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Abstract. Telepresent Agents are software
Agents that are instantiated simultaneously
within two or more distinct computer applica-
tions (called Locales) which are operating at
distinct nodes of a computer network. Agents
are composed of Capabilities—often a sepa-
rate Capability for each Locale in which the
Agent operates. As an Agent exchanges in-
formation among and within its Capabilities,
information passes implicitly among the Lo-
cales as if through a wormhole communica-
tion channel.

One way to think about SimX—our name for
the mechanisms described here—is that it
does for data shared among Locales and Re-
mote Procedure Calls what object-oriented
programming did for instance variables and
subprogram calls. By providing an entity-like
construct within which such calls and data
can be encapsulated, a construct that cuts
across Locale boundaries, SimX eliminates
the need for explicit mechanisms to allow
Agents and Locales to communicate directly.
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I. INTRODUCTION

Network-based processing is vital to the fields
of agent-based and evolutionary computation.

e In agent-based computations, agents are
often understood as operating in two envi-

ronments simultaneously. For example in
economic modeling, an agent may partici-
pate in both a market environment and a
production environment.

Agents may also be understood as moving
from one environment to another; when
one source of a resource depletes, the
agent may move to another source. Each
of these sources may be modeled as a
separate environment.

e In evolutionary computation, one often
encourages diversity through the creation
of multiple loosely linked evolving popu-
lations. Individuals are permitted to mi-
grate—at controlled rates—from one to
the other.

Network-based processing is not limited to ap-
plications related to complex systems. A broad
range of modern computer applications—
application types as diverse as massively multi-
player on-line games, collaborative environ-
ments, distributed simulations, web agents, inter-
active web sites, distributed modeling and simu-
lations, web services-based applications, and
even traditional client-server application—
involve network-based processing.

Although various messaging and middleware
frameworks have been developed to support
communication among networked systems, none
has established itself as a coherent common con-
ceptual framework. This paper discusses SimX, a
conceptual framework for network-based sys-
tems. The SimX approach to networked systems
is formulated in terms of what are called Lo-
cales—self self-contained computer applica-
tions—and Telepresent Agents—software agents
that may be understood as being instantiated in
multiple Locales simultaneously. Section VIII
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reviews a number of the existing approaches and
discusses how SimX differs from them.

The mechanisms involved in the SimX frame-
work are really quite simple. But they differ sig-
nificantly from existing approaches, and they
provide just the right level of abstraction for a
great many networked applications, both agent-
based and traditional.

A Java implementation of SimX has been de-
veloped. In the discussion to follow, we make
free use of concepts from object-oriented pro-
gramming in general and Java in particular.

II. NETWORKS, LOCALES, AND AGENTS

This section sets the context with some basic
definitions.

A. Networks, Nodes, and Sockets

A network is a collection of nodes linked by
communication channels. A Node is a source and
destination for messages. Although separate
Nodes typically reside on separate physical com-
puters, there is no reason to disallow multiple
Nodes from co-existing on a single computer.

SimX implements communication channels
between Nodes with Java Sockets using the TCP
protocol. Thus a SimX network consists of some
number of Nodes linked by Java Sockets. In
SimX, Nodes are relatively invisible. We do not
discuss them further.

B. Agents

In the field of agent-based systems, the notion
of an agent has evolved away from its dictionary
meaning: an entity that carries out the instruc-
tions or wishes of some other entity. Instead, a
software agent is typically understood as a com-
puter program that operates with a certain degree
of autonomy. From the perspective of object-
oriented programming one may usefully think of
an agent as any object that runs as a Thread. In-
tuitively, an agent is an instance of a Thread—or
of a class that implements Runnable.

A feature of Agents that has received less at-
tention than it deserves is the requirement that
agents control their own boundaries, i.e. that they
are containers of a sort with boundaries that can-
not be violated except in specified ways. In ob-
ject-oriented programming this property is typi-
cally implemented through the use of method
and instance variable modifiers such as public,
protected, and private.

SimX Agents make very few methods public.
The public methods exposed by SimX Agents
fall into two broad categories.

1. Methods that allow the outside world to
present information to the Agent. For the
most part these are methods that accept
external data, which they enqueue for later
processing by the Agent’s thread. Other
than adding the new data to a queue of
data waiting for processing, such methods
do not modify the state of the Agent. Of
course, once accepted the Agent’s internal
thread may take arbitrary actions depend-
ing on the information that was enqueued.

2. Methods that reveal one or more of the
agent’s properties or aspects of the agent’s
state. (These are traditional getter meth-
ods.) Such methods do not violate an
agent’s boundaries in that they reveal only
as much information as the Agent chooses
to make available. In addition, they do not
make any changes in the Agent’s state.

None of the methods in the above categories
cause an Agent to act. All of the actions taken by
Agents are driven by the Agent’s internal thread.
In general it is not possible for an external thread
to reach into an Agent and cause it to act. This is
a stricter restriction than that typically seen in
object oriented programming.

What this means is that an Agent exposes vir-
tually no operational API. The only actions
available through an Agent’s API are those that
provide information to the Agent and those that
return information about the Agent.

We will call this constraint the boundary in-
tegrity property. Agents have an inside and an
outside; they control strictly what passes over the
boundary that separates the inside from the out-
side.

Agents with the boundary integrity property
communicate by passing information to each
other and by placing information in the environ-
ment but not by operating on each other. This
form of interaction is called stigmergy, see [1].

C. Locales

A Locale corresponds to a computer applica-
tion that can run in a non-distributed environ-
ment, i.e., on a single computer. Objects in a
Locale typically reside in a single name space.
Most traditional computer application can run in
(or as) a Locale.
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A Locale Realization is the execution of a Lo-
cale on a Node. In object-oriented programming
terms, a Locale is to a Locale Realization as a
Class is to an Object or Class instance.

SimX defines an abstract Locale class. All
other Locales are subclasses of the Locale class.
A Locale Realization is the instantiation of one
of these subclasses. A legacy computer applica-
tion can be re-implemented as a Locale by writ-
ing a special wrapper Locale that runs that appli-
cation within it. From here on we use the term
Locale to refer to any single-computer applica-
tion.

From an Agent-based perspective, a Locale
may be understood as an environment within
which Agents may act and interact.

Each Node supports and provides communica-
tion services for exactly one Locale Realization.

To summarize:

e A Locale is a computer application that
may run on a single computer. The execu-
tion of a Locale on a particular Node is a
Locale Realization.

e A Node provides communication services
for a Locale Realization, allowing it (and
the Agents within it) to communicate with
other Locale Realizations (and the Agents
within them). For the most part, this
communication will reflect the synchroni-
zation of multiple instances of a single
Agent rather than communication between
Agents or between Locales and will occur
at a relatively low and implicit level in the
system’s architecture.

e An Agent is an object (in the object-
oriented sense) with boundary integrity
constraints that runs as a Thread within
one or more Locales. Agents interact with
other elements (including other Agents)
within the same Locale(s). Agent interac-
tion is always stigmergic: the Locale func-
tions as the stigmergic environment. Note
that Agents may interact with other ele-
ments in the same Locale, not just in the
same Locale Realization. Interaction be-
tween Agents is possible only when the
interacting Agents are in the same Locale.

III. TwO MOTIVATING EXAMPLES

In this section we present two examples, which
illustrate the demands placed on Agents and Lo-
cales.

A. Massively Multiplayer Online Games

A massively multiplayer online game is a web-
based application that allows multiple partici-
pants from around the world to interact with the
game itself and with each other.

Each player is typically represented by an ava-
tar. The player’s avatar moves through the game
environment, interacting with that environment
as well as with other players who happen to be in
the same vicinity. From the SimX perspective,
avatars are what we are calling Agents.

Imagine a simplified example in which two
players interact with each other. Each player uses
his own computer (located anywhere in the
world). Besides the two player’s computers, the
game sponsor has a third computer with which
the players’ computers communicate.

Since the two players’ avatars are interacting,
they are in the same Locale. That single Locale
must be realized on each of the player’s com-
puters as well as on the computer of the game
Sponsor.

Thus we have one Locale (the environment
within which the players are interacting), two
Agents (the two players’ avatars), and the three
Locale Realizations—one each on the computers
of each of the players and one on the computer
of the game sponsor.

Each player’s avatar exists simultaneously in
all three Locale Realizations, and each player’s
avatar is represented at the Locale Realization of
the game sponsor. Thus each Agent is must be
present in each of the three Locale Realizations.

When a player causes his avatar to change
state (by performing an operation on it at his
own computer), the instances of that avatar in the
other Locale Realizations must be updated to
reflect that change. In addition, if a player at-
tempts to cause his avatar to perform an action
that is impossible given its current state or the
state of the Locale or the other Agents, the Lo-
cale must prevent him from doing so.

B. Distributed Simulations

Imagine a distributed simulation of a military
campaign. We will suppose that the simulation is
not interactive; it runs on its own. (An interactive
military simulation is a war game and has much
in common with the sort of Massively Multi-
player Online Games of our first example.)
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Suppose that the simulation consists of three
more or less independent simulations:

e a battlefield simulation in which personnel
and other military assets move and inter-
act,

e a weather simulation that had been devel-
oped independently of its possible military
implications, and

e a simulation of the communication net-
work used by the military, but developed
independently of the battlefield simula-
tion.

For simplicity, suppose that each of these
simulations is implemented as a single Locale,
i.e., that there are three locales.

Let’s focus on the following two types of
Agents.

1. A commander is an Agent that operates in
the battlefield, interacting with his troops
and equipment as well as with the enemy
and with the environment. In addition,
such an Agent communicates with his su-
periors, peer, and subordinates by using
the communication network.

Such an Agent must be present in two of
the three Locales, the battlefield Locale
and the communication network Locale.

2. A weather reporter is an Agent that pro-
vides relevant information about the
weather to the battlefield simulation. It
gets that information from the weather
simulation by operating as an observer
within that simulation, gathering informa-
tion that is relevant to the battlefield simu-
lation. It makes that information available
to the Dbattlefield simulation, which
changes the environment within which the
Agents in the battlefield operate.

Such an agent must also be present in two
of the three Locales, the battlefield Locale
and the weather simulation Locale.

Let’s assume that each Locale has just one Re-
alization, e.g., on its own node in the network.
Thus we have three Locales, two Agents, and
three Locale Realizations. Each Locale has one
Realization, and each Agent is present in two
Locales—and therefore in two Locale Realiza-
tions.

C. Comparing the two examples

These two examples illustrate two different
sorts of requirements for Agents to be present
simultaneously in multiple Locales or Locale
Realizations.

In the first example, agents were required to be
present in multiple Realizations of a single Lo-
cale. Synchronizing the agents synchronized the
multiple Realizations, which is important since
they represent the same Locale.

In the second example, Agents were required
to be present in multiple different Locales. The
issue was not so much that of synchronization
between Locale Realizations as communicating
between them. The commander Agent had to
convey information from the battlefield Locale
to the communication Locale in order to incorpo-
rate that information in a message on the com-
munication network. The weather reporter Agent
had to convey information from the weather
simulation to the battlefield simulation. Syn-
chronizing the Agents served as a form of
wormhole communication between two Locales.

Although the reasons that synchronization was
needed were different, the fundamental func-
tional requirement is the same: synchronize
Agents in two different Locale Realizations.

IV. DISTRIBUTED VS CENTRALIZED SYS-
TEMS

When an Agent is present in two Locale Re-
alizations, we distinguish between the Agent’s
home Realization and the remote Locale Realiza-
tion(s) where the Agent also appears. It is the
representation of the Agent in its home Realiza-
tion that reflects the true state of the Agent. The
representations of Agents in their home realiza-
tions are called home agent instances, or just
home agents. The representations of an Agent in
remote locale realizations are called proxy agent
instances, or just proxy agents.

Because different Agents may have different
home Locale Realizations, the true state of the
system as a whole, i.e., the true states of the set
of all Agents, may be distributed. There need
not be one special Locale Realization that con-
tains the true state of all the Agents.

This is in contrast to most multiplayer online
games, which have a centralized state. The single
home Locale Realization is the one on the game
company’s computer. This approach is not im-
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possible from our perspective, but it is not neces-
sary. Let’s contrast the two approaches.

A. Centralized state

The home state of each player is on the game
company’s computer. Each player’s computer
contains two proxies, one for each of the Ava-
tar/Agents of the two players. Whenever a player
makes a move, that move is sent to the game
company’s computer. That computer updates the
true state of the changed Avatar/Agent and then
relays that change to the proxies on the com-
puters of the two players. Three messages are
required. In addition, the game company’s com-
puter becomes a bottleneck. If the game com-
pany’s computer gets overloaded, the players are
kept waiting.

B. Distributed state

The home state of each player’s Avatar/Agent
is on that players computer. Each player’s com-
puter contains a proxy of the other player’s Ava-
tar/Agent. The game company’s computer con-
tains proxies of both players’ Avatar/Agent.

When a player makes a move, that move is
updated in that player’s computer immediately.
The move is then relayed to the proxies on the
other player’s computer and to the game com-
pany’s computer. Only two message are re-
quired—and there is no bottleneck. If the game
company computer gets overloaded the players
are not affected.

Although a distributed-state system is gener-
ally preferable, there are a number of practical
reasons why online games use a centralized state.

1. Cheating. Online game players are notori-
ous hackers. If each player controlled the
true state of his Agent on his own com-
puter, the temptation to hack the system
and give his player additional resources
would be irresistible to many players.

2. Server limitations. Most home computers
are not web servers. To implement a dis-
tributed state, each Locale Realization
must be able to accept connections from
remote computers. Most home computers
are not set up to do that.

3. Players turn their computers off. Most
online games are intended to be available
continually. If a player turns his computer
off, and if that computer controls the true
state of one of the game Agents, that
Agent is not accessible to other players.

V. HOW AGENTS FIND LOCALES:
THE REGISTRY

Any web-based system needs some sort of re-
source locator. We call ours a Registry. The Reg-
istry exists at a known Internet address and is
listening for connections on a known port.

Both Agents and Locale Realizations register
with the Registry, which serves as a sort of clas-
sified ad repository, listing both Agent needs and
existing Locales and their Realizations.

When a Locale Realization is created, it sends
a message to the Registry identifying itself by its
Locale type. Recall that every Locale is a sub-
class of the Locale class. Thus a Locale Realiza-
tion identifies itself to the Registry in terms of its
subclass of the class Locale.

When an Agent seeks to enter one or more Lo-
cales, it (really its home Locale Realization)
sends to the Registry a request for an invitation
to the type(s) of Locale the Agent is seeking. The
Registry stores that information. It also informs
all Locale Realizations of the requested type(s)
that an Agent is seeking entry. Those Locale
Realizations may then invite the Agent to send
them proxies.

In addition, whenever a new Locale Realiza-
tion joins the network, the Registry will inform it
of all Agents seeking known to be entry to its
Locale type.

This mechanism allows Agents and Locale
Realizations find each other.

e Locale Realizations register their types
with the Registry.

e Agents register their needs for Locale
types with the Registry.

e When a Locale type matches an Agent
need, Locale Realizations of that type are
offered the opportunity to invite the Agent
to send a proxy.

¢ Once an Agent proxy is established at a
Locale Realization all further communica-
tion is directly between the Agent and its
proxy. Neither the Registry, the Agent’s
home Locale Realization, nor the proxy’s
host Locale Realization provides any
middleman communication services be-
tween an Agent and its proxies.
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VI. AGENTS AND CAPABILITIES

If an agent is to operate in multiple Locales, it
typically needs a number of different capabili-
ties. In SimX, Agents are defined in a way to
facilitate just such a structure. SimX Agents are
collections of what are called Capabilities. A
capability is simply a Class that is a subclass of
the SimX Capability class. An Agent has as its
most important component a collection of in-
stances of Capability subclasses.

It is the capabilities associated with an Agent
that defines its application-level functionality.
There is only one Agent class; none of its meth-
ods implement any application-specific func-
tions. All the application-specific methods are in
the Capability objects associated with an Agent.
Every Agent must have at least one Capability.
Simple Agents may have just one Capability.

Consider the two Agents in our battlefield ex-
ample. The Commander Agent consists of an
object instantiated from the same Agent class as
the Weather Reporter Agent. The two differ in
the Capability objects that they possess.

e A simple Commander Agent might have
two Capabilities: a CommanderBattlefield
Capability that knows how to interact on a
battle field, and a CommanderCommuni-
cation Capability that knows how to inter-
act with a Communication system.

e A simple Weather Reporter Agent might
also have two Capabilities: a WeatherOb-
server Capability that knows how to ob-
tain weather information from the weather
simulation and a WeatherReporter Capa-
bility that knows how to convey that in-
formation to the battlefield simulation.

A. The Need for a new Programming Lan-
guage Construct
Earlier we described the boundary integrity
property of Agents, which requires Agents to
expose very few methods in its API. Yet if an
Agent consists of a collection of capabilities and
if those capabilities are to interact, sibling Capa-
bilities must expose methods to each, but those
methods that should not be accessible to objects
outside the Agent. We need a programming lan-
guage construct that allows Capability instances
of the same Agent to call methods in each other
but that prevents these methods from being
called from elsewhere.

This calls for a second level of encapsulation.
Objects are one level of encapsulation; Agents,
which themselves are made up of Capability
objects, are a second. There is currently no
mechanism in Java to declare this restriction.

VII. AGENT SYNCHRONIZATION

To illustrate how SimX implements Agent
synchronization, lets consider how time is syn-
chronized among the three simulations in the
battlefield simulation example. First we must
discuss TimeGenerators and the TimeAwareLo-
cale class.

A. The TimeGenerator Locale

Besides the three Locales already described,
there is a fourth Locale, a TimeGenerator Locale.
A TimeGenerator can be as basic as a simple
time stepper, a task that “sleeps” for a period of
time and then issues a time signal. Our objective
is to have the three operational Locales in the
simulation synchronized by time signals gener-
ated by a single TimeGenerator.

When the TimeGenerator joins the network, it
declares itself to the Registry. When the other
simulations join the network, they each generate
what we will call a Clock Agent that seeks a
TimeGenerator Locale. The three simulations
are each invited to send proxy Clock Agents to
the TimeGenerator. Consequently, there are three
Clock Agents. Each has as its home locale one of
the operational simulations. Each has a proxy
Agent at the TimeGenerator Locale.

These three Agents function like the weather
reporter Agent described earlier. They report
time ticks generated at the TimeGenerator to
their home Locales. These Agents each have a
single Capability, a Clock Capability that knows
how to report time events to its home Locale.

To make this concrete consider the
timeChanged () method shown in Figure 1.
It illustrates one mechanism SimX Agents use to
synchronize themselves. This is a method in the
Clock Capability.

TimeGenerators are defined so that whenever
a new Time (tick) is generated, all Clock capa-
bilities of resident proxy Agents will have their
timeChanged () methods called. To under-
stand how this works, we must first discuss
TimeAwareLocales.
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public home void timeChanged(Time newTime) {
((TimeAwareLocale)getLocale () ) .timeChanged (newTime) ;

}

Figure 1

B. TimeAwareLocales

The class TimeGenerator is a subclass of the
class TimeAwareLocale. TimeAwareLocales are
defined to pass on the time signals that they re-
ceive to all resident Agents (and proxies). That
transmission is done by placing the time signal
on the Agent’s input queue. When the Agent
processes a time signal, it passes that signal on
to those of its capabilities that implement the
TimeListener interface (i.e., that define a
timeChanged () method) by  calling
timeChanged ()in the Capability. This chain
of transmission preserves the Agent’s boundary
integrity property.

An important implication of this mechanism is
that an Agent may include multiple Capabilities
that respond to time signals. For example, an
Agent may have both a Walking Capability and a
ChewingGum Capability, each of which exe-
cutes at each time step.

B.  Home Methods for Agent Synchronization

As Figure 1 shows, the timeChanged /()
method in a Clock Agent’s Clock Capability is
declared to be a home method." When a home
method is called in a proxy it is not executed
there. Instead the corresponding method (with
the same parameters) is called in the home
Agent. Such a call is not a traditional remote
procedure call; the proxy does not block waiting
for the call to complete. Instead, one can think of
such calls as spawning a new thread in the
(home) agent but as having no effect in the

' The current SimX implementation does not

include a language preprocessor; there is no
actual home modifier. The semantics of such a
modifier is implemented more directly. We
use the modifier notation because it is a better
reflection of how the concepts are to be under-
stood.

It would be a major step to define extensions
to Java. Yet there are circumstance when syn-
tactic extensions seem warranted. Aspect-
oriented programming (see [2]) seems to be
one such case. Agents, especially networked
agents, may be another.

proxy. (When called in a home Agent, such
methods are executed normally.)

When executed (in the home Agent’s Clock
Capability), the t imeChanged () method calls
getLocale () to get the Locale Realization
where the home Agent is situated. The method
then calls that Locale Realization’s time-
Changed () method, passing on the new Time
object.

As described above, all of the Agents in a
TimeAwareLocale Realization are told about
each new time tick. Since the Clock Agent itself
is an Agent in its home Locale Realization, this
mechanism leads to this same time-—
Changed () method being executed a second
time. That second execution has no effect; the
Locale already knows about this Time step and
does not process it a second time.

C. TimeGenerators

Given this framework, a TimeGenerator can
now be understood as a TimeAwareLocale that
has internally generated time signals. That is, a
TimeGenerator doesn’t rely on a Clock Agent to
call its timeChanged () method. It calls its
own timeChanged() method whenever a
new time step occurs. Everything else, including
updating of all other TimeAwareLocales, fol-
lows from the definitions of Agent and TimeA-
wareLocale and from the SimX Agent synchro-
nization mechanisms.

C. Automatic Generation of Clock Agents

The TimeAwareLocale class is defined so that
whenever it is instantiated, it automatically gen-
erates a Clock Agent, which then searches for a
TimeGenerator to which to send a proxy. As a
result, every Locale that is declared to be a sub-
class of TimeAwareLocale automatically re-
ceives time step signals. Thus if each of the three
simulations in the battlefield example is defined
as a subclass of TimeAwareLocale, each has a
Clock Agent created for it automatically. These
Clock Agents then seek out a TimeGenerator for
time signals.

All a subclass of TimeAwareLocale need do to
make use of the Clock Agent’s time signals is to
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override the TimeAwareLocale’s time-—
Changed () method. When doing so, it is
important to call

super.timeChanged (newTime)

to allow the TimeAwareLocale itself to update
its time information and to pass the time signals
on to other Agents in the Locale.?

D. Multiple Time Granularities

Clock Agents can be used to implement Lo-
cales that are time synchronized but that use dif-
ferent time step granularities: one may take a
step once a simulated second and another may
take a step once a simulated day. Each Clock
Agent is simply instructed to report time steps
back to its home locale at the desired frequency.

VIII. COMPARING APPROACHES TO LO-
CALE-TO-LOCALE COMMUNICATION

The Clock Agent example illustrates how
Agent synchronization allows two Locale Reali-
zations to exchange information. When a home
method is called in a proxy it is not executed
there. Instead the corresponding method (with
the same arguments) is called in the home Agent.

This mechanism provides a transparent worm-
hole communication channel between Locale
Realizations. Methods called in a proxy in one
Realization are executed in the Agent’s home
instance.

This mechanism provides a simple and intui-
tive Locale-to-Locale communication channel.
The mechanism relieves developers from the
need to focus on the communication aspect of
the transfer of information and lets them focus
on what the Agents, the users of the information,
do with information in the two Locales. That the

* Another useful language construct would be
one that allowed developers to declare meth-
ods to have the property that they always call
the same method in their superclasses—just as
constructors always begin by calling the null
superclass constructor unless an explicit su-
perclass constructor is called.

Such a construct would allow developers to
declare a relationship between a method in a
class and the corresponding method in the su-
perclass. Like type declarations, such a decla-
ration mechanism would help ensure software
correctness.

information moves from one Locale Realization
to another becomes almost an afterthought.

From a Locale’s perspective, Agents are not to
be understood as mechanisms that Locales use to
exchange information. Agents are the reason
Locales don’t have to worry about explicitly
sending information to other Locales. As in the
time example, the Time Generator did not inten-
tionally pass time signals to clients. Instead cli-
ent Locales sent Agents to the Time Generator so
that time signals would be available at the home
Locale Realization. The conceptual model is that
an Agent is simultaneously present in two Lo-
cales rather than that information is being passed
from one Locale to another. Information trans-
mission occurs within the Agent, not between
Locales.

The situation is akin to that in which an indi-
vidual wants to influence what is happening in
an organization—even though he or she is not a
participant in that organization. The pro forma
approach would be for the individual to send a
message to the organization’s headquarters and
hope for the best. If the message is persuasive,
perhaps it will have an effect.

The alternative is to have a friend who is a par-
ticipant in the organization and who has some
influence on how that organization acts. The
friend serves as an informal but direct communi-
cation channel between the individual and the
organization—but only because he or she is pre-
sent in two Locales, that of the individual and
that of the organization.

Information is transmitted from the outside in-
dividual to the friend’s organization the moment
the friend transitions from his role as friend to
his role as a participant in the organization—and
takes the information with him (in his head).

These two roles (acquaintance and organiza-
tion man) correspond to the SimX notion of Ca-
pabilities. The friend is present in both Locales,
uses the appropriate Capability in each, and
passes information between the two. The trans-
mission of information occurs within the friend’s
head, i.e., within the Agent, not between one
Locale and another.

In the remainder of this section, we briefly re-
view a number of other approaches that have
been taken to allow Locales to pass information
from one to another.

8/12



Message passing. The simplest form of
message passing is the transmission of in-
formation over connections between
Nodes in a network. Java implements ob-
ject Serialization and allows programs to
pass entire data structures over Sockets.
The object to be transmitted, along with
the network of objects it points to, is de-
constructed, transmitted, and then recon-
structed at the other end. Although this
mechanism is very useful (and serves as
the basis of the underlying SimX commu-
nication system), it forces one to focus on
the fact that communication is occurring.

Message services. An extension of mes-
sage passing is the addition of message
services such as publish, broadcast, and
subscribe. (See, for example, [3]) Mes-
sage services make it somewhat easier to
use message passing, but they do not
change the basic conceptual model. One is
still thinking about sending, receiving, and
processing messages.

Remote procedure calls. A remote proce-
dure call (or Remote Method Invocation
in Java) is a specialized form of message
passing. Under this approach objects
make method calls on other objects in
other Locale Realizations. Remote proce-
dure calls are specialized paired messages:
the call and the returned value. Implemen-
tations of this approach include CORBA
[4], and JINI [5].

When what one wants is to make a
method call on a remote object, this sort
of service is very useful. The disadvantage
is that it provides very little additional
conceptual leverage and offers only rela-
tively low level conceptual services. Re-
mote Procedure Call mechanisms attempt
to make as transparent as possible the fact
that the procedure call is remote. Gener-
ally they succeed only partially, and de-
velopers are still required to understand
that communication is taking place be-
tween two objects in two Locale Realiza-
tions.

Agent Communication Languages (ACL).
The ACL approach takes message passing
in another direction. Instead of turning a
message into a method invocation, an
ACL defines a semantics (or at least a
framework for a semantics) in which one

can express possibly sophisticated com-
munication content in messages. This is
the approach taken by the Web services
framework (see [6]), the Knowledge
Query and Manipulation Language
(KQML) (see, for example, [7]) and the
Foundation for Intelligent Physical Agents
(FIPA) (see, for example, [8]).

For an ACL effort to be successful, its
language must be general enough to allow
Agents to express virtually any sort of in-
formation. That has led to the develop-
ment of agent ontologies, frameworks for
expressing information about specialized
domains. Developing an ontology for any
non-trivial domain is quite a challenge. It
has become a significant task simply to
provide a framework within which spe-
cialized ontologies can be defined and
shared.

The Open Agent Architecture (OAA) pro-
ject (see [9]) provides one of the more
ambitious implementations of this ap-
proach. As described in the OAA paper,
the OAA approach conceptualizes “a dy-
namic community of agents ... . When ex-
ternal services or information are re-
quired, [an] agent submits a high-level
expression describing the needs and at-
tributes of the request to a specialized Fa-
cilitator agent, [which] will [determine]
which agents [can handle] sub-parts of the
request and will manage [the required]
agent interactions.”

As with the other approaches, the ACL
approach still requires one to focus on
sending messages. Indeed, under the ACL
conceptual framework the message and
the expression of its content semantics in
the ACL becomes even more central.

Shared Databases. An alternative to mes-
sage passing is shared databases. If Locale
Realizations can store and query a shared
database, they can use that database to
pass messages and to share information.
There are still messages, but under this
approach, the messages are communica-
tions between the Locale Realizations and
the shared database. Again, the problem is
that one is still focusing on the communi-
cation between nodes and the expression
of the information in a form that can be
stored in the shared database.
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An interesting variant of this approach is
Linda [10] in which the shared database,
which consists of prolog-like assertions,
supports prolog-like unification.

Another variant of the shared database
approach is the centralized state approach
of internet game companies. In effect, the
game company’s computer is a database
that stores the state of all the agents. This
approach differs from Linda in that the
game company’s computer acts as the fi-
nal reference. In Linda, the participating
Locale Realization are the final references
for their respective elements.

6. Interoperability Standards. A somewhat
different approach is that of defining stan-
dards that allow Locale Realizations to in-
teract. A current effort in this tradition is
IEEE 1516, a Standard for Federated
Simulations (see [11]), an outgrowth of
the Defense Modeling and Simulation Of-
fice (DMSO) High Level Architecture
(HLA) initiative. Under this approach all
participating Locale Realizations must
implement a defined set of services,
which are to be made available to the
other Locale Realizations. This is similar
to the remote procedure call mechanism
but with predefined APIs at each Locale.
Again, the weakness of this approach is
that it focuses on communication between
Locale Realizations. Another difficulty is
that the set of services required of each
Locale Realization tends to be quite bur-
densome.

Most of the approaches sketched above might
be considered conceptually heavyweight; they
involve significant conceptual overhead on the
part of software developer/users.

The SimX approach differs in that it mini-
mizes the conceptual overhead users must bear.
Instead of forcing users to focus on constructing
communication transmissions, it allows users to
focus on the task at hand, i.e., what the agents
are doing with the information.

A. Reducing or eliminating the communica-
tion burden does not solve all problems
Determining what Agents should do with in-
formation from multiple Locales is generally not
a trivial task. When two people talk to each
other, one of the tasks is to construct the right
sentences to convey one’s meaning. SimX elimi-

nates that task. With SimX, it is almost as if
instead of having to construct sentences, we
could read each other’s minds—or in SimX
terms, as if we were each present in each other’s
minds. But being present in another person’s
mind doesn’t solve the communication problem.
Being present in another’s mind doesn’t neces-
sarily mean that one will understand what one
finds there.

To return to our previous example, the weather
reporter Agent in the battlefield example must
determine what information from the weather
simulation is relevant to the battlefield simula-
tion. If, as is likely, the weather simulation is
meteorologically-oriented rather than militarily-
oriented, this may be quite a complex task. The
battlefield simulation is not concerned with the
meteorology of the weather—only with how the
weather affects battlefield resources, e.g., how
well a satellite sensor can see. The weather re-
porter Agent must translate from meteorological
terms to terms that are relevant to the battlefield.

There is no escaping this sort of translational
complexity. It must be faced whenever one
wishes to move information from one semantic
domain to another. What SimX does is to make
the communication from the weather simulation
to the battlefield simulation an automatic by-
product of the required domain-level processing.
As the weather reported Agent determines which
elements of the information in the weather simu-
lation should be reported to the battlefield simu-
lation, that information is automatically sent
from the proxy Agent in the weather simulation
locale to the home Agent in the battlefield simu-
lation Locale. With SimX, any pair of domains
may implement this sort of information ex-
change.

The SimX approach differs from interoperabil-
ity standards in that it does not impose any stan-
dards on participating Locales—other than that
the be a subclass of the Locale class—and as
indicated above, that can always be accom-
plished with wrapper classes. SimX differs from
the ACL approaches in that it does not require a
formal language in which to express domain
concepts. SimX differs from message passing in
that there are no messages.

Of the mechanisms described above, SimX is
most closely related to the Remote Procedure
Calls. SimX allows Locales to define themselves
as they wish, for Capabilities to be crafted to
function in whichever Locales are available, and
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for them to pass information among sibling Ca-
pabilities as needed. One way to think of SimX
is that it does for Remote Procedure Calls what
object oriented programming did for subprogram
calls: it provides an entity-like framework—the
telepresent Agent—within which such calls may
be encapsulated.

B. A Note on active messages

Agents accomplish communication transmis-
sion by acting (though their Capabilities) on the
(multiple) Locales in which they are present. In
its implementation, SimX uses the same princi-
ple when passing messages. SimX relies on seri-
alized objects passed over sockets between
Nodes as its underlying communication mecha-
nism. Since the objects are arbitrary Java objects,
they may contain methods.

Each object that is passed over a socket is de-
fined to be a subclass of the SimX Message
class, which is defined to have a perform—
On (Locale) method. When a Message object
is received by a Node, the Node calls the per—
formOn (Locale)method in the Message,
passing to it the Locale Realization at the Node.
Messages thus implement what has once been
referred to as web agent functionality, moving
from Node to Node and performing an assigned
task when it arrives there.

Consider how an Agent establishes a proxy.
(This is the one case in which communication
between nodes is not accomplished by intra-
Agent communication.) An Agent establishes a
proxy by sending an EstablishProxy message to
a remote Locale Realization. When that message
arrives, its performOn () method sets up the
proxy Agent and then sends a ProxyEstablished
Message back to the original Agent. When that
message arrives, its performOn () method
informs the sending Agent that the proxy has
been established.

IX. OTHER SIMX AGENT COMMUNICA-
TION MECHANISMS

Earlier we discussed the home modifier for
methods. SimX provides a number of other
Agent synchronization mechanisms.

® One may declare an instance variable in a
Capability to be a state variable. Whenever
such a variable has its value changed, that
value is changed in both the home Agent
and all the proxy Agents.

e Parallel to declaring a method a home
method, it is also possible to declare a
method a proxy method. Such methods are
executed only in proxy Agents and not in
home Agents.

e Methods may be declared to be parallel
methods. No matter where these methods
are called, they are executed both in the
home Agent and in all the proxy Agents.

SimX implements parallel methods and state
variables similarly. Whenever a parallel method
is invoked or a state variable is changed, no
change takes place immediately. Instead a mes-
sage is sent to the home Agent, which executes
the method or changes the variable. The home
Agent also sends messages to all its proxy
Agents (including the one that originated the
action) instructing them to execute the method or
change the variable. Of course, all these mes-
sages are invisible to the software developer and
occur at what might be called the SimX virtual
machine level. Information is transmitted when
making these method calls because the argu-
ments to the calls are included in the remote
method invocation.

X. CONCLUSIONS

SimX provides a new framework for networked
systems that allows developers to focus on how
information is used in multiple Locales rather
than on how that information is transmitted
among the Locales. The SimX notion of Telepre-
sent Agents with multiple Capabilities allows
information to flow back and forth among Lo-
cales as it flows back and forth among and
within the Capabilities of an Agent.

SimX simplifies the architecture of networked
systems because it eliminates the need to con-
struct messages to transmit information among
the system components. In so doing, it reduces
complexity by eliminating an unneeded level of
formality and indirection.
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