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Abstract. We present a framework for the automated verification of tamd
communication requirements in systems of distributed-balsed reasoning agents
which allows us to determine how many rule-firing cycles aguired to solve
the problem, how many messages must be exchanged, anddéeffa between
the time and communication resources. We extend 'Ofilth belief and com-
munication modalities to express bounds on the number o$ages the agents
can exchange. The resulting logi€crs, can be used to express both bounds
on time and on communication. We provide an axiomatisatioth® logic and
prove that it is sound and complete. Using a synthetic biisteEaexample sys-
tem of rule-based reasoning agents which allows the sizgegbtoblem and the
distribution of knowledge among the reasoners to be vavwedshow the Mocha
model checker [1] can be used to encode and verify propeatisgstems of dis-
tributed rule-based agents. We describe the encoding @odt results of model
checking experiments which show that even simple systenestich patterns of
trade-offs between time and communication bounds.

1 Introduction

A key application of multi-agent systems research is distdd problem solving. Dis-
tributed approaches to problem solving allow groups of &gencollaborate to solve
problems which no single agent could solve alone (e.g.,Usa0 single agent has all
the information necessary to solve the problem), and/ooleesproblems more effec-
tively, e.g., in less time than a single agent. For a giveiblem and system of reason-
ing agents, many different solution strategies may be ptesstach involving different
commitments of computational resources and communicéiosach agent. For dif-
ferent multi-agent systems, different solution strategwdl be preferred depending on
the relative costs of computational and communicationuesss for each agent. These
tradeoffs may be different for different agents (e.g., gy their computational capa-
bilities or network connection) and may reflect the agerdgimmitment to a particular
problem. For example, an agent may be unable to commit maredhgiven portion
of its available computational resources or its availalole@unication bandwidth to
a particular problem. For a given system of agents with $igecinferential abilities
and resource bounds it may not be clear whether a partictoatgm can be solved at
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all, or, if it can, what computational and communicatioroges must be devoted to
its solution by each agent. For example, we may wish to knoethér a goal can be
achieved if a particular agent, perhaps possessing keyniafiion or inferential capa-

bilities, is unable (or unwilling) to contribute more thagiaen portion of its available

computational resources or bandwidth to the problem.

There has been considerable work in the agent literatureisiribdited problem
solving in general (for example, [2-5]) and on distributedsoning in particular ([6,
7]). Much of this work analyses the time and communicatiompkexity of distributed
reasoning algorithms. However, while we have upper (ancedomer) bounds on time
requirements for reasoning in distributed systems, pless#éde-offs between resources
such as time and communication are less clear. In previous,\ea., [8—10] we have
investigated time vs. memory trade-offs for single reasgra just time requirements
in [11], and in [12], we investigated resource requireméntsime, memory and com-
munication for systems of distributed resolution reassner

In this paper, we focus on a more detailed investigationneétand communication
trade-offs forrule-based reasonersVe present a framework for the automated veri-
fication of time and communication requirements in systefrdisiributed rule-based
reasoning agents. We extend CTwith belief and communication modalities to ex-
press bounds on the nhumber of messages the agents can excBangmunication
modalities are a novel logical concept (the only relatedkwee are aware of is [13]
which introduced nullary modalities for expressing the bemof formulas in agent’s
memory), and considerably simplify the logic expressinmomunication bounds pre-
sented in [12]. The resulting logi€,c r5, can be used to express both bounds on time
and on communication. We provide an axiomatisation of tiggcland prove that it is
sound and complete. Using-rp to specify bounds on the number of messages the
agents can exchange, we can investigate trade-offs betiiveerand communication
resources, and we show how the Mocha model checker [1] casdzbta encode and
verify properties of such systems.

The structure of the paper is as follows. In section 2 we desesystems of commu-
nicating rule-based reasoners that we want to verify. Itice8 we introduce the epis-
temic logicLcrp. We describe the Mocha encoding of the transition systenishvere
models of the logic in section 4. Model-checking experinseme described in section 5
and we conclude in section 6.

2 Systems of communicating rule-based reasoners

In this section, we describe the systems of communicatileglvased agents which we

investigate.
The system consists afy agents, where 4 > 1. We will assume that each agent
has a number i{1,...,n4}, and use variables and j over {1,...,n} to refer

to agents. Each agent hagpegram consisting of propositional Horn clause rules,
and a working memory, which contains facts (propositidni§)an agenti has a rule

! The restriction to propositional rules is not a very draatisumption: if the rules do not contain
functional symbols and we can assume a fixed finite set of anhsyymbols, then any set of
first-order Horn clauses and facts can be encoded as priopasitormulas.



Ay,..., A, — B, the factsAy, ..., A, are in the agent’'s working memory aiiglis
notin the agent’s working memory in statethen the agent can fire the rule which adds
B to the agent’s working memory in the successor state

Time |Agent1 Agent 2

to {A1, Az, A3, Ay} {As, As, A7, Ag}
operationfRuleB2 RuleB4

t1 |{A1, A2, A3, Ay, Bo} {As, As, A7, As, Ba}
operation;RuleB1 RuleB3

t2 {A1, Az, A3, Ay, B1, B2} {As, A, A7, Ag, B3, B}
operationfRuleC1 RuleC2

i3 {A1, As, A3, A4, B1, B2, C1}|{As, A, A7, As, B3, B4, C2}
operationiidle Copy (C: from agent 1)

12} {A1, Az, A3, A4, B1, B2, C1}|{As, As, A7, Ag, B3, B4, C1, C2}
operationfldle RuleD1

t5 {A1, Az, A:;, /147 Bl, Bz, 01} {As, AG, A7, Ag, Bg, B47 Cl, 02, Dl}

Fig. 1.Example 1

In addition to firing rules, agents can exchange messagesdieg their current
beliefs. We assume that there is a bound on communicatiordon ageni which
limits agenti to at mostn (i) messages. Each agent has a communication counter,
¢i, which starts at 0 and is not allowed to exceed the valg€). The exchange of
information between agents is modelled as an abs@Gapt/operation: if a factd is in
agenti’s working memory in state, A is not in the working memory of agert and
agentj has not exceeded its communication bousid< nc(j)) then in the successor
states’, A can be added to ageyis working memory, and; incremented. Intuitively,
this corresponds to the following operations rolled int@onasking: for A, andi
sendingA to j. This is guaranteed to succeed and takes one tick of systee Tihe
only agent which pays the communication cosj.i¥hese assumptions are made for
simplicity; it is straightforward to modify our definitionf@ommunication so that the
‘cost’ of communication is paid by both agents, communaratakes more than one
tick of time, and communication is non-deterministic. Areagcan also perform an
Idle operation (do nothing).

A problem is considered to be solved if one of the agents hagetdkthe goal.
The time taken to solve the problem is taken to be the totalbmurof steps by the
whole system (agents firing their rules or copying facts irapel, at most one operation
executed by each agent at every step). The communicatiarfiarasach agent is the
value of communication counter for that agent.

As an example, consider a system of two agents, 1 and 2. Tintsegjeare the same
set of rules:

RuleB1 Al, Ay — By
RuleB2 A3, Ay — By
RuleB3 A5, Ag — Bj
RuleB4 A;, As — By



RuleC1 Bl, By — Ch
RuleC2 Bg, By — Cy
RuleD1 Cy,Cy — Dy

The goal is to derivé); . Figure 1 gives a simple example of a run of the system startin
from a state where agent 1 hds, A, A3 and A4 in its working memory, and agent
2 hasAs, Ag, A7, As. In this example, the agents require one communication &ed fi
time steps to derive the goal. (In fact, this is an optimalafsesources for this problem,
as verified using Mocha, see section 5).

Throughoutthe paper, we will use variations on this symthieinary tree’ problem,
with A;s being the leaves and the goal formula being the root of #es &is examples
(see Figure 2). We vary the number of rules and the distobutif ‘leaf’ facts be-

A
5
> B
3
AG
C
2
A7>
B
4
AB
Fig. 2. Binary tree example

tween the agents. For example, a larger system can be gesheisihg 16 ‘leaf’ facts
Ay, ..., A, adding extra rules to derivB; from A9 and Ay, etc., and the new goal
E4 derivable fromD; andD-. We will refer to it as ‘16 leaf example’. Similarly, we will
consider systems with 32, 64, 128 etc. leaf facts. We havserhthis form of example
because it is typical of distributed reasoning problemsaardbe easily parameterised
by the number of leaf facts and the distribution of facts magents.



3 Extending CTL* with belief operators and communication
counters

In this section we introduce the formal models of the systarftamally described in
the previous section. Essentially, they correspond toiteftree structures (representing
branching time), where each state consists of the statdseofdgents (and the state
of each agent corresponds to the contents of its working mgamad a record of the
number of copy actions it has performed). Transitions betwstates correspond to all
agents executing one of their possible transitions in Erathere possible transitions
include applicable rule firings, copy actions, or idling.

Such structures can be directly encoded in Mocha, by engdld@contents of each
agent’s memory as boolean variables and the communicaiionter as an enumeration
type variable, as described in section 4. However, this doegive us a precise logical
description of systems of distributed rule-based reasoard an appropriate logical
language to describe such systems. We have therefore gededolanguage in which
we can express the properties of the system, including agesliefs and communi-
cation bounds. This language is an extension of GHnd contains a belief operator
for each agent and communication modalities. (Althoughltbkef operators are in-
terpreted syntactically, we still refer to them as modadifias is common in syntactic
epistemic logics, see e.g., [14].) We provide an axiomttinaf the tree structures de-
scribed above in this logical language. This gives us a peeeay of reasoning about
resource bounds in the resulting logits rs. In particular we can reason about the
interaction of temporal, belief and communication modkdit and the logical proper-
ties of communication modalities. It also provides us withigh-level specification
language which can be translated in CT(in fact, all the properties of interest are ex-
pressible in CTL, but for technical reasons—to make the detapess proof easier—
we based our axiomatisation on CT)L

We begin by defining an internal language for each agent.|l&hguage includes all
possible formulas that the agent can store in its working ovgnhet A = {1,...,n4}
be the set of all agents, aritia finite common alphabet of facts. LAt be a finite set
of rules of the formps,...,p, — p, wheren > 0, p;,p € Pforalli € {1,...,n}
andp; # p; for all : # j. For convenience, we use the notatjpe(p) wherep € IT
for the set of premises gf and con(p) for the conclusion of. For example, ifp =
Di,-..,pn — D, thenpre(p) = {p1,...,pn} andcon(p) = p. The internal language
1L, then, includes all the facise P and ruleg € I1. We denote the set of all formulas
of IL by 2 = P U II. Note that(? is finite.

The syntax ofL¢grp includes the temporal operators @' L* and is defined in-
ductively as follows:

— T (tautology) andstart (a propositional variable which is only true at the initial
moment of time) are well-formed formulas (wff) 8- r 5,

— cp; ™ (which states that the value of agéistcommunication counter is) is a wif
of Lorp foralln € {0,...,nc(i)} andi € A,

— B;p (agenti believesp) and B;p (agenti believesp) are wffs of Lorp for any
p€ P,pe Il andi € A,

— If ¢ andy) are wifs of Lorp, then so arewp andp A 1,



— If ¢ andy are wffs of Lcrp, then so areX ¢ (in the next state), ¢ U1 (¢ holds
until ), Ay (on all pathsp).

Other classical abbreviations far, v, — and <, and temporal operationgiy =
TUyp (at some point in the future) and Gy = —F-y (at all points in the future
¢), and F¢ = —A—p (on some pathy) are defined as usual. For convenience, we
also introduce the following abbreviatiorSP; = {cp7" | n = {0,...,nc(i)}} and
CP=;cs CP:.

The semantics of ¢ g5 is defined byL ¢ g5 transition systems which are based on
w-tree structures. LEtT, R) be a pair wherd is a set andR is a binary relation off".
(T, R) is aw-tree frame iff the following conditions are satisfied.

1. T is a non-empty set.

2. Ristotal, i.e. for allt € T', there exists € T such thatRs.

3. Let< be the strict transitive closure &, namely{(s,t) € T x T | 3n > 0,ty =
S, ., tn =t € T such that; Rt; Vi =0,...,n— 1}.

4. Forallt € T, the pasf{s € T'| s < t} is linearly ordered by.

5. There is a smallest element called the root, which is ashloyt,.

6. Each maximal linearly- ordered subset df' is order-isomorphic to the natural
numbers.

A branch of(T, R) is anw-sequencét, t1, . ..) such that, is the root and; Rt; 1

for all i > 0. We denoteB(T, R) to be the set of all branches @f, R). For a branch

o € B(T, R), o, denotes the elemettof o ando<; is the prefix(to, t1,...,t;) of 0.
A Lcgp transition systend/ is defined as a tripl€T’, R, V') where:

— (T, R) is aw-tree frame,
- V:TxA— p(2UCP) suchthatforalk € T andi € A: V(s,i) = QU{cp7"}
for someQ € p(2) andep7™ € CP,. We denotd/*(s,i) = V(s,4) \ CF,.

The truth of alcrp formula at a point of a patho € B(T, R) is defined induc-
tively as follows:

- MonkET,

- M,o,n = startiff n =0,

— M,o,n = Biaiff a € V(s,14),

- M,o,n = cpy™iff ep7™ € V(s,1),

- M,o,n | —piff M,o,n - o,

- MonEeAYiff Myo,nl=pandM,o,n 1,

- M,o,nE Xoiff Myo,n+1E ¢,

- M,o,n E Uy iff 3m > nsuchthavk € [n,m) M,o0,k E ¢ andM,o,m = 1,
— M,o,n = Agiff Vo' € B(T, R) such thav’., = o<, M,0',n = ¢.

The models ofC-rp satisfy a set of constraints on the accessibility relatlon.
tuitively, eachR is composed of an 4-tuple of agents’ actions performed in parallel.
We will next define precisely the set of actions that each agam perform. They are
Rule; ,, Copy;  andIdle; wherei € A, p € IT anda € §2. Rule; , is the action of an
agent; firing p; Copy; » the action of copying: from another agent anktile; is when
agent; does nothing and moves to the next state.



We set constraints on the set of models such that the twonfmitpconditions are
satisfied: (i) any transition between two states of the modeksponds to the effect of
actions done by all agents i and (i) for any action of an agent id that is applicable
at a states of the model, then there exists another stdtand a transition frons to
s’ which corresponds to the effect of the action. To formalsese two conditions, we
have the following definitions.

Definition 1. Let (T, R,V) be a tree model. The set of effective transitidts for
an actiona is defined as a subset & and satisfies the following conditions, for all
(s,t) € R

1. (s,t) € RRute, , iff p € V(s,4), V(s,i) 2 pre(p), con(p) ¢ V(s,i) andV (t,i) =
V(s,i)U{con(p)}. This condition says thatandt are connected by agei# rule-
fired transition if the following is truep is a rule ofi, V (s, i) contains all premises
of p but not its conclusion and the conclusion,f added to the next statef 4.

2. (s,t) € Reopy, ., iff a € V(s,j) where somg € Aandj # i, cp;™ € V(s,i)
such that < ne, o ¢ V(s,i) andV (t,i) = V(s,i)\ {ep7" U {cp7" U {al.

In this condition,s andt¢ are connected by &'opy transition of agent iff i has
copied so far at most< (i) — 1 messages from other agentssat does not have
« in its working memory while another agejitdoes and at the next statea is
added into the working memory éfand its message counter is increased by one.

3. (s,t) € Rrae, iff V(t,7) = V(s,1). TheIdle transition does not change the state.

Below, we specify when an action is applicable. Note that wlg enable deriving
a formula if this formula is not already in the agent’s woikimemory.

Definition 2. Let (T, R, V) be a tree model. The selct, ; of applicable actions that
an agent can perform at a state € 7' is defined as follows:

1. Rule; , € Acty; iff p € V(s,i), pre(p) € V(s,i) andcon(p) ¢ V(s,1).

2. Copy; o € Acts; iff n < ne(i) wheren is fromep7™ € V(s,i), a & V(s,1),
a € V(s,j) for somej € A.

3. Itis always the case thdtlle; € Acts ;.

Finally, the definition of the set of models corresponding &ystem of rule-based
reasoners is given below:

Definition 3. M (n¢) is the set of model&l’, R, V') which satisfies the following con-
ditions:

1. ep70 € V(to, i) wherety is the root of( T, R) for all i € A.
2. R =)y, Ra.
3. Foralls € T, a; € Act,;, there exists € T such that(s, t) € R,, forall i € A.

Below are some abbreviations which will be used in the axitsagon:
- ByRuzel(pv n) = _‘Bip A Cpi:n A \/pEH/\con(p):p(Bip A /\pepreg)) sz)

This formula describes the state before the agent comedi¢edéormulap by the
Rule transition.n is the value of’s communication counter.



— ByCopyi(a,n) = -B;a A Bjo/ A cpi:n_l_
Let us now introduce the axiomatisation systems.

Al. All axioms and inference rules ¢f7'L* [15].

A2. Bip_/\/\pepre(p) BipAceps™ A-Bjcon(p) — EX (B;con(p)Aep7™) forall p € IT
and: € A.
Intuitively, this axiom says that it is always possible tokaa transition to a state
where agentbelieves the conclusion of a ryben its working memory. In addition,
the communication counter of the agent does not increase.
The next axiomA3 similarly describes transitions made by copy with commanic
tion counter increased).

A3. ¢p;™ A -Bja A Bjao — EX(B;a A cp?”“) foranya € 2,5 € A, j # i,
n < ne(i).
This axiom says that at most one new belief is added in thestatd.

A5. B;a — AX B;a foranya € (2.
This axiom says that an agent always believes in what it djrealieved before.

A6. EX(B;a A cp;™) — B;aV ByRule;(a,n) V ByCopy;(a,n) foranya € US2.
This axiom says that a new belief can only be added by one ofdal reasoning
actions.

ATa. start — cp7 9 foralli € A.
At the start state, the agent has not performed@ayy actions.

A7b. -EX start
start only holds at the root of the tree.

A8. \,_o..n.cpi " foralli e A
There is always a number between 0 andio corresponding to the number of
Copy actions agent has performed.

A9. cp7™ — —eps™ foralli € Aandn’ # n.
The number of previou€'opy actions byi in each state is unique.

A10. ¢ — EXp, wherep does not containtart.
This describes afdle transition by all agents.

ALl Niea EX(Noeq, Bia Aep; ™) — EX Njc 4(Aueq, Bia A ep; ™) for any
Qi C 1.
If each agent can separately reach a state where it believes formul@s,ithen
all agents together can reach a state where for gaaient; believes formulas in

Qi
Let us now define the logic obtained from the above axiomiaissystem.

Definition 4. L(n() is the logic defined by the axiomatisatidd - A11.

We have the following result.

Theorem 1. L(n¢) is sound and complete with respectittn).



Proof Sketch As usual, soundness is proved by showing that all axiomsalie and
inference rules preserve validity. The proofs for axiomd arles included imAl are
given in [15]. The validity of axiom#\2-A11 can be proved using the properties of
models inM (n¢). In the following, we provide the proof fok2. The proofs for other
axioms are similar.

LetM = (T,V,R) € M(n¢), o € B(T,R) andn > 0. Assume thai\/,o,n |=
Bip A Npepre(p) Bip A cpi™ N =B;con(p) for somep € II. Thenp € V (o, i) for
all p € pre(p) andcon(p) & V(o,,1). This means thaRule; , € Act,, ;. According
to the definition of M (n¢), there exists & € T such thato, Rt andV (¢',i) =
V(on,i)U{con(p)}. Leto’ be a branchiB(T, R) such thav’.,, = o<, ando;, | =
t’. Then we have thad/,o’',n + 1 = Bjcon(p) A cp;™. It is obvious, then, that
M,o,n = EX(B;con(p) A cpi™).

Completeness is shown by constructing a tree model for astensformulap. The
construction is the one introduced in [15]. Since the ihitate of all agents does not
restrict the set of formulas they may derive in the futuresfmplicity we conjunctively
add top a tautology that contains all the potentially necessargnfdas and message
counters, in order to have enough sub-formulas for the oect&n. We construct a
modelM = (T, R, V) for

o' =¢pAN /\ (XB;aV-XB;a) A /\ (Xep7™ VvV —aXep ™)
aEf? n=0...nc,i€A

We then prove thaf/ is in M (n¢) by showing that it satisfies all properties listed
in Definition 3.

By axiomAS8, it is straightforward that at a statef M/ there existsp;™ for some
n € {0,...,nc} and anyi € A such thaip;™ € V(¢,¢). Moreover,A9 ensures that
one and only one suahcan be presented ¥(¢, ).

At the roott, of (T, R), the construction of the model implies that there exists a
MCS? I, such thatly D V(to,i) andstart € I,. By axiomA7, it is trivial that
ep7? € V(to, ).

We then need to prove that at a statef M, if an actiona; of agenti € A is
applicable, then there existse M such that Rt andV (¢',4) is the result ofV/ (¢, 7)
after i performs actioru;. The proof is done by induction on the casesugflLet us
consider the case when is Rule; , for somep € II. Since Rule; , is applicable
att, con(p) € V(t,i) andp € V(t,4) for all p € pre(p). Therefore there exists a
MCSI" such thatl” 2 V(¢, ). Then we obtai\ . ..., Bip A cpi™ A =Bicon(p) €
I for somen € {0,...,nc}. By axiom A2 and MP3, EX (B;con(p) A cp;™) €
I'. Therefore, according to the construction, there exists T such thattRt’ and
V(t',i) C I for someI” such thatB;con(p) A cp7™ € I". ThereforeV (¢',i) =
V(t,i) U {con(p)}.

For other cases af;, the proofs are similar by usingP and axiom$A3 and axiom
A10. Then, axiomA11 enables us to show that, for any tuple of acti¢ms . . ., a,,)
such that all; are applicable at a stateof M, there exist$’ € T such thall’(¢', 1) is

2 MCS stands fomaximally consistent set
3 MP stands for Modus Ponens.



the result of performing, att for all i € A. The proof is similar to that above, except
that each case under consideration is a tuple of actionshanding axiomAl11 and
MP.

Finally, we prove that for any € T such thatRt’, there exists a tuple of actions
(ay,...,an,)andV (¥, 1) is the result ol (¢,7) when agent performsz; for all i € A.
By axiomsA4 andA5, V*(t',4) is different fromV*(¢, ¢) by at most one formula added
and no formula removed. If no formula is added (and no fornmil@moved), we set
a; to beldle;. Let us now consider the case where a formula added. By axionA6,
if cp7™ € V(t,i) for somen € {0,...,nc} then eitherep? or cpl'™ € V(¥,4). If
cpl € V(t',4) then set; to beRule; , for somep € V (¢, 1) such thatx = con(p) (this
must happen according &6). If cp!' ™! € V(') then set; to beCopy; ., (this must
happen according t86 thata € V (¢, j) for somej € A). Thereby, we have proved
the existence of the tupl@., . . ., a,, ) for tRt’. Then, we conclude thét/ € M (n¢).

a

4 Mocha encoding

It is straightforward to encode A-rp model for a standard model checker, and to
verify resource bounds using existing model checking teghes. For the examples re-
ported here, we used the Mocha model checker [1] due to tleeveitts which we can
specify concurrently executing agentsreactive modulesthe description language
used by Mocha. Note that since belief operators in our logiciaterpreted syntac-
tically, we do not need to use a model-checker for temporet@mic logic such as
MCMAS [16].

The state of the system is described by a set of state vasiahfbeach system state
corresponds to an assignment of values to the variablespridsznce or absence of
each fact in the working memory of an agent is representeddmoean state variable
a; A; which represents the fact that ageémielieves fact4;. The initial values of these
variables determines the initial distribution of factse¢n agent$In the experiments
reported below (which used the binary tree example, see&Rjyall derived (non-leaf)
variables were initialised téalsg and only the allocation of leaves to each agent was
varied.

The actions of firing a rule, copying a fact from another agamt idling were en-
coded as a Mochatomwhich describe the initial condition and transition redatior a
group of related state variables. Inference is implemelyadarking the consequent of
arule as presentin working memory at the next cycle if alheféantecedents of the rule
are present in working memory at the current cycle. A rulenly @nabled if its con-
sequent is not already present in working memory at the oticyeele. Communication
is implemented by copying the value representing the preseha fact in the working
memory of another agent at the current cycle to the correfipgrstate variable in the
agent performing the copy at the next cycle. Copying is onigihded if the fact to be

4We can also leave the initial allocation of facts undeteedjrand allow the model checker
to find an allocation which satisfies some property, e.gt,ttiere is a proof which takes less
than 7 steps. However for the experiments reported herepa@fied the initial assignment of
facts to agents.



copied is not already in the working memory of the agent perfog the copy. In the
experiments, we assumed that all rules are believed by afitagn the initial state, and
did not implement copying rules. However, this can be done straightforward way
by adding an extra boolean variable to the premises of edehand implementing
copying a rule as copying this variable. To express the conication bound, we use
a counter for each agent which is incremented each time a acijpyn is performed
by the agent. To allow an agent to idle at any cycle, the atohishwpdate working
memory in each agent are declared tddm.

The evolution of the system'’s state is described by an Initiand followed by an
infinite sequence of update rounds. The variables are ling@hto their initial values
in the initial round and new values are assigned to the viesah the subsequent up-
date rounds. At each update round, Mocha non-determialistichooses between the
enabled rules and copy operations and idling.

Mocha supports hierarchical modelling through compositibmodulesA module
is a collection of atoms and a specification of which of thdaestariables updated
by those atoms are visible from outside the module. In oupeéimng, each agent is
represented by a module. A particular distributed reagprirstem is then simply a
parallel composition of the appropriate agent modules.

The specification language of Mochadg' L, which includesC'T L. We can express
properties such as ‘ageiinay derive belief in n steps’ aF= X" tr(B;«), whereEX™
is EX repeatech times, andr(B;«) is a state variable encoding of the fact thais
present in the agent’s working memory (etg(B;a) = a;A; if @ = A;). To obtain
the actual derivation, we can verify an invariant whichestahatr(B;«) is never true,
and use the counterexample trace to show how the systemeretighstate where is
proved. To bound the number of messages used, we can inchalmd on the value of
the message counter of one or more agents in the propertyerified. For example,
EX™ (tr(B;a) Atr(cp;®Vep;t)), wheretr(epi° Vep;t) is translated to the statement
a;_counter < 2, bounds the number of messages used by agere at most 1. The
encoding of the models and translation of the properties ft@:r5 into the Mocha
specification language does not involve a significant owadtie comparison to other
model-checking problems.

5 Experimental results

In this section we describe the results of experiments fiferdint sizes of the binary
tree example (see Figure 2) and different distributionseaf/és between the agents.
The experiments were designed to investigate trade-offgds: the number of steps
and the number of messages exchanged (a shorter derivatiomare messages or a
longer derivation with fewer messages).

First, as a ‘base case’ and also to get an idea of the size ofga which can be
model-checked in a reasonable time using our Mocha encpdiegan experiments
with just one agent, varying the size of the tree. The resultsshown in Figure 3. As
one would expect, the number of steps equals to the total auoflsules in the exam-
ple. While for our binary tree example the results are unssing, in a less uniform



rule-based system such a result may be difficult to estabiisk simple inspection of
rules.

Caseft leaves steps
1. 8 7
2. 16 15
3. 32 31
4, 64 63
5. 128 127

Fig. 3. Resource requirements for one agent

We then investigated different distributions of leaf famt$ween the agents. Figure 4
shows the number of derivation steps and the number of mes$ageach agent for
varying distributions of 8 leaves. Note that there are sghvaptimal (non-dominated)
derivations for the same initial distribution of leavesvbe¢n the agents. For example,
when agent 1 has all the leaves apart frdga and agent 2 hads, the obvious solution
is case 5, where agent 1 copiés from agent 2, and then derives the goal in 7 steps, as
in case 1. This derivation requires 8 time steps and one mesbkwever, the agents
can solve the problem in fewer steps by exchanging more messkor example, case
2 describes the situation when agent 2 copledrom agent 1, while agent 1 derives
Bs (step 1). Then agent 2 derivés, while agent 1 derive®3; (step 2). Then agent
2 copiesB; from agent 1, while agent 1 derivéy (step 3). At the next step agent 1
derivesC; and agent 2 deriveS; (step 4). Then agent 2 copi€s from agent 1 (step
5) and agent 1 idles; finally at step 6 agent 2 derikkgs The effect of the bound on
messages varies with the distribution, as can be seen is t@sand 11: if agent 1 has
all the odd leaves and agent 2 all the even leaves, then tedbg goal either requires
7 steps and 5 messages, or 11 steps and 4 messages.

CaseAgent 1 Agent 2 # steps# messages agenlmessages agent 2
1. |A1 — As 7 - -
2. |A — Ar As 6 0 3
3. |A1 — Ay As 6 1 2
4. A, — A7 As 7 1 1
5. |A1 — Ar As 8 1 0
6. |A1 — As Az, As 6 0 2
7. |A1 — As Az, As 6 1 1
8. |A1 — Ag Az, As 7 1 0
9. |A — A4 As — As 5 1 0
10. (A1, As, As, A7|A2, As, As, As| 7 2 3
11. (A1, As, As, A7|Aa, Ag, As, Asg| 11 0 4

Fig. 4. Resource requirements for optimal derivation in 8 leaf sase



Similar trade-offs are apparent for a problem with 16 leagssshown in Figure 5.
However in this case there are a larger number of possibieldigons of leaves, and,
in general, more trade-offs for each distribution. For eglanwhen one of the agents
has all the leaves but one, we again have the obvious soluti@ne agent 1 copies
the missing leaf and derives the goal on its own, which taléestéps and 1 message
(case 7). In addition there are 15, 14, 13 and 12 step dexhstiwhere the shorter
the derivation the more messages the agents have to excfzasgs 2-7). We also see
interesting trade-offs when agent 2 has two leaves (ca483 8 four leaves in the same
subtree (cases 14-17). When agent 1 has 3 leaves in eacbesabtt agent 4 the fourth
leaf in each subtree, there is again an obvious derivatiovhich agent 1 copies the
4 missing leaves and completes the derivation in 19 stepg augy operations, and
a more interesting one which takes 13 steps and the agertiareye more messages
(agent 2 copies 3 leaves to complete a part of the proof, arddbpies variables from
higher up in the tree). The difference is also more markethén‘@dd and even’ case
(cases 20 and 21), where agent 1 has all the odd leaves antaajetihe even leaves,
where increasing the message bound by 1 reduces the lenifjth @foof by 10 steps.

CaseAgent 1 Agent 2 # steps#t m 1# m 2
1. |A1 — Ase 15 - -
2. |A1 — Ass Ase 12 0 6
3. |[A1 — A5 Ais 12 1 4
4. |A] — Ass Aig 13 1 3
6. [A1 — Ais Ase 15 1 1
7. |[A1 — Axs Aig 16 1 0
8. |A1 — A4 14157 A1e 11 0 5
9. |[A; — A Ais, Ass 11 1 4
10.|A; — A1y Ais, Ais 12 1 3
11. |A1 — A1s 14157 A1e 13 1 2
12 A1 — Aws Avs, Avg 14|11
13.[|A1 — A4 14157 A1e 15 1 0
14. A1 — A12 14137 A14, A15, A16 11 0 4
15. A1 — A1o A137A14,A15,A16 11 1 2
16.|A; — A1 A1z, A1, A1s, Ass 12 1 1
17.|A; — Axo A1z, A1a, A1s, Ass 13 1 0
18.|A1-As, As-A7, Ag-A11, A13-A1s |Ag, As, A2, Ais 13 2 6
19.|A1-As, As-A7, Ag-A11, A13-A1s |Ag, As, A2, Ais 19 4 0
20.| A1, A3, As, A7, Ag, A11, A13, A15| A2, Ag, A, Ag, A12, A14, A1s| 13 4 5
21.|A1, A3z, As, A7, Ag, A11, A13, A15| A2, Ag, A, Ag, A12, A14, A1s| 23 0 8

Fig. 5. Resource requirements for optimal derivation in 16 leaésas

Although these examples are very simple, they point to thesipdity of complex
trade-offs between time and communication bounds in systémistributed reasoning
agents. For more complex examples, we would anticipatestinett trade-offs would



be harder to predia priori, and our framework would be of correspondingly greater
utility.

6 Conclusions

In this paper, we proposed an approach to modelling andywegifresource require-

ments of distributed rule-based reasoners. We showed hoeaton about time and
communication bounds in such systems, and defined a sourmbarglete logicLcr B,

in which such reasoning can be expressed. The models ofgleecian be encoded as an
input to a standard model-checker such as Mocha and pregeftinterest translated
into CTL, without a significant overhead in comparison toestmodel-checking prob-

lems. We described results of some experiments on a synteimple which show

interesting trade-offs between time required by the agengslve the problem and the
number of messages they need to exchange.
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