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1 Goals and motivation

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

1.1 Vision and approach

The vision of this workpackage is to develop a model for strong mobility with concomitant programming
abstractions fortruly 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 trulymobile
applications where reconstruction of execution states is either difficult or even impossible.

There is a strong connection between mobile applications and peer-to-peerapplications in that mobile
applications require information on nodes (sites) for migrating computations. We expect a synergy in future
work where sites for migration are managed by a peer-to-peer system (such as by distributed hash tables, for
example DKS [18]).

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

We identify a set of abstractions (Go, Pull, andPush) for explicit thread migration. A common imple-
mentation infrastructure based on thread replication and migration managers isdeveloped that provides the
necessary support for the programming abstractions.

1.2 Current achievements

There are three main achievements:

1. A model for thread-based migration together with abstractions for programming applications using strong
mobility.

2. An implementation architecture based on thread replication and mobility managers for providing thread-
based mobility.

3. An initial feasibility test based on a standard scenario for mobile execution. The scenario 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 move are assumed to be
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completely known. We intend to make more realistic experiments by using the support provided by the
Oz-based peer-to-peer platform for maintaining nodes where computations can move.

Secondly, distributed knowledge on locations is assumed to be directly available. Here we will be able
to take advantage of the distributed directory service in more realistic experiments.

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

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

3 Survey of current state-of-the-art

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

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

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

Emerald. The Emerald programming language and system has been developed in the late80’s and 90’s at
the Department of Computer Science, University of Copenhagen. Emeraldhas been the first system that offers
fine-grainedmobility [14]. The Emerald language is an imperative object-oriented languagewhere all data is
represented as objects. In Emerald, mobility is integrated in the language. Migration is provided by themove
statement which moves an object to another site. Any thread executing in a moving object is moved together
with the object. In the Emerald migration model, threads follow objects around as the objects are moved.

Obliq. Obliq is an untyped object-oriented interpreted language with distributed lexical scope developed at
DEC by Cardelli [1]. Obliq supports weak mobility. Thus, remote execution is provided and when remote
execution is requested the code representing a procedure is sent and executed 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. It implements strong mi-
gration by extending the Java class library and by modifying the Java runtime.The unit of migration is a
new abstraction primitiveobject-group. This primitive allows the application programmer to customize the
granularity of migration. Object-groups are migrated between execution-engines (that is, an Java interpeter
executing on a host). An execution-engine may host several threads, but multiple threads are scheduled in a
run-to-completionmanner.
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JoCaml, Join Calculus, and Ambient Calculus. JoCaml [3] is an implementation of the Join-Calculus,
which is a reformulation ofπ-calculus with explicit notion of places of interaction.

The programming model is based onlocationsandchannels. Locationsgather both agents and sites in
single abstractions. Sites are toplevel locations and agents are nested locations. A location can contain threads,
channels, and sub-locations. The unit of mobility is a location. Thus, migrationof a location implies migration
of all sub-locations as well. Threads are not part of the language semantics. Channelsare communication
links and are maintained during location migrations. The Join calculus and the Ambient calculus [2] are very
closely related as pointed out in [5] where the Ambient calculus is implemented in JoCaml. There is a very
close relation betweenlocationsandambients. An ambient is aboundedplace where computation happens. In
the Ambient calculus locations are not uniformly accessible by globally uniquenames.

The major difference between the Join Calculus and the Ambient Calculus is that in the Join calculus
movement may happen directly from any active location to any other known location. In the Ambient calculus
locality and control have strong connection. Each ambient is a box, and interactions can occur only between
processes that are in adjoining ambients. Thus, interaction cannot happen without proper consideration of
boundaries and their topology. The unit of mobility is an ambient and agents are confined to ambients.

D’Agents. Developed at the University of Dartmouth, D’Agents [7] is a multi-language system consisting
of Agent Tcl [6], Agent Java, and Agent Scheme. The first two havesupport for strong mobility (Agent Java
is based on the Sumatra system). The unit of migration in D’Agents is a process. The system provides a
migration abstractionagentjump. A D’Agent server must be running at each cooperating site. When an agent
callsagentjump, the complete state of the agent is captured and marshaled to the target machine. The D’Agent
server on the target machine on reception creates a new process running the Tcl interpreter.

ARA. Developed at the University of Kaiserslautern, Ara [19] is a multi-language system that provides strong
mobility. A migration unit in Ara is an agent. Agents are managed by a language independent system core and
interpreters for supported languages (C, C++, Tcl, Java). An Ara agent cannot share anything and resource
bindings are removed before migration.

4 Subworkpackage contributions

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

Thread-based Mobility. This deliverable contributes a model for strong mobility based on threads anddataflow
languages. The model is an extension of a well-established model for distributed programming in a con-
current dataflow language. The model insists on the fact that mobility is under explicit control of the
programmer.

Programming Abstractions and Application Scenarios.Based on thread-based mobility, this deliverable con-
tributes programming abstractions (Go, Push, andPull) which capture common programming idioms
in the construction of mobile applications. It is shown how the abstractions canbe used 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 together with migration managers
as basic building blocks for an architecture to implement thread-based mobility.
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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 feasibility test by running a standard test
scenario for mobility [8].

5 Overview of Deliverable

The next section presents the migration model and details implicit and explicit migration. Section 7 introduces
migration abstractions by presenting several application scenarios. The following section presents a migration
primitive as foundation for the migration abstractions and how thread states are reflected during migration. An
implementation architecture for the model in the Mozart programming system is sketched in 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 executingtypically many lightweight threads.
Threads synchronize automatically by using dataflow variables (also known as logic variables). Dataflow vari-
ables serve as place-holders for not yet known values. Threads are assumed to be first-class language entities
in that they can be passed as arguments to procedures, stored in data structures, and so on.

A thread is a stack of statements. It executes by trying to execute its topmost statement on the stack. A
thread automatically suspends if its topmost statements suspends due to insufficient information available on
its dataflow variables. Thread resumption again is automatic: providing the value for a variable automatically
and fairly resumes all threads suspending on this variable. For more detailson our model of computation we
refer the reader to [20].

We also assume that execution can be distributed across several sites of computation: both data structures
as well as code (in form of procedures, objects and their attached classes) are 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. In ourmodel, the
unit of migration are threads. Migrating a thread can require the migration of several objects, more precisely
the objects referred by the thread. Thread migration is based onthread replicationby creating an exact copy (a
clone) of the original thread at the destination site and destroying the original thread at source site.

When a thread migrates all data values that are accessed by the thread stack are migrated as well. The
exceptions are other threads that are referenced by the migrating threadand resources. We define aresource
as a data structure whose use is restricted to one site (such as file handles,for example). Here, we assume that
resources are ubiquitous and dynamically rebound when threads are migrated. A thread is executed at alocation
which we refer here as asite. Migration is always performed between two sites:source siteanddestination site.
The thread migration implies migration of computation state consisted of a stack of statements. A statement is
a closure defined by a program counter that points to next instruction andenvironment needed for execution of
the instruction.

Thread migration can be initiated from the source site, destination site, or a thirdsite (that is, a site that is
neither source nor destination site). On the source site the thread migration can be initiated 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 applications (site-aware
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applications) that are specifically written to use migration, and applications that are not site-awarebut use
mobility only to increase performance. These two groups are used in the following discussion to compare
explicit and implicit migration.

Implicit Migration. Implicit migration is transparent (invisible) to the application programmer. That means
that a programmer does not program thread migration. Thread migration is caused by some external event
instead. For example, migration of an active object (an object together with asingle thread executing methods)
can trigger the migration of the associated thread.

Implicit migration is preferable for load balancing where performance issues should be separated from
applications. For example, large-scale simulations with thousands or even millions of threads 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 of theapplication and the
implicit model is severely limited.

Explicit Migration. Explicit migration is not transparent. The application programmer explicitly “invokes”
migration (for example, by using some migration abstraction). Explicit migration guarantees full awareness
about where computation is performed.

Applications that are interested in migration due to performance reasons only, still can be completely sepa-
rated from thread migration issues if appropriate abstractions are provided.

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

In summary, explicit migration with appropriate abstractions can be used for both load balancing and mobile
applications. Therefore, we consider explicit migration here.

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

7 Programming Patterns

This section introduces common programming patterns for mobile applications and identifies migration abstrac-
tions and primitives. The code fragments used are presented in Oz [9, 21]. To help the reader,{P Arg} calls
the procedureP with the argumentArg. thread s end creates a new thread which executes the statements.
By X in a new dataflow variableX is introduced.

7.1 Go: Self Migration

The abstractionGo is useful for pro-active mobile agents (that is, agents which initiate their migration in antic-
ipation of future problems, requirements, or changes).

Consider as an example: a mobile agent MA moves between sites and collects aswell as offers information:

1. MA collects information about computing resources such as: processor power, amount of available mem-
ory, available software components and libraries, and available externalhardware resources.
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2. MA offers information collected on already visited sites to the local agents (that 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}

ListOfNeigh NextSite SiteInfo UpdatedInfo
in

SiteInfo = {CollectInfo}
{OfferInfo Info}
UpdatedInfo = {UdateInfo Info ThisSite SiteInfo}
ListOfNeigh = {GetNeigh}
NextSite = {ChooseNext ListOfNeigh}
/* Here comes the migration */
{Go NextSite}
/* Executes on site ‘‘NextSite’’ */
/* after migration has finished */
{Collector UpdatedInfo NextSite}

end

MA is started by spawning a thread which callsCollector appropriately:thread {Collector StartInfo

CurrentSite} end.
Please note that theGo abstraction has one argument representing the destination site.

7.2 Pull: Execution Locator

The abstractionPull is used to move execution from thesource siteto thedestination site, and is invoked
from the destination site. It is useful for several reasons: traffic reduction, network latency avoidance, and other
resource-related issues.

An example of use in the case of traffic reduction can be implemented in the following way. A procedure
TrafficController takes a list of remote threads and checks for each thread if it is worth moving. The
decision is made based on specified criteria (for example, measuring amountof network-traffic produced by the
thread). A matching code example is presented below:

proc {TrafficController RemoteThreads}
for T in RemoteThreads do

if {WorthMoving T} then
{Pull T}

end
end

end

Please note that thePull abstraction has one argument representing the thread to be pulled to the current
site. Note that this is in contrast toGo 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
Pull no yes
Push yes yes

7.3 Push: Execution Mediator

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

proc {LoadBalance SiteList}
HighestLoadSite LowestLoadSite
LoadList Thr

in
LoadList = {GetLoads SiteList}
HighestLoadSite = {Max LoadList}
LowestLoadSite = {Min LoadList}
Thr = {ChooseThread HighestLoadSite}
{Push Thr LowestLoadSite}

end

Please note that thePush 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 abstractionsGo, Pull, 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 abstractions have in common that they
require representations of both threads and sites in the programming language. Threads are available as thread
references (as already discussed in Section 6).

For sites in our model we take the following approach: Asite represents a process where computation
proceeds, for example a virtual machine run by an operating system process. It is represented by a unique
identifier created when a process is forked. Thesite identifier can be passed as a function argument or returned
as a result from a function call. It can be sent as a message (or a part of the message) to other sites. It can be
used in the migration abstractionsPush andGo.
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3.0 3.1Thr
3
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2.4 => {Thread.terminate Thr1}
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3.0 => {GotMessage threadMigration(MT Reply)}

3.1 => Thr = {UnmarshalThread MT}

3.2 => Reply = ack(TerminationAck) 

3.3 => {Wait TerminationAck}

3.4 => {Thread.resume Thr}

2.1 => MT = {MarshalThread Thr1}

2.3 => {Wait Reply}

Thread States

2.5

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

3.2 3.3

Figure 1: Execution of{ThreadReplicate Thr1 Site2}

8 Migration Primitives

Thread migration, independent of the abstractions, is based on replication(that is, creation of an exact copy of
the thread at the destination site). All abstractions discussed earlier use thread replication as follows: after the
replica has been created, theoriginal thread is destroyed.

Each site runs amigration managerwhich controls migration of threads. Thread migration is done by
sending and receiving of messages between migration managers. The information needed to perform migration
of a threadT is located at the source site ofT and the replication process is started there.

In the following MMs refers to the migration manager of the source site, whereasMMd refers to the
migration manager at the destination site.

Source Site The threadT is suspended, its execution state is collected, serialized, and sent to the destination
site.

The migration managerMMs waits until an acknowledgment on thread reception issued by the migration
managerMMd is received. The acknowledgment confirms the existence of two copies ofT , theoriginal
thread at the source site and thereplicatedthread at the destination site. Then, theoriginal is terminated
andMMd is informed that thereplicacan resume.

Destination Site When the serialized thread is received byMMd, it rebuilds the threadTr from the network
representation (unmarshalthe thread). After rebuilding, an acknowledgment message is sent toMMs.

ThenMMd waits on a confirmation that theoriginal threadhas been terminated. When termination of
T is confirmed,Tr is resumed.

MMs andMMd synchronize twice during thread migration. The first synchronization is onthe replica-
thread creationand the second synchronization is on theoriginal-thread termination. Figure 1 shows the
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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 synchronization variable */
MarshThr = {MarshalThread Thr}
{Send Site threadMigration(MarshThr Reply)}
/* Wait on acknowledgment */
{Wait Reply}
/* Terminate thread */
{Thread.terminate Thr}
/* Acknowledge termination */
Reply.terminationAck = terminated

end

A code example of a migration manager is presented below:
proc {WaitForThreads S}

for Msg in {GetMessage S} do
case Msg
of threadMigration(MarshThr Reply) then

Thr TreminationAck
in

Thr = {UnmarshalThr MarshThr}
/* Inform the source site about replica */
Reply = threadReceived(terminationAck:TerminationAck)
/* Wait on termination */
{Wait TerminationAck}
{Thread.resume Thr}

[] migrate(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 states:runnable, running, suspended, or terminated. Thread migration can be
requested for a thread which is in any of the above mention states. The thread state 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 running thread at each
site and a thread cannot migrate itself. Thus, a thread which wants to migrate itself delegates its migration to
another thread. The thread to be migrated is stopped first, and another thread (the thread executing the migration
manager) performsmigration.

Runnable Thread. A runnable thread waits in a runnable queue to be scheduled for execution. The migration
manager suspends the thread and performs the migration. Theoriginal thread at thesourcesite isterminated,
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Figure 2: Thread States

and thereplicatedthread which was created in thesuspendedstate isresumed(that is, added to the runnable
queue at thedestinationsite).

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

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

The original thread isterminatedand thereplicatedthread isresumed. When the thread is scheduled to
run at thedestinationsite it suspends on the same statement that caused suspension at thesourcesite. Thus, the
thread rediscovers its suspensions on its own. This allows to maintain suspension on dataflow variables locally
(that is, suspension information is not distributed across the net). This property is 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. Thus, the migration
is not useful and the thread that requested migration is properly informed.

8.2 Migration Primitive Improvement

The model used for the replication primitiveThreadReplicateis based on synchronous message passing (ren-
dezvous). We use this double synchronization due to dataflow synchronization used for thread synchronization.
The migration primitive can be easily improved by avoiding that the destination site needs to synchronize on
thread termination.

We introduce a new thread state calleddisabled(see Fig. 2). A thread becomesdisabledafter the thread
operation{Thread.disable Thr} is called. The disabled thread cannot becomerunnableor suspendeduntil it
is enabledwith the operation{Thread.enable Thr}. An disabledthread can beterminated. {Thread.disable
Thr} and{Thread.enable Thr} are applied only on the site where the thread is executed (that is, the operations
require no support for distribution). For example, if thereplica is enabledon the destination site, theoriginal
is still disabledon the source site.
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Figure 3: Execution of{ThreadReplicate Thr1 Site2} with disabling

Instead of using a dataflow variable to suspend a thread, the thread isdisabled. The source site still waits
on the thread reception confirmation from the destination site, but the destination site does not wait on the
thread termination confirmation. Thus, thereplicatedthread can beenabledand can continue with execution
before theoriginal thread has been terminated. In the case of high network latency this can leadto considerable
improvement (see Fig 3).

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

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

8.3 Programming the Abstractions

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

Push Abstraction. ThePush abstraction can be used both from the source site or from some third site. The
distributed schedulerpresented in the previous section usesPush to migrate a thread that is not on the same
site as the scheduler. Thus, we cannot assume that thePush abstraction is used at same site where thread is
currently located.

proc {Push Thr Site}
ThrHomeSite Sync

in
ThrHomeSite = {GetSite Thr}
{Send ThrHomeSite migrate(Thr Site Sync)}

13
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{Wait Sync}
end

Go Abstraction. A special case ofPush is when the thread itself initiates the migration process. This opera-
tion is calledGo. The implementation ofGo on top ofPush is presented below:

proc {Go RemoteSite}
Sync Thr

in
Thr = {Thread.this}
thread

{Thread.suspend Thr}
Sync = done
{Push Thr RemoteSite}

end
{Wait Sync}

end

Here, the thread to be migrated spawns a new thread that performs migration. The thread running theGo
abstraction blocks on theSync dataflow variable used to synchronize on migration. That is,Go will return
when the migration process is finished. Note that the thread issuspendedand theSync variable is bound
beforePush is called. That means that theGo does synchronize on completion of migration.

PullAbstraction. ThePull abstraction is implemented on top of thePush abstraction. The implementation
is presented below:

proc {Pull Thr}
MySite MyThr

in
MyThr = {Thread.this}
MySite = {GetSite MyThr}
{Push Thr MySite}

end

Here,MyThr is the thread in whichPull executes.MySite is thedestinationsite.

8.4 Thread References and Thread Migration Protocol

When a thread is created, it is known only to computations at the local site. Later on, a thread reference can
be passed to other sites and the passed reference can be used to perform network-wide operations on threads.
These operations are network transparent and their semantics remain the same as if they where local operations.
The network transparency is provided by the underlying system.

It is possible that a thread during its lifetime migrates several times between sites.Computation on the sites
that have access to the thread reference must have accurate informationabout the thread’s current site. One
way to keep this information up-to-date is to provide a migration protocol. The protocol that we present here is
manager-proxy based.

When a thread reference is sent for the first time to a remote site (for example, when a thread is distributed)
a thread manageron thehome siteis created.Home siteis the site where thread execution happens. In addition,
when the thread reference arrives at the remote site, athread proxyis created (see Figure 4). WhenPull is
executed on the remote site, the thread proxy on that site is triggered and an appropriate protocol message is
sent to the manager. When the manager receives the message it initiates thread migration:

14
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Figure 4: Thread References and Migration

⊲ The thread is suspended, and its state is captured and sent to the new home site.

⊲ A new thread manageris created on the destination site.

⊲ All sites that have thread reference are informed about new home site andnew manager.

9 Sketch of Implementation Architecture

In this section we describe how strong mobility can be implemented as an extensionto the Mozart programming
system [4]. First, we give a short description of the Oz programming language, and the Mozart programming
system. Then we describe the implementation of the extensions needed for the replication primitive.

9.1 Oz and Mozart

Oz is a multi-paradigm concurrent dynamically-typed language with dataflow synchronization. Concurrency
in Oz is explicit and threads are first-class entities. Mozart is a network transparent distributed programming
system implementing Oz [17]. Thus, a distributed application can be developedcompletely in a centralized
setting [11]. Oz provides a variety of built-in data types: stateless, statefuland single-assignment. Oz entities
can be distributed between Mozart processes. Distribution of stateless data entities is achieved by copying
(replication). Consistency of distributed stateful entities is implemented by distribution protocols [22, 10] soon
to be provided by the generic DSS system [16, 15]. When a data entity is sent between two Mozart processes, its
memory representation is transfered to network representation at the sender site and the memory representation
is created at the receiver site upon the reception. Translation to network representation is calledmarshalingand
translation back is calledunmarshaling. The termserializationis also used.

9.2 Thread Marshaling

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

One important design decision in Mozart, for making marshaling simple, is that only values are marshaled.
To comply with that, program counters in stack entries are translated to a pair of procedure and relative offset of
thePC from the start of the procedure. This construction ensures that only complete procedures are marshaled
and also that absolute and site-specific addresses are translated into relative and hence site-independent values.

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

9.3 Migration Protocol Implementation

Sites have uniquely identified port used for thread migration and we refer tothis port as migration port. The
distributed thread has an access structure, used for thread migration, which contains a reference to the migration
port of the thread’s current site. Thus, when a thread migrates the thread’s access structure must be updated with
the current migration port. Migration ports are implemented on a high level reusing ports 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 the Mozart programming system.
We compare the performance of the mobile agent model built on top of thread-based mobility with the client-
server model. First, we discuss a possible application domain that is well suitedfor the mobile agent model.
Then we describe the application scenario used for evaluation and present and discuss results.

10.1 Application Domain

It is clear that agent migration is a time consuming task and that it costs much more than RPC, RMI, and
synchronous message sending. On the other hand, agent migration implies transfer of not only data but “in-
telligence” as well. The major part of distributed applications are client-server based. Servers provide usually
a set of low level operations which can be invoked independently from each other. Clients are applications
that combine these low level operations to provide a specific service. Eachserver operation has to be requested
separately. Total time needed to perform some specific task contains of the timethat the server needs to perform
each low level task and the time needed to deliver requests and replies. Complex clients tasks contain many
requests and the total time is directly proportional to network latency. Mobile agents can avoid network latency
by adopting servers to perform specific tasks without compromising servers generality.

10.2 Application Scenario

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

The task of the application is to collect at a customer siteSc a list of hotels with phone numbers in one
town. Two database servers must be consulted. The hotel database server Hds at the siteSHds

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 serverPds at the siteSPds
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 sends a request (reqh)
to the serverHds. After the list has been received, the client sends one request (reqp) per hotel to the serverPds

to obtain telephone numbers. That means that the client sends as many requests as hotels in the list plus one.
Consequently, the total timetimetotal needed to perform the complete task is defined by the time forreqh plus
the time forn ∗ reqp, wheren is the number of hotels.

Mobile Agent Solution. The mobile agent moves from the customer siteSc to the siteSHds
and requests a

list of hotels locally. After the list has been received, the agent moves to thesiteSPds
and queries the serverPds

for telephone numbers. When all phone numbers are collected the agent moves back to the siteSc and returns
the result.

10.3 Results

In the feasibility test, we assume that the database operations have constantcost. The customer is sited on a
computer in Germany (Universität des Saarlandes) and the servers are sited on computers in Sweden (Swedish
Institute of Computer Science, SICS). We change the number of returned hotels and measure the total time
timetotal in both solutions. Figure 5 summarizes the results. We see that only in the case with very small
numbers of hotels, the Client-Server solution is more efficient than the mobile agent solution. 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 distributed lightweight concurrent
system based on dataflow variables. Important migration abstractionsGo, Pull, andPush are identified. These
abstractions create a powerful programming package for explicit threadmigration that covers all migration
aspects. Thus, migration can be initiated fromsource site, destination site, and from a third site. In addition, the
migration can be initialized by the thread itself or from some other thread. A firstsketch of an implementation
architecture for the Mozart programming system is described and a first feasibility test is presented.
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