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1 Goals and motivation

This report is a deliverable related to the task Mobile computation [KTH:12pbirkpackage 3 of the Technical
Annex.

1.1 Vision and approach

The vision of this workpackage is to develop a model for strong mobility withcoomtant programming
abstractions fotruly mobile applications.Strong mobilityallows to migrate execution state in contrast to
weak mobilitywhere only data and code is subject to mobility. Strong mobility is essential for rimalyile
applications where reconstruction of execution states is either difficultaor iempossible.

There is a strong connection between mobile applications and peer-taypgl@ations in that mobile
applications require information on nodes (sites) for migrating computatiomsexpect a synergy in future
work where sites for migration are managed by a peer-to-peer systemdsiby distributed hash tables, for
example DKS/[18]).

Strong mobility is approached by developing thread-based mobility as a mbdedhreads are the units
of mobility. This model is a natural extension of a distributed programming maakeddon automatic syn-
chronization through dataflow variables. The programming language Ozrrapted by the Mozart system
follows this model of distributed programming.

We identify a set of abstraction&d, Pul | , andPush) for explicit thread migration. A common imple-
mentation infrastructure based on thread replication and migration managkreeisped that provides the
necessary support for the programming abstractions.

1.2 Current achievements

There are three main achievements:

1. A modelfor thread-based migration together with abstractions for @noging applications using strong
mobility.

2. Animplementation architecture based on thread replication and mobility marfageroviding thread-
based mobility.

3. Aninitial feasibility test based on a standard scenario for mobile executlmscenario is structured as
a simple peer-to-peer system.

1.3 Relations to tasks in Annex 1

This subworkpackage corresponds to the task on
> mobile computation

of Annex 1.

2 Relation to other (sub)workpackages in PEPITO

Distributed directory service (WP2) and Oz (WP3) The test scenario application used to assess feasibility
makes two major simplifications. Firstly, nodes where mobile computations can meassumed to be
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completely known. We intend to make more realistic experiments by using thersyppaded by the
Oz-based peer-to-peer platform for maintaining nodes where comp&saaommove.

Secondly, distributed knowledge on locations is assumed to be directly dgaitdbre we will be able
to take advantage of the distributed directory service in more realistic expgsme

Resource control, versioning, and modularity (WP3) This deliverable focuses on model, programming ab-
stractions, and implementation architecture for thread-based mobility. Oaetdbat is not tackled so
far is how mobile computations can control their resource access while mggratie work in this work-
package will provide us with models how to extend our approach with res@mantrol and in particular
with dynamic binding of resource names to resources.

Basic services (WP4)Thread replication as one cornerstone of our implementation architecesehesdis-
tribution support available in Mozart. By that it will directly use what is depeld in this workpackage.

3 Survey of current state-of-the-art

The current state-of-the-art for system supporting the programmimgbile applications can be best classified
with respect to the following main criteria: what is the unit of mobility for the applg whether strong or weak
mobility is supported; whether migration control is implicit or explicit; what is ther@mtion to support for
distributed programming; how is mobility implemented (or what is the underlying impltatien architecture
for mobility).

Which unit of mobility is chosen in a certain approach typically coincides with tiefepred abstraction
of structuring programs in a certain programming language. Currenbagipes choose either objects, agents,
operating system processes, or active objects combining objects aadghr&ven though we are mostly
interested in strong mobility here, we also survey approaches which aresiting from the distributed pro-
gramming aspect but only support weak mobility.

Prominent approaches are the following, where we highlight what desisice made for the above men-
tioned criteria.

Emerald. The Emerald programming language and system has been developed in B@datad 90's at
the Department of Computer Science, University of Copenhagen. Entersilloeen the first system that offers
fine-grainedmobility [14]. The Emerald language is an imperative object-oriented languhgee all data is
represented as objects. In Emerald, mobility is integrated in the languageatidigis provided by thenove
statement which moves an object to another site. Any thread executing in agmaject is moved together
with the object. In the Emerald migration model, threads follow objects aroune abjbcts are moved.

Oblig. Oblig is an untyped object-oriented interpreted language with distributed lesdope developed at
DEC by Cardelli [1]. Obliq supports weak mobility. Thus, remote executiorr@viged and when remote
execution is requested the code representing a procedure is sermteanuted at the remote site. Remote
execution is function-call based and suspends until execution returns.

Sumatra. Sumatra developed at the University of Maryland is a Java extension. lenmepts strong mi-
gration by extending the Java class library and by modifying the Java runfithe.unit of migration is a
new abstraction primitiv@bject-group This primitive allows the application programmer to customize the
granularity of migration. Object-groups are migrated between executigimesn (that is, an Java interpeter
executing on a host). An execution-engine may host several threatds\ultiple threads are scheduled in a
run-to-completiormanner.
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JoCaml, Join Calculus, and Ambient Calculus. JoCaml B] is an implementation of the Join-Calculus,
which is a reformulation ofr-calculus with explicit notion of places of interaction.

The programming model is based mtationsand channels Locationsgather both agents and sites in
single abstractions. Sites are toplevel locations and agents are nestezhkca location can contain threads,
channels, and sub-locations. The unit of mobility is a location. Thus, migrafiariocation implies migration
of all sub-locations as well. Threads are not part of the language siema@hannelsare communication
links and are maintained during location migrations. The Join calculus and theeAndalculus/[2] are very
closely related as pointed out in [5] where the Ambient calculus is implementexCiandl. There is a very
close relation betweencationsandambients An ambient is dooundedplace where computation happens. In
the Ambient calculus locations are not uniformly accessible by globally umgoees.

The major difference between the Join Calculus and the Ambient Calculustigttiee Join calculus
movement may happen directly from any active location to any other knovatidoc In the Ambient calculus
locality and control have strong connection. Each ambient is a box, arddtitms can occur only between
processes that are in adjoining ambients. Thus, interaction cannotrhajiib@ut proper consideration of
boundaries and their topology. The unit of mobility is an ambient and agentoafined to ambients.

D’'Agents. Developed at the University of Dartmouth, D’Agents [7] is a multi-languagsaesn consisting
of Agent Tcl [6], Agent Java, and Agent Scheme. The first two rsa@port for strong mobility (Agent Java
is based on the Sumatra system). The unit of migration in D’Agents is a prodéms system provides a
migration abstractioagentjump. A D’Agent server must be running at each cooperating site. Whegeamt a
callsagentjump, the complete state of the agent is captured and marshaled to the target mahkibeAgent
server on the target machine on reception creates a new procesgyrth@ircl interpreter.

ARA. Developed at the University of Kaiserslautern, Ara[19] is a multi-langsygtem that provides strong
mobility. A migration unit in Ara is an agent. Agents are managed by a languagpendent system core and
interpreters for supported languages (C, C++, Tcl, Java). An Aeatagannot share anything and resource
bindings are removed before migration.

4 Subworkpackage contributions

This subworkpackage makes the general contribution of a model, pnagrey abstractions, and sketch of an
implementation architecture for thread-based strong mobility for a distributefl@a language. In detail, the
contributions are as follows:

Thread-based Mobility. This deliverable contributes a model for strong mobility based on threacdsztaitiow
languages. The model is an extension of a well-established model for disttiprogramming in a con-
current dataflow language. The model insists on the fact that mobility isrugbdicit control of the
programmer.

Programming Abstractions and Application Scenarios. Based on thread-based mobility, this deliverable con-
tributes programming abstraction®( Push, andPul | ) which capture common programming idioms
in the construction of mobile applications. It is shown how the abstractionbeaised in prototypical
application scenarios.

Sketch of Implementation Architecture. All programming abstractions can be implemented by simple prim-
itives for thread mobility. The deliverable identifies thread replication togetite migration managers
as basic building blocks for an architecture to implement thread-based mobility.

5
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Initial Feasibility Test. The programming abstractions have been implemented in a prototype on top of the
Mozart programming system. The deliverable conducts a first feasibilitypyesinning a standard test
scenario for mobility [8].

5 Overview of Deliverable

The next section presents the migration model and details implicit and explicittrigr&ection 7 introduces
migration abstractions by presenting several application scenariosolléging section presents a migration
primitive as foundation for the migration abstractions and how thread st&tesfiacted during migration. An
implementation architecture for the model in the Mozart programming systemchekiin Section 9 followed
by an initial feasibility test in Section 10.

A paper reporting on this work is currently under submission.

6 Thread Migration Model

In this paper we assume that programs execute concurrently by exetudioally many lightweight threads.
Threads synchronize automatically by using dataflow variables (alsorkasvogic variables). Dataflow vari-
ables serve as place-holders for not yet known values. Threadssumed to be first-class language entities
in that they can be passed as arguments to procedures, stored in dataestiand so on.

A thread is a stack of statements. It executes by trying to execute its topmeshetd on the stack. A
thread automatically suspends if its topmost statements suspends due toigmguffformation available on
its dataflow variables. Thread resumption again is automatic: providing the f@la variable automatically
and fairly resumes all threads suspending on this variable. For more detalsr model of computation we
refer the reader to [20].

We also assume that execution can be distributed across several sibespoitation: both data structures
as well as code (in form of procedures, objects and their attache@s)as® distributed. For more details on
our model of distribution, we refer the reader to|[22, 10, 11].

Strong Mobility.  Strong mobility is known from operating systems as a process migration. madel, the
unit of migration are threads. Migrating a thread can require the migratioevefal objects, more precisely
the objects referred by the thread. Thread migration is baséatead replicatiorby creating an exact copy (a
clone) of the original thread at the destination site and destroying the drigiead at source site.

When a thread migrates all data values that are accessed by the thréadretatgrated as well. The
exceptions are other threads that are referenced by the migrating gmweéadsources. We defineae@source
as a data structure whose use is restricted to one site (such as file htorddgample). Here, we assume that
resources are ubiquitous and dynamically rebound when threads aegedigh thread is executed aibaation
which we refer here asste. Migration is always performed between two sitesurce sitenddestination site
The thread migration implies migration of computation state consisted of a stackerhstats. A statement is
a closure defined by a program counter that points to next instructioaramwnment needed for execution of
the instruction.

Thread migration can be initiated from the source site, destination site, or sit@r@hat is, a site that is
neither source nor destination site). On the source site the thread migratibe @atiated by the thread itself
or by some other thread.

Explicit Versus Implicit Migration.  One way to classify applications that take advantage of strong mobility
is to focus on the use of mobility. Applications come in two major groups: mobile atjaits Eite-aware

6
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applications) that are specifically written to use migration, and applications thatoasite-awarebut use
mobility only to increase performance. These two groups are used in thevifojaliscussion to compare
explicit and implicit migration.

Implicit Migration.  Implicit migration is transparent (invisible) to the application programmer. Thanse
that a programmer does not program thread migration. Thread migratiomssectd®y some external event
instead. For example, migration of an active object (an object together witlyke thread executing methods)
can trigger the migration of the associated thread.

Implicit migration is preferable for load balancing where performance sssheuld be separated from
applications. For example, large-scale simulations with thousands or even siflicdhreads that are not
focused on mobility, but mobility is used for performance reasons.

In the case of mobile applications (mobile agents), thread migration is part apiplecation and the
implicit model is severely limited.

Explicit Migration.  Explicit migration is not transparent. The application programmer explicitly “iegdk
migration (for example, by using some migration abstraction). Explicit migrati@maguiees full awareness
about where computation is performed.

Applications that are interested in migration due to performance reasonstilhan be completely sepa-
rated from thread migration issues if appropriate abstractions are pdovide

In the case of mobile applications, explicit migration provides abstractionmifgnation. We restrict our
attention to explicit migration as the consequences of migrating a thread atedsta single thread and are
therefore easy to understand.

In summary, explicit migration with appropriate abstractions can be usedtioidad balancing and mobile
applications. Therefore, we consider explicit migration here.

Thread References. A thread after creation is known only at teeurcesite. Later on, a thread reference
can be passed to other sites. Thread references are globally unmgsndPa thread reference between sites
will not trigger thread migration. Migration is requested by calling one of the migratistrations to be
discussed. That is, distribution of a thread reference does not inttladeigration of the associated thread.

7 Programming Patterns

This section introduces common programming patterns for mobile applicationsaniifié$ migration abstrac-
tions and primitives. The code fragments used are presented in Oz [IT@hElp the readef,P Arg} calls
the procedur® with the argumengr g. t hread s end creates a new thread which executes the statement
By X i n a new dataflow variabl is introduced.

7.1 Go: Self Migration

The abstractior®o is useful for pro-active mobile agents (that is, agents which initiate their trogren antic-
ipation of future problems, requirements, or changes).
Consider as an example: a mobile agent MA moves between sites and collewetkassoffers information:

1. MA collects information about computing resources such as: pracesaer, amount of available mem-
ory, available software components and libraries, and available extarlare resources.
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2. MA offers information collected on already visited sites to the local agéimés is, the agents that are

located on the visiting site).

3. MA gets a list of neighbor sites and chooses one of them for migration.

4. MA performs migration.

5. MA repeats the outlined execution.

A code example for MA is as follows:
proc {Collector Info ThisSite}

Li st O Nei gh NextSite Sitelnfo Updatedl nfo

in
Sitelnfo = {Col | ectl nfo}
{Oferlnfo Info}

Updat edl nfo = {Udatelnfo Info ThisSite Sitelnfo}

Li st Of Nei gh = {Get Nei gh}

Next Site = {ChooseNext ListCf Neigh}

/* Here cones the mgration
{Go Next Site}

*/

/* Executes on site ‘‘NextSite ' */
/* after mgration has finished */
{Col I ect or Updat edl nfo NextSite}

end

MA is started by spawning a thread which caltd | ect or appropriatelyt hread {Col | ector Startlnfo

CurrentSite} end.

Please note that th@ abstraction has one argument representing the destination site.

7.2 Pul | : Execution Locator

The abstractiorPul | is used to move execution from tiseurce siteto the destination siteand is invoked
from the destination site. It is useful for several reasons: traffigatioh, network latency avoidance, and other

resource-related issues.

An example of use in the case of traffic reduction can be implemented in the ifogjovay. A procedure
TrafficControll er takes a list of remote threads and checks for each thread if it is worth moVirey
decision is made based on specified criteria (for example, measuring aofioetvork-traffic produced by the
thread). A matching code example is presented below:

proc {TrafficController RenoteThreads}

for T in RenoteThreads do
if {WorthMoving T} then
{Pull T}
end
end
end

Please note that tHaul | abstraction has one argument representing the thread to be pulled torta cur

site. Note that this is in contrast @ which takes a site as single argument.
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Table 1: Use of thread and site references

Site reference Thread reference
Go yes no
Pul | no yes
Push yes yes

7.3 Push: Execution Mediator

The abstractioPush is used tanediate executiobetween sites. An example of use is dynamic load balancing.
For example: Adistributed scheduler (DS)as access to a list of thread queues with one queue per involved
site. The goal is to optimize performance by moving threads from heavily diosités to less loaded sites. The
corresponding code example is presented below:

proc {LoadBal ance SitelList}
H ghest LoadSite LowestLoadSite
LoadLi st Thr

LoadLi st = {GetLoads SiteList}
H ghest LoadSite = {Max LoadLi st}
Lowest LoadSite = {Mn LoadLi st}
Thr = {ChooseThread Hi ghest LoadSit e}
{Push Thr Lowest LoadSite}

end

Please note that theush abstraction takes two arguments, the thread to be migrated and the destination
site. It can be invoked from any site.

7.4 Summary

The presented abstractioBs, Pul | , andPush cover all possible cases for initiating explicit migration. They
are based on a primitive which:

> Source Site

— captures the thread’s execution state
— serializes the thread (builds a network representation of the thread)
— sends the serialized thread to the destination site

> Destination Site
— rebuilds the thread on the destination site.

The use of thread and site references is summarized in Table 1. All glstsalcave in common that they
require representations of both threads and sites in the programming dgndlmeads are available as thread
references (as already discussed in Section 6).

For sites in our model we take the following approach:sife represents a process where computation
proceeds, for example a virtual machine run by an operating systeragsodt is represented by a unique
identifier created when a process is forked. $lieidentifier can be passed as a function argument or returned
as a result from a function call. It can be sent as a message (or & plagtrmessage) to other sites. It can be
used in the migration abstractiorgsh andCo.
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TR @ -0
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Site, kY
oy e -
Thr’:l 7777777777777777777777777777777777 -—
Thread States 2.0 =>{Thread.suspend Thrl } 3.0 => {GotMessage threadMigration(MT Reply)}
; 2.1 => MT = {MarshalThread Thr1}
runnable: ) o 3.1 => Thr = {UnmarshalThread MT}
7777777777777777 - 2.2 => {Send Site threadMigration(MT Reply)}
suspended: 2.3 => {Wait Reply} 3.2 => Reply = ack(TerminationAck)
message: 2.4 => {Thread.terminate Thr1} 3.3 => {Wait TerminationAck}
2.5 => Reply.terminationAck = terminated 3.4 => {Thread.resume Thr}

Figure 1: Execution of ThreadReplicate Thry Sites}

8 Migration Primitives

Thread migration, independent of the abstractions, is based on repli@htbis, creation of an exact copy of
the thread at the destination site). All abstractions discussed earlier aad tieplication as follows: after the
replica has been created, thiéginal thread is destroyed.

Each site runs anigration managemwhich controls migration of threads. Thread migration is done by
sending and receiving of messages between migration managers. Tinesitiém needed to perform migration
of athread!l" is located at the source site ‘Bfand the replication process is started there.

In the following M M, refers to the migration manager of the source site, whekéag,; refers to the
migration manager at the destination site.

Source Site The threadl” is suspendedts execution state is collected, serialized, and sent to the destination
site.

The migration managev/ M ; waits until an acknowledgment on thread reception issued by the migration
manageV M, is received. The acknowledgment confirms the existence of two copigstbéoriginal
thread at the source site and tieplicatedthread at the destination site. Then, trginal is terminated
andM My is informed that theeplica can resume.

Destination Site When the serialized thread is received 1, it rebuilds the thread’. from the network
representationunmarshakhe thread). After rebuilding, an acknowledgment message is sahit\i.
Then M M, waits on a confirmation that theriginal threadhas been terminated. When termination of
T is confirmed[T; is resumed

M M, and M M, synchronize twice during thread migration. The first synchronization iereplica-
thread creationand the second synchronization is on tiveginal-thread termination Figure[ 1 shows the

10
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interaction and the synchronization between migration managers.
A code example of thread replication is shown below:

proc {ThreadReplicate Thr Site}
Reply MarshThr
in
{Thread. suspend Thr}
/* Send serialized thread and synchroni zation variable */
MarshThr = {Marshal Thread Thr}
{Send Site threadM gration(MarshThr Reply)}
/* Wait on acknow edgnent */
{wait Reply}
/* Termnate thread */
{Thread.term nate Thr}
/* Acknow edge ternination */
Reply.term nati onAck = term nated
end

A code example of a migration manager is presented below:

proc {WiitForThreads S}
for Msg in {Get Message S} do
case Msg
of threadM gration(MarshThr Reply) then
Thr Tremn nati onAck
in
Thr = {Unmar shal Thr MarshThr}
/* Informthe source site about replica */
Reply = threadRecei ved(terni nati onAck: Ter m nati onAck)
/[* Wait on term nation */
{Wait Term nati onAck}
{Thread. resune Thr}
[] mgrate(Thr Site Sync) then
{ThreadReplicate Thr Site}
Sync = success
end
end
end

8.1 Migration and Thread States

A thread can be in the following statesinnable running, suspendedor terminated Thread migration can be
requested for a thread which is in any of the above mention states. The gta¢@after migration must remain

the same. The behavior description for each case follows:

Running Thread. A running thread cannot be migrated directly. There is only one runnirgathat each
site and a thread cannot migrate itself. Thus, a thread which wants to migr#ftdelegates its migration to
another thread. The thread to be migrated is stopped first, and anotlaer tire thread executing the migration

manager) performsigration

Runnable Thread. A runnable thread waits in a runnable queue to be scheduled for execlitiemigration
manager suspends the thread and performs the migrationorigieal thread at thesourcesite isterminated

11
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Figure 2: Thread States

and thereplicatedthread which was created in tespendedtate isresumedithat is, added to the runnable
queue at thelestinationsite).

Suspended Thread. This case is slightly more involved and exploits certain invariants on datafloahsy-
nization. In a language with dataflow variables a thread suspends if its tbptattsament cannot execute due
to yet unbound dataflow variables.

The migration manager adds a migration specific suspension to the threadlodksghe thread as it
prevents unplanned resumption of the thread. The thremplicatedand during the process all variables on
the thread stack are discovered and distributed according to their distriputitmtols.

The original thread isterminatedand thereplicatedthread isresumed When the thread is scheduled to
run at thedestinatiorsite it suspends on the same statement that caused suspensiosoairtiesite. Thus, the
thread rediscovers its suspensions on its own. This allows to maintain simpen dataflow variables locally
(that is, suspension information is not distributed across the net). Tipegyas a direct consequence of using
dataflow variables for distributed computing [10].

Terminated Thread. A terminated thread has no stack and it can not be runnable again. Tausigiation
is not useful and the thread that requested migration is properly informed.

8.2 Migration Primitive Improvement

The model used for the replication primitiidnreadReplicatés based on synchronous message passerg (
dezvous We use this double synchronization due to dataflow synchronizatiahfoisthread synchronization.
The migration primitive can be easily improved by avoiding that the destinationes#tgsnto synchronize on
thread termination.

We introduce a new thread state caltfidabled(see Fig.| 2). A thread becomdisabledafter the thread
operation{ Thread.disable Thr} is called. The disabled thread cannot beconmeableor suspendedintil it
is enabledwith the operatio Thread.enable Thr}. An disabledthread can bé&erminated { Thread.disable
Thr} and{Thread.enable Thr} are applied only on the site where the thread is executed (that is, the opgratio
require no support for distribution). For example, if tieplicais enabledon the destination site, thaiginal
is still disabledon the source site.

12
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Site1

Thry @ . °
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2.0 => {Thread.disable Thr1}
2.1 => MT = {MarshalThread Thrl}

3.
2.2 =>{Send Site threadMigration(MT Reply)}

Thread States 3.0 => {GotMessage threadMigration(MT Reply)}

runnable: 1 =>Thr = {UnmarshalThread MT}

Z:Js;tjggw 7777777777777777 » 2.3 => {Wait Reply} 3.2 => Reply = ack(TerminationAck)
: 2.4 => {Thread.terminate Thr1} 3.3 =>{Thread.enable Thr}
([ TCTTT: [0 o ————— —

Figure 3: Execution of T'hread Replicate Thry Sites} with disabling

Instead of using a dataflow variable to suspend a thread, the thrde@dided The source site still waits
on the thread reception confirmation from the destination site, but the degtirsdtttodoes not wait on the
thread termination confirmation. Thus, tteplicatedthread can benabledand can continue with execution
before theoriginal thread has been terminated. In the case of high network latency this cdn tEatsiderable
improvement (see Fig 3).

On the other hand, there is a drawback of this solution as well, as it might bmptooistic. In case the
acknowledgment on thread reception is lost, the source site is not informeuhidgration has succeeded and
raises an exception.

In general, the failure behavior of thread replication needs to be studiedrimdetail and will be addressed
in future work.

8.3 Programming the Abstractions

With the help of migration managers and thread replication as discussed #imadstractions introduced in
Section 7 can be programmed easily.

Push Abstraction. ThePush abstraction can be used both from the source site or from some third s@e. Th
distributed schedulepresented in the previous section ugesh to migrate a thread that is not on the same
site as the scheduler. Thus, we cannot assume th&ubk abstraction is used at same site where thread is
currently located.
proc {Push Thr Site}
Thr HomeSi te Sync
in
ThrHoneSite = {GetSite Thr}
{Send ThrHoneSite mgrate(Thr Site Sync)}

13
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{VWait Sync}

end

CGo Abstraction. A special case dPush is when the thread itself initiates the migration process. This opera-
tion is calledGo. The implementation oo on top ofPush is presented below:
proc {Go RenpteSite}
Sync Thr
in
Thr = {Thread. this}
t hr ead
{Thread. suspend Thr}
Sync = done
{Push Thr RenoteSite}
end
{Wait Sync}
end
Here, the thread to be migrated spawns a new thread that performs migratiethréad running th€o
abstraction blocks on th8ync dataflow variable used to synchronize on migration. ThaGaswill return
when the migration process is finished. Note that the threadspendednd theSync variable is bound
beforePush is called. That means that ti@e does synchronize on completion of migration.

Pul | Abstraction. ThePul | abstraction is implemented on top of thgsh abstraction. The implementation
is presented below:
proc {Pull Thr}
MySite MyThr
in
MyThr = {Thread. t hi s}
MySite = {CGetSite MyThr}
{Push Thr M/Site}
end

Here,My Thr is the thread in whiclPul | executesMySi t e is thedestinationsite.

8.4 Thread References and Thread Migration Protocol

When a thread is created, it is known only to computations at the local siter drata thread reference can
be passed to other sites and the passed reference can be usedrta petfeork-wide operations on threads.
These operations are network transparent and their semantics remamieasif they where local operations.
The network transparency is provided by the underlying system.

Itis possible that a thread during its lifetime migrates several times between&itegutation on the sites
that have access to the thread reference must have accurate inforatatigrnthe thread’s current site. One
way to keep this information up-to-date is to provide a migration protocol. Tot®gol that we present here is
manager-proxy based.

When a thread reference is sent for the first time to a remote site (for exant@e a thread is distributed)
athread manageon thehome sites createdHome sitas the site where thread execution happens. In addition,
when the thread reference arrives at the remote sitiesead proxyis created (see Figure 4). Wheal | is
executed on the remote site, the thread proxy on that site is triggered apgraprate protocol message is
sent to the manager. When the manager receives the message it initiatésrtfyedion:

14
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Figure 4: Thread References and Migration

> The thread is suspended, and its state is captured and sent to the newiteome s
> A newthread manageris created on the destination site.

> All sites that have thread reference are informed about new home siteeanchanager.

9 Sketch of Implementation Architecture

In this section we describe how strong mobility can be implemented as an extamgierMozart programming
system|[4]. First, we give a short description of the Oz programming Egeuand the Mozart programming
system. Then we describe the implementation of the extensions needed fpltbation primitive.

9.1 Oz and Mozart

Oz is a multi-paradigm concurrent dynamically-typed language with dataffashsonization. Concurrency
in Oz is explicit and threads are first-class entities. Mozart is a networkgesent distributed programming
system implementing Oz [17]. Thus, a distributed application can be devetmpepletely in a centralized
setting [11]. Oz provides a variety of built-in data types: stateless, statetusingle-assignment. Oz entities
can be distributed between Mozart processes. Distribution of statelesenlities is achieved by copying
(replication). Consistency of distributed stateful entities is implemented by disibprotocols [22, 10] soon
to be provided by the generic DSS system [16, 15]. When a data entitytiset@reen two Mozart processes, its
memory representation is transfered to network representation at ther sééechnd the memory representation
is created at the receiver site upon the reception. Translation to neteywdsentation is calledarshalingand
translation back is callednmarshaling The termserializationis also used.

9.2 Thread Marshaling

The replication primitive is based on marshaling and unmarshaling of thrdduls, the system is extended
with methods for thread marshaling and unmarshaling. A thread is a stackt@istas. Each statement
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consists of a program counter for code to be executed and an envinbafitecal variables (basically, a thread
is a stack of closures). To increase efficiency of execution, a progoaunter points to the instruction to be
executed next.

One important design decision in Mozart, for making marshaling simple, is thavalues are marshaled.
To comply with that, program counters in stack entries are translated to & padrcedure and relative offset of
the PC from the start of the procedure. This construction ensures that oniplete procedures are marshaled
and also that absolute and site-specific addresses are translated inte agld hence site-independent values.

All values are first-class including procedures, objects and classegrodedure accessed by a thread
is transfered only once for each thread. Migration of another thredchtgathe same procedure reference
leads to second transfer of the same procedure. However all distrittatiedul entities have globally unique
identifiers which means that procedures (and other stateful entitiegmesented at most once at each site.

9.3 Migration Protocol Implementation

Sites have uniquely identified port used for thread migration and we refaistport as migration port. The
distributed thread has an access structure, used for thread migratioh,cehtains a reference to the migration
port of the thread’s current site. Thus, when a thread migrates theltheszess structure must be updated with
the current migration port. Migration ports are implemented on a high levehgpsrts in Oz [20] and [4].
Oz ports are influenced by ports in AKL [13], [12].

10 Initial Feasibility Test

In this section, we present a first feasibility test of the model implemented in dzaiprogramming system.
We compare the performance of the mobile agent model built on top of thaset mobility with the client-
server model. First, we discuss a possible application domain that is well goiitdte mobile agent model.
Then we describe the application scenario used for evaluation anchpaeskediscuss results.

10.1 Application Domain

It is clear that agent migration is a time consuming task and that it costs much naor&BC, RMI, and
synchronous message sending. On the other hand, agent migration ingiertrof not only data but “in-
telligence” as well. The major part of distributed applications are client-sbag&ed. Servers provide usually
a set of low level operations which can be invoked independently frarh ether. Clients are applications
that combine these low level operations to provide a specific service.deaatr operation has to be requested
separately. Total time needed to perform some specific task contains of thbaintee server needs to perform
each low level task and the time needed to deliver requests and replies.|leRaignts tasks contain many
requests and the total time is directly proportional to network latency. Mobdetagan avoid network latency
by adopting servers to perform specific tasks without compromisingrsegeaerality.

10.2 Application Scenario

Section 7 presents several examples of mobile applications. In the firspéxa mobile agent moves between
sites and collects site-specific information. A similar scenario is used forati@u The scenario is inspired
by the paradigmatic mobile agent evaluation (see [8]).

The task of the application is to collect at a customer Sjta list of hotels with phone numbers in one
town. Two database servers must be consulted. The hotel databasersgrat the siteSy, to obtain a list
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Figure 5: Mobile Agent vs. Client-Server in the Information Collection

of available hotels in the specified town, and the phone database $@rvarthe siteSp,  to obtain a phone
number of each hotel from the list, one at time.

Client-Server Solution. In order to get the list of hotels for a specified town, the client sendsuest@eq;,)

to the serverd ;. After the list has been received, the client sends one requeg) per hotel to the servef;,

to obtain telephone numbers. That means that the client sends as marstsexgulotels in the list plus one.
Consequently, the total timéme;.+,; Needed to perform the complete task is defined by the timectprplus
the time forn x req,, wheren is the number of hotels.

Mobile Agent Solution. The mobile agent moves from the customer sitdo the siteSy,. and requests a
list of hotels locally. After the list has been received, the agent moves titeh€p,  and queries the servéy;,
for telephone numbers. When all phone numbers are collected the agesd baxk to the sit§. and returns
the result.

10.3 Results

In the feasibility test, we assume that the database operations have caostarithe customer is sited on a
computer in Germany (Universit des Saarlandes) and the servers are sited on computers in Swedeis(s
Institute of Computer Science, SICS). We change the number of retuotel$ land measure the total time
timeyorq iN both solutions. Figure 5 summarizes the results. We see that only in the ithseery small
numbers of hotels, the Client-Server solution is more efficient than the moleite aglution. In all other cases
the mobile agent solution is much more efficient and it does scale.
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11 Work Status

We have presented a model and an implementation of strong mobility in a distributeadight concurrent

system based on dataflow variables. Important migration abstraGorsl | , andPush are identified. These
abstractions create a powerful programming package for explicit threégiation that covers all migration
aspects. Thus, migration can be initiated freource sitedestination siteand from a third site. In addition, the
migration can be initialized by the thread itself or from some other thread. Askiegth of an implementation
architecture for the Mozart programming system is described and as@asibility test is presented.
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