Unix processThe
sites,thecommunicatiordaemon(TyCOd),andtheuserin-
terfacedaemor(TyCOi) areimplementedisthreadsharing
theaddresspaceof thenode.Eachsiteexecuteaa DiTyCO
program.New sitesarecreatedvhenanew programis sub-
mittedfor executionanddestroyedwhenthe programexits.
Userssubmitnew programsfor executionin a nodeusing
ashellprogramcalled TyCOsh. The userrequestarehan-
dledby anodemanagedaemonthe TyCOi.

The TyCOd daemonis responsibl€for all the dataex-
changebetweensitesin the network. Interactionsbetween
sitesmay be local, whensitesbelongto the samenode,or
remotewhenthe sitesbelongto differentnodes.Local in-
teractionsare optimizedusingsharedmemory Remotein-
teractiondnvolve threesteps:

1. thesiteplacesapackagegrocessvith adestinatiomet-



work referencen the outgoing-queue;

2. thelocal TyCOd getsthe processrom the queue,gets
the destinatiorlP from the network referenceandsendghe
procesdo the TyCOd of the nodewherethe remotesite is
located andfinally;

3. theremoteTyCOdtakesthe processandplacesit in the
incoming-queuef the remotesite whereit will be picked
up by thelocal TyCOVM.

In additionto forwardingprocessefor sites,the TyCOd
alsohandlesrequestdrom local sitesto the network name
service. Theserequestsoccur when instructionssuch as
export andi nport areexecuted.

3. NETWORKS allow sitesto make identifiers publicly
availableto othersites. Explicitly exportedidentifiers,as
well assite namesareregisteredin a NetworkNameSer
vice Conceptuallythe servicemaintainstwo tables,one
for sitesand anotherfor exportedidentifiers. Eachtuple
of the site tableincludesthe lexemethatidentifiesthe site
in thesourceprogramgthekey attribute),a siteidentifier(a
naturalnumber)andthelP addressvherethesiteis located.

SiteTable: SiteName +— Siteld x IpAddress

The key for the table of exportedidentifiersis compound
anduseghelexemedor theidentifierandthesiteit belongs
to. Besideghekey, eachtuplealsocontainsauniquenatural
numberheapidentifier.

IdTable: SiteNamexIdName — Heapld

The network addresgfor an identifier is composedy its
uniqueHeapld, the site identifier andits IP location. So,
thenetwork referencdor anidentifiernamedappletserver
atthesiteserver is translatedasthetuple:

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

Currently in this first implementation the network name
serviceis centralizedandall sitesknow its locationin ad-
vance.Thiswill changeasthe systemmaturesjnto a dis-
tributed network nameservice. This is a fundamentabe-
velopmentfor reasonof both redundang (for failure re-
covery)andperformance.

6 Related Work

Work in distributedobject-orientegsystemsasfocused
in two main areasaccordingto the kind of approachaken
in theirdevelopment.

From a softwaretechnologyviewpoint, several systems
have beenproposedthat supportobject distribution in an
heterogenousietwork ernvironment. The main ideais to
give the illusion of locality to clients despitethe fact that
the sener objectsmay be physically allocatedsomevhere
elsein a network. The most common systemscapable

of suchfunctionalitiesare Microsoft’s Distributed Compo-
nentObjectModel (DCOM [1]), OMG’s CommonObject
RequesBroker Architecture(CORBA [2]) and JavaSoft’s
Jara/RemoteMethodInvocation(Java/RMI).

Another approachis to study distributed (object-
oriented) systemsfrom theoretical point of view, using
framawvorks suchasproces<alculi, andtry to evolve from
this work into working prototypes. Thereare several pro-
posalsfor calculi thatmodeldistribution, weak(code)mo-
bility and,strong(computation)nobility. Implementations,
however, arestill very scarce.We briefly describesomeof
theproposals.

In Mobile Join, Fournetet. al. [9], extend the join-
calculuswith the notion of location definedas a set of
processesvith alocal environmentsurroundedy a mem-
brane. They are locatedat sites and can be atomically
moved acrossa web-wide tree of locations. Distribution
andmobility aredirectly supportedy explicit primitivesin
thecalculus.

Distributed-r, by Riely andHennessy19], is anexten-
sion of the w-calculusthat modelsdynamically evolving
networks of distributed processeslt incorporatesotions
of remoteexecution, migration, and site failure. Located
namesareexplicit in the syntaxandtheir useis controlled
by permissionsssociatedvith the names.

Nomadicsr, by Sewell et.al. [20] introducesexplicit
primitivesfor mobility anddistribution into the w-calculus.
Processesare executedat sites(locations). They identify
two fragmentf theresultingcalculus:thefirst lower-level
with locationdependenprimitiveswhile asecondragment
is entirely locationindependent.The semanticof the lo-
cation independenfragmentis then definedbasedon the
lower level fragment.

In Ambients, Cardelliand Gordon[6] introducea pro-
cesscalculusthat modelsthe notionsof ambients,agents,
actionsandcapabilities.The calculusis thenextendedwith
asynchronougommunicationand variable binding primi-
tivesto modelinteraction. Mobility is describedn terms
of the movementof agentsand their associatecambients
andcapabilitiesthrougha network. Ambientsarebounded
placeswvhereagentompute.They areselfcontained Am-
bientsencountepbstaclesvhile moving througha network
andusecapabilitiesto allow othersto performlocal opera-
tionswithoutrevealingtheir trueidentity.

Seal[25] is a processcalculussuitedfor modelingIn-
ternetapplicationsand programminglanguages.The mo-
bile units of the calculusare calledseals Thethreemain
abstractiongre: locationsthatmodel,for example,bound-
ariesof networks,|P nodesaddresspacesprocessemod-
elingflow of controlsuchasthreadsandOS processesnd;
resoucesthat model physicalresourcesuchas network,
memoryandperipherals.



7 Conclusions and Future Work

We have introduced a programming model for dis-
tributed computationswith code mobility that is both in-
tuitive and provides adequateabstractiondor coding dis-
tributedapplications.The modelis basedon a proces<al-
culusframavork which makesit amenableo formal ver-
ification. Also, mary commonfeaturesin processcalculi
suchas type systemscan be usedto greatly improve the
quality of the generatectodein the compilationprocess.
The fine grainedparallelismthatis generatedy the com-
piler and the asynchronousomputationaimodel provides
greaterflexibility in overlappingcommunicationwith lo-
cal computationsThe abstractmachinemustscheduleew
threadswhile the remoteoperationis beingexecuted.This
canbeimplementeckfficiently aseachthreads rathersmall
andcarriesa smallstate.

Our test-bedhardware consistsof a low-costclusterof
PCs,interconnectedvith a 1Gb/sMyrinet network switch,
built in the context of project Dolphin. We considerthis
platformideal for experimentingwith our modelgiventhe
constraintdn the amountand granularityof the generated
parallelism.

Currently the first DiTyCO prototypeis in the final
stagesof the implementation. We have developeda type
checkingschemehatensureshatno typemismatchor pro-
tocol errorsoccurin remoteinteractions.The schemecom-
binesboth staticanddynamictype checking. On the other
hand,we needto introducefault-toleranceandtermination
detectioninto the system.We wantto be ableto detectsite
failures,to reconfigurehe computatiortopologyandto try
to terminatecomputationsleanly
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