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ABSTRACT:By combining research results from differ-
ent communities, better systems can be built. This is exem-
plified in our designs of two mobile agent systems on top of
distributed shared memory. The benefits of our new designs
include improved efficiency, ease of construction, and ease
of use.

I. INTRODUCTION

Message Passing (MP) and Distributed Shared Mem-
ory (DSM) [1], [2], [3], [4], [5] are the two most com-
mon approaches to programming on distributed memory
systems. MP is scalable but difficult to use, and DSM is
easy to use but unscalable. The reason behind the effi-
ciency of MP is that it encourages the programmers to place
a sub-computation on the node where the largest amount
of data required by the the sub-computation resides. This
principle is sometimes referred to as “owner-computes”
[6], but because this term has been widely used to mean
slightly different things [7], we now call it the principle
of pivot-computes. We define pivot-computes to be “the
process/thread on the pivot node which owns large sized
data of a sub-computation computes.” Shared variable pro-
gramming, in which “processes/threads communicate and
synchronize through shared variables,” is what makes DSM
easy to use. A mobile agent approach suggested in our ear-
lier work [8], [9], [6] combines the advantages of the two
existing approaches and avoids the disadvantages.

Our mobile agent approach is facilitated by strong mobil-
ity [10], [11], [12], [13] provided by mobile agent systems.
Today, most mobile agent systems are built on top of MP;
that is, the daemons that provide mobile agent environments
are implemented using MP (e.g., using sockets). In this pa-
per, we present high level designs of mobile agent systems
built on DSMs. Our designs have multiple benefits from uti-
lizing research results in both DSM and mobile agent com-
munities. In particular, the use of mobile agents exploits
data accessing locality; programming on DSM systems is
easy; and DSM systems provide excellent mechanisms to
reuse communicated data.

We first survey DSM systems in section II, then de-
scribe our existing mobile agent system in sub-section III-
A. The design of our two new systems are presented in

sub-section III-B and sub-section III-C. Related work and
final remarks are provided thereafter.

II. DISTRIBUTED SHARED MEMORY SYSTEMS

DSM systems provide a logically shared memory over
physically distributed memory. They combine the program-
ming advantages of shared memory and the cost advantages
of distributed memory. This section briefly surveys some
DSM systems.

A. Classifications

DSM systems can be classified in the following dimen-
sions: granularity of sharing, granularity of implementing
an application, implementation level of the DSM, and orga-
nization of sharing memory address space.

A.1 Page-based vs Object-based DSM Systems

Page-based DSM systems use hardware pages as units
of sharing among processes. They provide less compli-
cated synchronization model [14]. They also provide trans-
parency; that is, the fact that memory is distributed is hid-
den from the users. However, page-based DSM systems
suffer from false sharing, which occurs when two processes
try to access two different data items that are not shared
but are physically allocated to a single page. The larger is
the page size, the higher is the possibility of false sharing.
Munin [15], TreadMarks [16] and Millipede [17] are exam-
ples of page-based DSM systems.

In an object-based DSM system, processes or threads on
multiple machines share an abstract space filled with shared
objects. The location and management of the objects is han-
dled automatically by the runtime system. This model is in
contrast to page-based DSM systems, which provide only
a raw linear memory of bytes. Object-based design avoids
false sharing. Examples of object-based DSM implementa-
tions are CRL [18], Adsmith [19], Midway [20], and Emer-
ald [21].

There has been no clear indication that object-based
DSM systems are better than page-based DSM systems.
There have been studies suggesting that page-based DSM
systems outperform object-based DSM systems in certain
situations [14].
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A.2 Process-oriented vs Thread-oriented DSM Systems

DSM systems can be process-oriented or thread-oriented
[22]. In process-oriented DSM systems, a parallel appli-
cation is implemented as a set of operating system (OS)
processes. Process-oriented DSM systems include Genesis
[23] and Stardust [24].

In thread-oriented DSM systems, such as D-CVM [25], a
parallel application is implemented as a set of threads, and
all threads belong to a single OS process.

Both process- and thread-oriented DSM systems can be
implemented at kernel level or user level.

A.3 Kernel-level vs User-level DSM Systems

Kernel level DSM implementations take advantage of un-
derlying OS and hardware mechanisms. The advantages
of kernel-level DSM systems are simple event handling,
blocking a thread without blocking an entire process, and
robust scheduling. The biggest disadvantage of kernel-level
DSM systems is poor portability, since the kernel is always
tied to a particular OS and hardware. Examples of kernel-
level DSM systems are Gobelins [22] and Genesis [23].

Most of the DSM systems are implemented at a user
(software) level. User-level DSM systems provide a shared
address space for shared data on top of physically dis-
tributed memory using software support [1]. They rely on
user-level memory management techniques provided by the
OS to detect accesses and updates to shared data at the
level of pages/objects. The software DSM system then ap-
plies a memory coherence protocol to provide an illusion
of shared memory. Some well-known user-level thread-
oriented DSM systems are Munin [15], Millipede [26],
TreadMarks [16], and DSM-PM2[27].

A.4 Structure of Shared Address Space

There are variations as to how the address space in a
DSM system is structured. A number of DSM systems,
such as Amber [28] and Arias [29], do not provide sepa-
rate address spaces or separate regions in an address space
for non-shared data. On the other hand, some DSM systems
provide such for non-shared data. Examples are IVY [30],
[31], Ra (the kernel of the Clouds distributed OS [32]), Mi-
rage [33] and CMU’s Mach server [34], [35].

B. Memory consistency models for DSM systems

DSM systems replicate data to allow concurrent access.
Thus, a memory consistency model (or memory coherence
protocol) is needed for shared data. There are a number
of memory consistency models; among them, lazy release
consistency model and multiple-writer coherence protocols
improve the performance of user-level DSM systems.

A release consistency model permits a processor to de-
lay making its changes to shared data visible to other pro-
cessors until special acquire or release synchronization ac-
cesses occur. The propagation of the modifications can thus

be postponed until the next synchronization operation takes
effect [36]. In the lazy release consistency model [37], the
propagation of modifications are sent to other nodes only
upon demand, or acquire; therefore, there is no network
traffic generated until acquire access. Consequently, lazy
release model has better performance compared to other
memory consistency models for DSM systems. Lazy re-
lease consistency is implemented in TreadMarks.

Multiple-writer consistency models [15] address the is-
sue of false sharing described above. They allow various
processors to simultaneously modify their local copies of a
shared page and merge the copies upon next synchroniza-
tion. DSM software then makes a copy of the page (twin)
and allows processors to send encoded modification records
(diffs) to a twin, which can be merged by a receiving pro-
cessor [36]. Lazy release consistency allows diff creation to
be postponed until the acquire access, decreasing the num-
ber of created diffs and improving performance. Multiple-
writer protocols were first implemented in Munin [15].

C. Process/Thread migration

Although there are differences between a process and a
thread as described above, we will refer to both processes
and threads as threads in our discussion from now on for
simplicity.

On multiprocessor systems, spreading execution of
threads over several processors can exploit parallelism and
thus achieve improved performance. However, two issues
arise in such systems: load imbalance and remote data ac-
cess.

During program execution, there may be a dense group
of threads residing on a single processor while only a few
threads exist on other processors. A balanced distribu-
tion of threads across processors improves system perfor-
mance and provides an opportunity to achieve a better over-
all throughput.

Threads may access remote data and thus require un-
avoidable inter-processor communication. If the cost (in
terms of the number of accesses and the amount of data
transferred) of inter-processor data access is high, then re-
locating an accessing thread to the remote node can reduce
inter-processor communication traffic.

Combining the advantages of load balancing and local
data access, effective migration ensures better performance.
Millipede, D-CVM, DSM-PM2, and TreadMarks support
thread migration at the user level, Genesis supports process
migration at kernel level. Gobelins provides thread migra-
tion on a Linux cluster, where threads are implemented as
processes.

III. DESIGNING MOBILE AGENT SYSTEMS

Our designs are inspired by the following observations.
First, computation mobility in the form of mobile agents
[38], [39], [40], or thread migration [41], is essential to
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good performance as it exploits data locality. Second,
shared variable programming is at a higher level and easier
to use than message passing. Third, DSM systems as being
used today suffer from false sharing (in page-based DSM
systems), and memory coherence protocols are not being
used effectively, and hence DSM systems are not scalable
[42]. Fourth, a mobile agent system such as MESSENGERS

suffers from a so-called “fuzzy locus” problem when it is
implemented based on message passing. The objectives of
our designs are more efficient mobile agent systems through
better use of a DSM system, and easier constructions of mo-
bile agent systems using a DSM system.

The navigation of a mobile agent is explicit if explicit
navigational statements are needed in the code. MES-
SENGERS [43], [44], [45], [46] is such a system: it pro-
vides explicit navigation using the hop() statement. Mobile
agents that support explicit navigation are said to possess
compile-time strong mobility, for which the exact places
in the code where navigation can happen is predefined be-
fore compile time. Agent navigation can also be done in
a more transparent way in which a programmer does not
directly control it. Rather, the underlying system triggers
agent navigation using some type of protocol. The protocol
used to drive mobile agents follows the principle of pivot-
computes, and its objective is to exploit data accessing lo-
cality as much as possible. This kind of navigation is called
implicit, and mobile agents that provide implicit navigation
possess run-time strong mobility.

In this section, a description of our existing mobile agent
system is followed by the design of two new DSM-based
systems.

A. MESSENGERS: explicit navigation using MP

Control Block (MCB)
Messenger

Offset vector

Messenger heap

Agent variables

Fig. 1. Messenger structure.

The MESSENGERS system [43], [44], [45], [46], devel-
oped in School of Information & Computer Science at Uni-
versity of California, Irvine, is an environment for general
purpose distributed computing. In MESSENGERS, applica-
tions are developed as collections of self-migrating agents,
called Messengers. Like other implementations of mobile
agents with strong mobility [10], [11], [12], [13], a Mes-
senger can halt its execution, encapsulate the values of its

variables, move to another node, restore the state, and con-
tinue executing. In this subsection, we briefly describe the
design of MESSENGERS-C [44], [47], the “compiled” ver-
sion of our MESSENGERS system. This “compiled” version
of MESSENGERS is faster than an older “interpreted” ver-
sion named MESSENGERS-I.

Three levels of networks are used. The lowest level is
the physical network(e.g., a LAN or WAN), which con-
stitutes the underlying computational processing elements.
Superimposed on the physical layer is the daemon network,
where each daemon is a server process that receives, exe-
cutes, and dispatches Messengers. The logical network is
an application-specific computation network created on top
of the daemon network. Messengers may be injected (by
the program minject which is part of the MESSENGERS

system, or by another Messenger) into any of the daemon
nodes and they may start creating new logical nodes and
links on the current or any other daemons. Based on appli-
cation need, multiple logical nodes can be created on one
physical node.

A MESSENGERS daemon executes compiled Messen-
gers. A daemon and all Messengers running on it share
one process, and the Messengers are linked to the process
dynamically. Messengers are allowed to call C functions,
grouped in a user library which is also dynamically linked
to the process. There are four tasks for a daemon. First,
to accept UNIX signals to inject Messengers. These sig-
nals are sent by the program minject or another Messen-
ger. Second, to respond to requests, such as “search node”
and “complete link,” from other Messengers. Third, to add
incoming Messengers to a ready list. And fourth, to ex-
ecute Messengers. In addition, a daemon also provides
a function, the calling of which would result in the au-
tonomous caller Messenger being sent to a destination dae-
mon. Socket-level message passing is used by a daemon or
a Messenger to communicate with remote daemons.

The structure of a Messenger is depicted in Fig. 1. A
Messenger consists of a small Messenger control block (or
MCB, storing such data as ”pointer to next function,” li-
brary name, Messenger size), agent variables, a vector of
offsets used to access memory in a Messenger heap used
for dynamic arrays, and the heap itself [47].

There are two types of variables in MESSENGERS: agent
variables and node variables. An agent variable is private to
a particular Messenger and travels with that Messenger as
it migrates through the logical network. A node variable is
stationary, and is accessible by all Messengers currently at
the logical node to which the variable belongs. Hence agent
variables can be used to carry data between nodes, while
node variables can be used for inter-agent communication.

A Messenger’s programmer tells it to migrate using the
navigational statement hop(). A destination node’s logical
address or a logical link between the source and the des-
tination nodes can be used as the argument for the hop()
statement. When a Messenger hops, it takes the data in its
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(1)S1;
(2)hop();
(3)S2;

(a)

(1)f1 (mcb) { (1)f2 (mcb) {
(2) S1; (2) S2;
(3) mcb− > next func = 2; (3)}
(4) ... / ∗ code for hop () ∗ /
(5)}

(b)
Fig. 2. Transformation of straight-line code. (a) MESSENGERS code. (b) Restructured functions.

agent variables with it to wherever it migrates.
A Messenger can spawn another Messenger using the

statement inject(). Synchronization among Messengers
uses “events,” and the statements signalEvent() and
waitEvent(). Since no remote data accessing is allowed,
the events are local and so is synchronization. A Messen-
ger’s execution is not preempted between any two naviga-
tional statements. A Messenger must explicitly relinquish
control to other Messengers using statements such as hop().
We call this feature “non-preemptive scheduling.”

The MESSENGERS compiler lies at the heart of the sys-
tem. MESSENGERS code, with strong mobility, is trans-
lated into stationary code communicating using message
passing with sockets. This suggests that our mobile agent
approach to distributed programming is at a higher level
than message passing. The translated stationary code (in
C) is then further compiled into machine native code for
execution. Strong mobility in MESSENGERS means that
computation migrates in the network in the form of a pro-
gram counter. The actual mechanism for handling program
counters can be seen from a simple example [44]. The basic
idea is to break a MESSENGERS program into smaller func-
tions (in C) at navigational or other context-switching state-
ments, and use the “pointer to next function” as our artificial
program counter. Fig. 2(a) shows MESSENGERS code of
two statements S1 and S2 separated by a context-switching
statement hop(). This MESSENGERS code is compiled by
the MESSENGERS compiler into two functions, each takes a
pointer to a Messenger control block (mcb) as its argument,
shown in Fig. 2(b); f1() uses a “pointer to next function”
to point to function f2() which is executed after migration.
Line (4) in Fig. 2(b) represents code that calls the daemon
function mentioned earlier, and by calling this function the
Messenger autonomously sends itself to a destination dae-
mon.

One subtle but important feature of the MESSENGERS

system is that it allows code to either be loaded from a
shared disk or, in a non-shared file system, be sent across
the network at most once, irrespective of how many times
the locus of computation moves across the network [48].
This is crucial to performance.

The overhead of mobile agent navigation in MESSEN-
GERS is relatively small due to the following reasons. First,
since a Messenger is compiled into smaller functions at

navigational statements, it is not necessary to save the func-
tion stack but only the “pointer to next function.” Second,
the “extra” information associated with a Messenger’s sta-
tus (i.e., MCB) is small. Third, no marshalling and unmar-
shalling of the agent variables is needed. Fourth, a Messen-
ger runs in the same memory space of a daemon, which is
why adding or removing it from the ready list takes only a
few instructions to update some pointers in the list, instead
of doing memory copying. The navigation of Messengers is
almost as fast as sending TCP messages using a C program.

B. Explicit navigation using DSM

In this section, we describe a high level design of an
explicit-navigation mobile agent system based on a DSM.

In our earlier work [49], [50], we proposed to have shared
variable programming beyond shared memory using mo-
bile agents. Shared variable programming is a model of
computing in which inter-thread communication and syn-
chronization are managed through the use of variables that
multiple threads share. It is easier than MP because a
programmer can read from and write to remote memory
with simple assignment statements. Shared variable pro-
gramming is possible beyond a single-address space be-
cause the strong mobility of mobile agents enables them
to migrate to remote data in order to share it. This ac-
tion is dual to the data “pulling” in classical DSM systems,
and both data pulling and agent migration make variable
sharing possible. The actual mechanism we provide for
shared variable programming in non-shared memory envi-
ronment is distributed shared variable, or DSV [50], plus
mobile agent migration. We assume that as the size of a
problem gets larger and larger, and hence distributed com-
puting is needed, one or more data structures need to be
distributed. Examples of such data structures are “large”
matrices, “large” linked lists, or “large” trees. The word
“large” here implies that these data structures are too big
to fit in any single memory and therefore will need to be
distributed using some transformations.

If a transformation is such that (1) any item in a data
structure is accessed using the same scheme (e.g., same in-
dex or same pointer arithmetic) before and after the trans-
formation; (2) any thread can access any item in the trans-
formed data structure directly without any help from other
application-level thread, we define this transformation to
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preserve data structure integrity. Data structure integrity
represents the notion that as the problem size scales up,
large data structures are each still logically an integral one
even if physically they are distributed, and they are being
accessed in the same way as in the original sequential pro-
gram developed in a single-address space. Data structure
integrity should be preserved for both indexed and pointer-
based data structures.
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A[0..99] A[100..199] A[200..299]

node2node1 node3

Fig. 3. Distributed shared variable.

The use of DSV helps to preserve data structure integrity.
Fig. 3 shows an example of DSV. Each array on a node is
a MESSENGERS node variable, and the three of them to-
gether make a DSV A[0..299] that represents a large array
being distributed over three nodes. The single address of
this DSV is provided through pointer shift (e.g., on node2
A = A−100 and on node3 A = A−200, after memory al-
location) [49], or in a more sophisticated situation, through
a “global-to-local index map” [9]. A qualifier similar to
shared in UPC [51], [52] can be provided as a user inter-
face for the programmers to specify data distribution pat-
tern. Transforming the large array A[.] into the DSV in this
example preserves data structure integrity because the ar-
ray indexing scheme is the same as if the array A[.] is small
and not distributed, and a mobile agent can access any ar-
ray entry autonomously by hopping to the node hosting the
data. The migration of mobile agents serves as a bridge
between distributed memories. It is obvious that DSM sys-
tems preserve data structure integrity. They do so by map-
ping local memories into a single virtual address space, and
provide data pulling for the nodes that conduct remote data
access through the virtual space. Our DSV with mobile
agents turns DSM on its head. Instead of mapping mem-
ory to threads, we migrate threads to data. MP does not
preserve data structure integrity because although it is not
hard to provide a single index scheme for a physically dis-
tributed but logically single data structure (e.g., one could
use the same scheme shown in Fig. 3 for arrays in MP pro-
grams), an MP process would need the help from another
application-level process to access remote data. With MP
system that provides one-sided communication (e.g., MPI-
2 [53]), this help may be delayed but is still needed, other-
wise the principle of pivot-computes will be violated sooner
or later.

Table I gives a taxonomy of variables in MESSENGERS.
In addition to the primitive node and agent variables, shared
variable programming in distributed memory requires the
use of DSV. Since DSVs are constructed using node vari-

ables that are local to nodes, in order to access an item in a
DSV, a mobile agent is required to migrate to the node vari-
able containing the item. In other words, no remote data
accessing is provided. Note that in Table I, a distributed
and publicly shared DSV is not globally accessible. On the
other hand, a non-shared privately owned agent variable is
globally accessible by its owner agent. This is in contrast
to the classical use of DSM in which all data put on DSM
is both shared and globally accessible.

TABLE I

A TAXONOMY OF VARIABLES

non-distributed distributed

non-shared (none) agent variable
shared node variable DSV

DSV with mobile agents exploits data locality. To ex-
plain how this is done, we introduce the concept of dis-
tributed code building block, or DBLOCK. A DBLOCK

is defined to be any fragment of code (e.g., a loop, an if-
then-else statement, or a sequence of straight-line code)
that accesses data that has already been allocated to two
or more distinct machines. A DBLOCK cannot execute ex-
clusively on a single machine. The essence of distributed
programming is nothing else but resolving DBLOCKs. In
DBLOCK resolution, an efficient way is to find the pivot
of the DBLOCK (i.e., the node that owns the largest sized
data used by the DBLOCK), move the other distributed
data involved to the pivot, and compute on the pivot node.
Note that the pivot can change during the execution of a
DBLOCK. One example of this is a loop that sequentially
browses through the distributed 1-D array A[.] shown in
Fig. 3. The computation result may need to be assigned
back to a remote node. This DBLOCK resolution follows
the principle of pivot-computes. With MP, a DBLOCK is
broken down into smaller code blocks assigned to differ-
ent nodes communicating with each other using messages.
These smaller code blocks are no longer DBLOCKs because
they compute using only local data and locally buffered
messages. The problem with the MP way of DBLOCK res-
olution is code restructuring. With DSM, a whole program
is treated as one DBLOCK, and the way to resolve it is to
provide transparent remote data accessing. This approach
causes more data to be moved because computations of the
DBLOCKs may not happen on their pivot nodes. With DSV
and mobile agents, we resolve a DBLOCK by putting its
large data in a DSV and its small data in agent variables.
A mobile agent carrying small data migrates to the pivot
node and computes there. In this way, the principle of pivot-
computes is followed, and the code structure is preserved.

The fact that we proposed shared variable programming
beyond shared memory does not mean that DSM systems
cannot be used to help us. In fact, DSM systems can be
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used to serve as communication media for the globally ac-
cessible data, or in other words, the agent variables. This
is why we are designing our mobile agent systems on top
of DSM systems. Fig. 4 depicts the functional components
of the system and their dependencies. A DSM is, as usual,
built on top of a physical network of machines. Our mobile
agent system, with a compiler and a daemon system as its
major components, is built on the DSM. And the agent pro-
grammers program explicit agent navigation using our sys-
tem. The architecture of a DSM-based explicit-navigation
mobile agent system is sketched in Fig. 5.

compile-time

DSM

explicit navigation

strong mobility

physical

Fig. 4. Functional dependencies of an explicit-navigation mobile agent
system.

Conventional wisdom puts the large distributed data in
the “shared” memory space in DSM, and this data is at the
same time globally accessible. This causes several prob-
lems. First, using DSM in this fashion causes inadvertent
movement of large data by a programmer, resulting in vio-
lation of the principle of pivot-computes. This is the major
reason why classical DSM systems are not scalable. One
way to correct this, is to provide the programmers with data
distribution and thread migration, so that they can control
the programs more consciously to follow the principle of
pivot-computes. This is basically provided by our design in
this subsection. Another possibility is a more automatic so-
lution, which will be the topic of the next subsection. Sec-
ond, because of the larger-than-necessary data movement,
data replication is used in order to reuse the data moved
and amortize the cost of communication over multiple re-
peated uses. But replication leads to the problem of coher-
ence, and memory coherence protocols are then needed in
order to guarantee correctness. Now the new problem is
that the traffic caused by consistency requirements is by it-
self a big overhead in some situations. And the protocols
are complicated, and they do not always work for data ac-
cessing patterns that are dynamic. Third, false sharing can
happen because it is impossible to prevent two threads from
accessing two separate data items that happen to reside on
the same memory page.

In contrast to the classical use of DSM systems, our de-
sign puts the large data that we do not want to see moved
into the “local” memory space of the computing nodes. The
node variables holding the data form one DSV. The array

and the linked list in Fig. 5 are two examples. Here we as-
sume that we are building our mobile agent system based on
a DSM system (such as IVY) that provides separate mem-
ory space on each node for non-shared data. It is impor-
tant to realize that “shared” or public data does not have to
be “globally accessible.” “Shared” means multiple threads
have the right to access the data, while “globally accessi-
ble” says the data is accessible from anywhere. These are
two different properties. The classical use of DSM pro-
vides both properties at the same time to the distributed
data, which opens door to false sharing. Our design of
DSV makes it false-sharing free, simply because all data
in a DSV is not moved at all. Data moving is a result of
global accessibility.

On the other hand, “non-shared” or privately owned data
may need to be made “globally accessible.” This is true
for agent variables. Agent variables are put on DSM so
that they can be available when their owner agents execut-
ing DBLOCKs compute on the corresponding pivots. x, y,
and z in Fig. 5 are examples of such agent variables. There
are several advantages of using DSM rather than message
passing to handle mobile agent migration. First, it prevents
false sharing, because agent variables are not shared among
different agents, and we can easily make different groups
of agent variables belonging to different agents not to share
same memory pages by starting a different group from a
new page. In this way, we will at most waste a page for
each mobile agent. Second, agent migration is generally
faster using DSM. An agent can start executing after mi-
grating to a new node as soon as its MCB is shipped via
the DSM. This is not possible if we treat the entire Mes-
senger as a message like in MESSENGERS-C. An auxiliary
thread can be started to read through the agent’s agent vari-
ables causing the DSM to send these variables to the lo-
cal node. We can utilize the CPU better in this way if the
agent is computing heavily using mostly local data stored
in DSVs, because the CPU is switching between computa-
tion and communication threads without idling. Of course,
if the agent hits a read/write miss of some agent variable,
it’ll have to wait until the auxiliary thread brings it in. But
no expensive context switching is done in this case. Using
DSM to pull agent variables on demand saves communica-
tion cost in the situation when only part of the agent vari-
ables are accessed during a visit. This is very hard to do
in MP based MESSENGERS-C. A Messenger, upon finish-
ing its computation, can either stop the auxiliary thread, or
hop away leaving the auxiliary thread running to pull the
unused agent variables for its next visit. Third, DSM mem-
ory consistency protocols can help to reuse the agent vari-
ables when the owner agent visits the same node multiple
times, because coherence traffic only contains diffs but not
the whole agent variable set. Fourth, using DSM can dra-
matically simplify daemon programming because now we
are using shared variable programming rather than message
passing (using sockets) as in MESSENGERS-C. Basically,
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Fig. 5. DSM-based mobile agent system that supports explicit navigation.

a MESSENGERS daemon sets up the connection to other
daemons and provides functions to send the Messengers to
other daemons. These communication and synchronization
can be all done through shared variables put on DSM.

One may question why we call an agent variable “dis-
tributed” in Table I. In MESSENGERS-C, an agent variable
cannot exist in multiple locations at the same time. So it is
“distributed” only in the sense that it resides in distributed
locations at different time. In our new design, if a page-
based DSM system is used, an agent variable (e.g., an array)
can really be spatially distributed at a certain time because
the DSM system may only migrate the pages containing a
portion of the agent variable (e.g., the first half of the ar-
ray) that is accessed by the agent after it migrates to a new
node. In this situation, the array is indeed distributed on
two different nodes.

We should point out that applications with all agents
smaller than a page are not good fits for our new design
because a page is the basic unit for communication. Possi-
ble solutions are vectorizing communication to increase the
size of Messengers, or adjusting page size in the underly-
ing network. Fortunately, many numerical problems require
putting in agent variables vectors or sub-matrices (in MBs)
that are much larger than a page (typically in KBs, but ad-
justable).

In distributed pointer-based data structures, local point-
ers are most efficient in accessing local data elements. But
occasionally when the machine boundary is hit, we need a
“global pointer” to help us jump across. DSM can help us
bridge the gap, as depicted in Fig. 5, simply because vari-
ables put on DSM can be seen from both nodes.

C. Implicit navigation using DSM

The use of the explicit-navigation mobile agents requires
a programmer to manually drive the agents to follow the
principle of pivot-computes for the DBLOCKs. Because of

the use of DSVs which do not provide remote data access-
ing, in resolving a DBLOCK, a programmer has to be ex-
actly right in driving the locus of computation to the right
nodes, or data accessing is going to fail and so is the pro-
gram. If we put all the data back to the DSM without using
DSVs, it relieves the programmer of the burden but ignores
the principle. An interesting question is whether we can
have a run-time system that automatically drives the Mes-
sengers to follow the principle of pivot-computes.

physical

run-time strongnavigation

implicit navigation

DSM

protocol mobility

Fig. 6. Functional dependencies of an implicit-navigation mobile agent
system.

Fig. 6 depicts a functional design of an implicit-
navigation agent system. An important building block is
a navigation protocol, which decides when and to which
destination a Messenger migrates. Such protocols exist in
earlier work [41], and they follow the principle of owner-
computes, which for some applications is equivalent to
pivot-computes but for others is not. A protocol that fol-
lows pivot-computes can also be developed; the basic idea
can be as simple as comparing local versus remote page ac-
cesses. We will not discuss the protocols in detail here, but
once we build our system, we will test out both types of
protocols.

The next important building block is a mechanism to sup-
port run-time strong mobility. That is, a Messenger should
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a = b + c

x = y + z

for i = 1..n

x = y + z

m = p * q

  t = t + A[i]

(a)

a = b + c

m = p * q

next_func = 3

x = y + z

for i = 1..n

next_func = 2

  t = t + A[i]

f1()

f2()

f3()

(b)
Fig. 7. Mechanism for run-time migration. (a) MESSENGERS code. (b) Translated functions.

be able to migrate at run-time anywhere in the program
without any user hint. In a homogeneous environment, this
can be done by moving a function’s activation record [41].
Our design uses the activation record and our “next func-
tion pointer” in a hierarchical way. An example of our run-
time migration mechanism is depicted in Fig. 7. A MES-
SENGERS source code is sub-divided into blocks at dashed
lines in Fig. 7(a). The decision of where to put those dashed
lines can be made by a programmer (who knows where the
next pivot node is) by inserting explicit hop() statements,
or by the MESSENGERS compiler using natural language
blocks (e.g., a loop). This source code is compiled by the
MESSENGERS compiler into smaller functions each hold-
ing a next func pointer. When the underlying protocol de-
cides to migrate inside the for loop of f2() to a new pivot
node, the activation record of the thread and the next func
pointer of f2(), which has a value of 3, are moved to the
destination as a compound program counter.

There are at least two benefits from this system. First,
this allows a better decision combining both the program-
mer’s knowledge and the run-time system’s capability. For
example, a human knows better about the next pivot node
of a coarse-level task, while the run-time system is good
at determining dynamic situations. Second, the run-time
strong mobility based on a DSM can be used to resolve the
problem of the so-called “fuzzy locus” existing in explicit-
navigation systems such as MESSENGERS-C. The prob-
lem of fuzzy locus happens when the locus of computation
moves across node boundaries. Within one or a couple of
statements, the program accesses data on both sides of the
boundary. A simple example of fuzzy locus is shown in
Fig. 8. This code is a loop over a 1-D array A[.] depicted
in Fig. 3. Without remote data accessing, a MESSENGERS

programmer needs to handle the situation when A[i] and
A[i − 1] are on neighboring nodes by breaking line (2) and
inserting an explicit hop() statement. This may result in in-
efficient code because for most of the loop A[i] and A[i−1]
reside on the same node, and may be too tedious to do if the
statement is more complicated and more hop() statements
are required. The problem of fuzzy locus can happen with

(1) for i = 2 : n
(2) A[i] = A[i − 1] + 1
(3) end

Fig. 8. Pseudocode that can cause the phenomenon of fuzzy locus.

pointer-based data structures for similar reason. With im-
plicit navigation, no manual code change is needed, and
the program runs correctly on either side of the boundary.
The efficiency of the program is the job of the navigation
protocol. When there is no obvious pivot node (i.e., data
accessed on either side is about the same size), the protocol
may want to avoid aggressive migration. And as an obvious
pivot emerges, the protocol would need to detect and react
to it quickly.

We should point out that in this design, all data will be
put on DSM, and is both shared and globally accessible by
all Messengers, and hence false sharing is still a possibility.

IV. RELATED WORK

Our design focuses on how to use a DSM system to im-
plement a mobile agent system to explore data locality. In
this section we describe how our work relates to some other
work in the DSM area.

There is a small group of DSM systems, such as Cohe-
sion [54], Millipede[55], [26], MigThread-outfitted Strings
[56], and JIAJIA [57], and DSM-included distributed op-
erating systems, like Gobelins, that use process/thread mi-
gration mainly to improve load balancing. There also ex-
ist DSM systems, e.g. D-CVM, and those, e.g. Prelude
[58] and MCRL [59], that make use of thread migration and
computation migration respectively to exploit data locality.

Prelude was one of the pioneers in using computation mi-
gration, which can be viewed as a generalization of thread
migration, on a DSM system, to exploit data locality. Com-
putation migration is the partial migration of active threads.
While Prelude used a compiler to implement computation
migration, the Olden system [60] implemented it using a
run time system. MCRL is a multithreaded DSM system
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and Hsieh [41] developed it to implement dynamic com-
putation migration, which is a combination of data migra-
tion and computation migration. The decision to migrate
computation or data is made at run time. The Prelude and
MCRL projects were mainly focused on data locality rather
than load balancing. The former relies on a compiler but
the latter provides only an interface for a compiler-based
implementation but not a compiler itself. Hsieh pointed
out that data migration with replication, employed by most
DSM systems, hurts the performance of write operations
involving data shared by different processes, as this data
must be kept coherent. He observed that computation mi-
gration reduces the demand for network bandwidth and
eliminates coherence traffic. Hsieh implemented compu-
tation migration by migrating single activation records of
a thread, though he argued that it should be possible to
migrate partial or multiple activation records of a thread.
The Prelude, Olden and MCRL projects use program an-
notations, such as a “move” statement, to indicate (poten-
tial) points of computation migration. Hsieh proposed two
heuristics, STATIC and REPEAT, to guide the choice be-
tween computation migration and data migration: STATIC
always migrates computation for non-local writes, and mi-
grates data for non-local reads; REPEAT always migrates
computation for non-local writes, and dynamically chooses
between computation migration and data migration for non-
local reads: specifically, data migration is chosen when two
repeated reads for the same data occurs; otherwise, compu-
tation migration is used.

In summary, among the vast number of DSM systems,
there are only a handful that make use of thread migration,
and only a couple such as MCRL that employ thread mi-
gration to exploit data locality. Our investigation aims to
encourage further research in this promising area.

V. FINAL REMARKS

We have described the design of two mobile agent sys-
tems based on the use of DSM systems. In the discussion
we implicitly assumed in several places that we are using a
page-based DSM.

In the explicit-navigation system, two performance ben-
efits can be obtained: (1) avoiding inadvertent movement of
large data in conventional use of DSM; (2) improving reuse
of communicated data using data replication and memory
coherence protocols. The first benefit is a result of fol-
lowing the principle of pivot-computes, and it can be ob-
tained in handcrafted message passing programs as well.
However a message passing system such as MPI does not
support automatic message reuse, i.e., the second benefit.
The fact that MP programs generally have better scalability
than classical DSM programs suggests that the first bene-
fit is magnitudes more important than the second. It seems
that the classical use of DSM focuses more on maximizing
parallelism rather than exploiting data locality which makes
them lose the first benefit and hence lose the “battle” with

the MP approach. In our design, we enjoy both benefits, the
second of which, even though smaller compared to the first
one, is the one that MP systems do not provide.

Our design of implicit-navigation system aims at provid-
ing automatic or semi-automatic distributed computing. Al-
though it is generally true that programs manually coded
with application knowledge taken into consideration per-
form better, automatic systems are easier to use and hence
have their own places in the community. It would be very
interesting to build both and compare the usefulness using
a suite of applications. This will be our future work.

More than a decade of efforts have been put into the re-
search of DSM systems, and the output is not ideal in the
sense that DSM systems are still not as scalable and effi-
cient as MP ones [42]. But the building blocks of DSM
systems, especially the memory coherence protocols, rep-
resent the fruits of excellent research and deserve to be built
on. The problem now is how to use and reuse them prop-
erly, and this paper is part of our attempt.
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