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Abstract

We show how the p-calculus, a calculus for communicating systems where one can express systems
of processes that have changing communication structure, can be used to model aspects of multi-agent
systems. The p-calculusis a process algebra, that is, a term algebra used to describe communicating
concurrent processes, to specify concurrent systems, and to refine specifications down to the level of

designs. We present a p-calculus model of certain aspects of the LOGOS multi-agent system being
developed at NASA/GSFC as a prototype for an unattended ground oper ations.

1. Introduction

Multi-agent systems have become important recently in computer science, especialy in
artificial intelligence (Al). NASA Goddard Space Flight Center (NASA/GSFC) is currently
developing a design for a multi-agent system called LOGOS (Lights Out Ground Operations
System) as a prototype for an unattended ground operations center in the area of control center
automation [LO97]. The system will integrate present technologies that exist at NASA/GSFC
with emerging technology viathe use of autonomous agents.

We show how the p-calculus [MPW92], a calculus for communicating systems where one
can express systems of processes that have changing communication structure, can be used to
model aspects of multi-agent systems. The p-calculus is a process algebra; other examples
include CCS [Mi89] and CSP [H085]. Process algebras are term algebras that can be used to
describe communicating concurrent processes, to specify concurrent systems, and to refine
specifications down to the level of designs. We use the p-calculus to model aspects of the
LOGOS agent community. Specificaly, we give a p-caculus specification that supports a
scenario presented by NASA/GSFC that involves several of the key LOGOS agents. This
scenario requires the linkage among the agents to be modified by one agent passing a link to
another agent; this link allows communication with a third agent. The next section of this paper
presents a fault scenario for the LOGOS system. The third section summarizes the p-calculus,
and the fourth section gives a p-calculus model of aspects of LOGOS involved in the scenario
given in the second section. The last section concludes and discusses future work.
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2. A Logos Fault Resolution Scenario

There are several LOGOS expert systems [LO97], such as the GENSAA/GENIE, which
operates a satellite on a routine basis and performs routine spacecraft health and safety
monitoring. The FIRE agent provides procedures for handling reported mission faults. The
DBIFA is an internal agent responsible for storing and retrieving information into and from
databases, such as mnemonic values, metadata, anomaly information, and anomaly resolution
procedures. The GIFA GenSAA/IF agent) agent is a reactive responsible for broadcasting
anomaly alerts. The UIFA (User Interface Agent) agent responds to an agent request or any
other type of data that it receives from the user interface, informing the user of anomalies and
schedule changes. It is responsible for having the user contacted (by paging, emalil, etc.) if
he/she is not logged on when an anomaly occurs. The Pager agent is responsible for contacting
system personnel when a situation arises that requires human intervention.

We shall give ap-calculus specification that models behaviors of a part of the LOGOS agent
community. The specific behavior we take as an example is a fault resolution scenario. There
are two branches to the scenario. In the first branch of the scenario, the FIRE agent is able to
resolve the fault. 1n the second branch of the scenario, the FIRE agent is not able to resolve the
fault and requests the direct intervention of a human. In this example, we look only at the second
branch. The scenario proceeds as follows.

GIFA to FIRE : Alerts the FIRE agent that a fault has occurred.

FIRE to GIFA : Requests the GIFA agent for the mnemonic values associated with the
fault.

GIFA to FIRE : Informs the FIRE agent of the mnemonic values associated with the fault.

FIRE to DBIFA : Requests the DBIFA agent for fault resolution procedures for resolving
the fault.

DBIFA to FIRE : Informs the FIRE agent that it was successful at finding matching fault
resolution procedures.

In this branch of the scenario, the FIRE agent is unable to resolve the fault and
requeststhe UIFA agent for human assistance in resolving the fault.

FIRE to UIFA : Requests the UIFA agent for human intervention in resolving the fault.

UIFA to FIRE: Responds to the FIRE agent that it will resolve the fault.

FIRE to Pager: Requests that the Pager agent locate the UIFA.

Pager to UIFA: Signals the UIFA agent to resolve a fault.

UIFA to Pager: Commands the Pager agent to stop paging.

UIFA to FIRE: Responds to the FIRE agent that it will resolve the fault.

3. The p-Calculus

The p-calculus [MPW92] can be used to model a system that consists of processes that
interact with each other, and whose environment is constantly changing. The p-caculus is
available in two basic styles: the monadic calculus [MPW92], where exactly one name is
communicated at each synchronization, and the polyadic calculus [Mi93], where zero or more
names are communicated. This presentation mainly follows the monadic p-calculus. The basic
concept behind the p-calculus is naming or reference. Names are the primary entities, and they
may refer to links or channels (or any other kind of basic entity). Processes, sometimes referred



to as agents, are the only other kind of entities. We let the letters u, v, w, X, y range over the

names. Also, P, Q, R % range over agents or process expressions, of which there are six kinds

(corresponding to the six kinds of combinators or operators).

1. A summation hastheforma i | P, where the set | is a finite index set. The agent behaves
like one or another of the P;. The empty summation or inaction, represented by 0, is the
agent that can do nothing. The binary summation is written as P1 + P».

2. A prefix isof theform " yx.P, y(x).P or t.P. “" yx.P” isa negative prefix; "y can be thought of
as an output port of an agent which containsit. "~ yx.P outputs x on port "y then behaves like
P. “y(x)” isapositive prefix, wherey is the input port of an agent; it binds the variable x. At
port y the arbitrary name zis input by y(x).P, which behaves like P{z/x}, where P{z/x} is the
result of substituting z for al free (unbound) occurrences of x in P. We think of the two
complementary portsy and "y as connected by a channel (link), also called y. t isthe silent
action; t.P first performs the silent action and then acts like P.

3. A composition, P; | P2, isan agent consisting of P; and P, acting in parallel.

4. A restriction (X)P acts like P and prohibits actions at ports x and ~ x, with the exception of
communication between components of P along the link x. Restriction, like positive prefix,
binds variables.

5. [x=y]Pisamatch, where an agent behaveslike P if the names x andy are identical.

6. A defined agent (with arity n), A(ys..., yn), has a unique defining equation, A(X1..., Xn) = % P,
where X..., X, are distinct names and the only names that may occur free in P. A(Yi..., Yn)
behaves like P{y1/ Xi..., Yn/ Xa} for the smultaneous substitution of y; for al free occurrences
ofxi(LEIiEn)inP.

An agent E may perform a communication action (or “transition”) a, corresponding to a

prefix, and evolve into another agent EC¢ This is indicated by the notation E® EC The
meanings of the combinators are formally defined by transition rules. Each rule has a conclusion
(stated below a line) and premises (above the ling). The following rule, where | and " | are

complementary prefixes, is of particular interest.

E® E¢F® F¢
E|F® E¢F¢

This indicates communication between E and F, resulting in a silent action, t, whereby generaly
avalue is communicated between E (now EQ and F (now F9. For example,

YX.P|y(2).Q® P|Qx/Z
so that after this communication all free occurrences of zin Q are replaced by whatever value x
had in yxP. Of particular interest are those cases where we use restriction to internalize ports
so that they cannot be observed from the outside, forcing communication actions to match their
complements. For example, (y)(y(X).P|y(2).Q) can perform only a t action where x is
communicated along channel y to become the value of zin Q.

Consider next asimple case of restructuring a system of agents. We begin with



(Y)(M)(y(x).xz0| ymO| m(u).P)

with three parallel components. Because of the restrictions on channels y and m, the only action
that can occur isat action by which the second agent sends m on channel y to the first agent.

We then have (m)(mz.0|m(u).P). The second agent has disappeared, being reduced to the do-

nothing process 0. Also, the restriction (y) has been dropped since y no longer occurs. The
second agent communicated to the first a channel, m, and the only action the system can now
perform isat action by which zis communicated aong this channel, resulting in P{z/u}.

There are several notions of equivalence of expressionsin the p-calculus. These notions are
based on bisimulation relations; such a relation holds between two processes if they in some
sense allow the same possible behaviors. Some equivaence relations are congruence relations;
one term can be replaced by a congruent term within a larger term while preserving the
denotation of the larger term. Statements of congruence are equationa laws that support
equational reasoning. We can often prove that a system satisfies its specification through the use
of the notions of equivalence and the defining notions of bisimulation as follows. We express
concisely the desired behavior (specification) as a process expression. A process expression can
be used to describe the designed system, one with components corresponding to the components
in the design. One can show that the sates of the specification and the states of the design are
equivalent if one can find a bisimulation between the two.

Often, however, we begin, not with a complete specification of a system’s behavior, but
with only certain conditions on its behavior. Such conditions can be expressed in the process
logic L, amodal logic based on the notion of possible action. The Mobility Workbench [VM94]
is an automated tool used for manipulating and analyzing concurrent systems. It allows one to
define behaviors presented in the syntax of the polyadic p-calculus, simulate the behavior of an
agent, and check whether a given process satisfies a specification or is equivalent to another.

4. The p-Calculus Specification for the Scenario

We give the p-calculus specification that supports the branch of our scenario where the
FIRE agent is not able to resolve afault and requests that a human expert resolve the fault. This
specification is presented in Figure 1. The mnemonic channel names, their meanings, and the
agents they link are as follows. amsg (advisory message, GIFA to FIRE), mvreq (mnemonic
value request, FIRE to GIFA), areq (request for resolution procedures, FIRE to DBIFA),
matproc (matching resolution procedures, DBIFA to FIRE), humreq (request for a human to
resolve the fault, FIRE to UIFA), humres (response from the human, UIFA to FIRE), reghum
(request for a human expert to resolve the fault, FIRE to Pager), sighum (signal to contact the
human user interface), and respsig (response to signa for request for human intervention).
Channel names sighum and respsig are passed as values.

In definition (1) of Figure 1, the GIFA agent sends the FIRE agent a message alerting it that
a fault has occurred. Use of the summation operator alows the GIFA agent the alternative to
output one of two faults. In (2), the FIRE agent receives a message from the GIFA agent
indicating that a fault has occurred. Next, in (3)-(4) the FIRE agent sends a message to the GIFA
agent requesting tmon values based on what it receivesin (2).



(1) GIFA =%

amsg (124000).GIFAL + amsg (246000).GIFA1

(2 FIRE =% | amsg (x).([x=124000].FIRE1 + [x=246000].FIRE2

B FIREL =*" | hyreq(tml2st). mvreq (tm13st).FIRE4

4 FIRE2 =" | fyreq(tmldst). mvreq (tmi5s).FIRE3

(5) GIFAL =" | mvreg(x).mvreqg(y).([x=tm12st][y=tm13st])GIFA2
+[x=tm14st][y=tm15s])GI FA3

(6) GIFA2 =" | 3meg (45). amsg (52).GIFA

(7)GIFA3 =" | 3msg (50). amsg (52).GIFA

(8) FIRE3 =" | amsg (x).amsg(y).FIRE4

(9 FIRE4 =" | zreq (anomaly resolution procedures).FIRES

(10) DBIFA =

areq(x).DBIFAL

(11) DBIFAL ="

matproc (fault resolution procedures).DBIFA + matproc(no faut

resolution procedures). DBIFA2

(12) FIRE5 =

matproc(x).FIRE7 + matproc(y).FIRE6

(13) FIREG ="

humreq .FIRE7

(14) UIFA ="

humreg.UIFAL

(15) UIFAL =%

humres (no user).UIFA2+ hunmres(user). humres(resolve fault).UIFA

(16) FIRE7 =

humres (resp).([resp = nouser |FIRE + [resp = user]FIRES

(17) FIRES =

reghum(sighum).

humreq (sighum). humreq (respsig).

reghum(respsig).FIRE9

(18) UIFA2 =

humres(x). humres(y).UIFA3(X, y)

(19) Pager(x,y) =**

reghum(x).reghum(y).Pager 1(x, y)

(20) Pager1(x,y)="¢'

X.y.Pager

(21) UIFA3(x,y)="¢

x. Y .UIFA4(x, Y)

(22) UIFA4(x,y)="

humres (user). humres(resolve fault).UIFA

(23) FIREQ =*¢

humres (respl). humres(resp2).FIRE

Figure 1. The p-calculus specification supporting the scenario

Definition (5) uses the match operator. Here, if x and y (the tmon values requested by FIRE)
aretml2st and tm13st, then the GIFA agent will respond with the values 45 and 52; if x and y are
tml4st and tm15st, GIFA will respond with the values 50 and 52. In (6)-(8) the GIFA agent
sends the FIRE agent the requested tmon values. Next, in (9)-(12), the FIRE agent requests the
DBIFA agent for matching resolution procedures for resolving a fault, and the DBIFA agent

responds on finding these procedures.

In (13)-(16) the FIRE agent requests assistance in

resolving a fault from the UIFA agent, and the UIFA agent responds with either a message




indicating that there is no user available or a message indicating that there is an available user
and that the fault will be resolved. If thereis no user available, it behaves like FIRES.

Definitions (17)-(21) show the restructuring the system by passing links between agents.
The FIRE agent sends the links sighum and respisg to the UIFA agent on link humreq and to the
Pager agent on link reghum so that the UIFA and the Pager agents may communicate. The Pager
agent can then send a message to the UIFA agent on link sighum requesting that it resolve a fault
upon the FIRE agent’s request. Once the UIFA agent receives the Pager agent’s request, it can
send a message to it requesting that it stop paging, indicating that the message was received.
Finally, in (22)-(23) the UIFA agent informs the FIRE agent that the fault will be resolved.

5. Conclusion

We have shown how a multi-agent system - specificaly, part of the NASA/GSFC LOGOS
agent community - can be modeled in the p-calculus. In other work [R098], we have trandated
this specification into the language required by the Mobility Workbench and have used the
Mobility Workbench to establish that certain properties expressed in the logic L hold of this
system. We have aso refined the specification somewhat and used the Mobility Workbench to
verify certain bismulations. Our work shows promise for a general method of formally
modeling multi-agent systems in general.

The genera advantages of a formal model are, first of all, that one can formally check the
correctness of the specification of a multi-agent system, that is, one can establish that it is
internally consistent and that it reflects the intended system behavior. Secondly, a forma model
supports formal validation of the refinement of a specification into a design. In the future, we
intend to formulate general aspects of multi-agent architectures in the p-calculus.
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