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Abstract 

A persistent problem in managing the interaction between distributed agents is to be able to coordinate 
the communication between systems without having continually to ask each system for information about what 
it can do. One form of coordination is through the use of capability descriptions that are advertised by each 
agent and managed by a. brokering mechanism. The task of the broker (which may be centr~d or distributed 
among the agents) is to accept queries and to hypothesise the means of obtaining answers based only on the 
capability descriptions. This has the advantage that plans for coordinating answers can be constructed by the 
broker without having to contact the agents. Brokering, however, is not straightforward because capability 
de8criptiona can be complex and may be conditional on interactions with other agents. Brokering must also 
take into account the possibility that the ontologies used by each agent may differ, so some means of relating 
the terminology of capabilities of agents is needed. Many sophisticated systems exist for ta.clding parts of this 
problem but there have been comparatively few attempts to build lightweight engineering solutions by adapting 
well established methods. We describe a simple way of implementing a lightweight but powerful brokering 
mechanism. 

1 Introduction 

Knowledge sharing on a large scale, between significant numbers of agents, is difficult for at least three reasons. 
One is that it is difficult to connect the ontology of a given system with those of others. A second is that it is 
difficult to compare the inference methods used in each system (2, 3, 4]. A third is that in systems with automated 
interaction between agents it is difficult to know which systems should be asked for the information we require. 
A partial solution to this third problem is through the use of capability descriptions which describe the main 
facilities which each agent can deliver, thus allowing an assessment to be made about which agents to consult 
without having to wake up each agent to do so. An architecture for delivering this kind of ability often involves 
a brokering system, which has the job of assessing capabilities and suggesting how queries to different agents may 
be combined to discharge complex capabilities. This is a complex problem at the heart of agent COllllil.unication 
and, consequently, it is possible to design heavyweight sophisticated systems for dealing with it (see for example 
the surveys in [8, 11]). We believe, however, that there is a niche for simpler methods which give reasonably 
sophisticated fonnll of capability deBCription using well established techniques which, because of their familiarity, 
are easier for engineers to pick up. This paper describes a method of describing capabilitie,i and brokering them 
which is formal (our method uses Hom clauses with the normal semantics of this subset of predicate calculus) but 
is also lightweight in the sense that we use straightforward engineering methods in a tightly focussed way. 

A capabilities brokering mechanism has been focus of our interest partially due to the re5earch project DECaFf­
KB - Distributed Environment for Cooperation Among Formalisms for Knowledge-based Systems - sponsored by 
the Consortiwn British Council/CAPES (Brazil), Grant no. 070/98, and with participation of researchers from 
Universidade de Sao Paulo, Unive.rsidade Estadual do Ceara, University of Edinburgh and Institut d'Investigacio 
en Intel.ligencia Artificial. The main goal of that project is to provide computational means for heterogeneous 
knowledge based systems to be put to exchange messages and share their knowledge and capabilities to answer 
queries. The capabilities taken into a.c.count in that project are, therefore, descriptive of expressive power and 
inference mechanisms of the underlying logical systems of each system, as well as the knowledge they contain and 
are prepared to offer to different systems. 

We present our ideas through an illustrative example. In section 2 we summarise our proposed lightweight 
capabilities brokering architecture; in section 3 we introduce our example, based on interactions between ecological 
models for environmental monitoring and problem-solving; in sections 4 to 7 we go through the U8e of our proposed 
architecture. Finally, in section 8 we draw some conclusions and address future work. 

•work opoll80Nld by Ule Cooaortium Britieh Council/CAPES (Bruit), Grant no. 070/98. 
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Figure 1: A capability brokering method 

2 The Basic Brokering Method 

The basic method used in our capability brokering system is depicted in Figure 1. Initially, it is necessary for each 

participating agent to have described its capabilities in our capability language. In the diagram we depict these 

capabilities as the boxed Cl and C2 attached to each of the two agents in the example. Agents advertise their 

capabilities simply by sending these to the broker, which record., the capabilities I\Dd the agents who claim to be 

able to supply them. In the next stage, another agent ( in our diagram, agent 3) sends a query to the broker. The 

broker constructs from its capability descriptions (now detached from the agents) its internal description, which 

we call a "brokerage structure" of how the query might be answered based on those capabilities. It then translates 

its brokerage structure into a sequence of performative statements describing the messages which it thinks should 

enable to the query t.o be satisfied by requesting appropriate agents to discharge their capabilities. In the final 

sta&e this perfonnative information is used by the agent which sent the query to select which agents to contact; to 

send appropriate messages to them; and to await appropriate responses. 
The diagram of Figure 1 is only one of the ways in which the method of this paper may be deployed . In 

particular, the method does not prescribe that the agents submitting queries must be different from the agents 

supplying capabilities. It also does not prescribe that there must physically be a single, centralised broker to which 

all the agents advertise and which all queries must be addressed (as in_ the first stage of the diagram of Figure 1). 
It would be po1111ible to use our method in a decentralised brokering, provided that each agent had a copy of the 

brokering mechanism and there was a way of broadcasting capabilities to groups of agents. This substitute to the 

first diagram of Figure 1 is given in Figure 2. 
Decentralised brokers will requm, additioruJ care in e.g. mantaining consistency among decentralised capa­

bilities descriptions. We are aware of this needed care at implementation stages of decentralised brokers and we 
intend to develop this issue in future articles. Some interesting techniques do exist to mantain consistency among 

decentralised pieces of code and information, nevertheless, pacticularly making use of mobile code. J,n our specific 

case, we have considered the possibility of implementing a mobile verifier, that will run cyclically through existing 

capabilities descriptions collecting and updating information among them. Our idea of mobile verifier has been 

inspired mostly by [9). 
· To develop a working instance of this sort of architecture it is necessary to define the following components: 

A capability language. This can be understood as a partial apeciflcation of the associated agent. It describee 

key information which can be obtained from the agent without stipulating how it is derived. 

A correspondence language. Since the way problems are described and solved may differ between agents there 

needs to be a way for broken to spot correspondences between the capabilities of syRelIIB. Notice that thl, 

is between capabilities only, not between the actual implementations of the agents, which we expect to be 

much more complex than their capability descriptions. This is an area where deep research is possible but 

we present here a simple but effective eolntion. 

A capability brokering mechanism. Brokering requires the construction of one or more data structures, each 

of which which describes a way of supplying the information required by a client based on the capabilities 



Figure 2: Distributing the brokering mechanism 
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Figure 3: Example of brokering between two modelling systems 

advertised by the servers. This must be done automatically because we assume that the client has no innate 
knowledge of the capabilities of servers or the correspondences between their ontologies. 

A translation to performatives. Here we use the word "performative" in deference to the KQML (5] language 
for message passing between agents. The messages we send can be viewed as simplified forms of KQML 
performative, although this is not central to our paper. The purpose of performatives in this system is to 
obtain the information promised from the servers through their capabilities and coordinated in the brokerage 
structure. The additional conversion is needed, rather than using the brokerage structure directly, because 
decisions must be made about the ordering of performative messages and these decisions are not uniquely 
determined by the brokerage structure. · 

In Sections 4 to 7 we work through each of these components in detail, using a running example for illustration. 
First, we introduce tbe example. 

3 Running Example 

To make our example concrete we describe two agents in detail. These are taken from our earlier work on formal 
representations of ecological models (see [10]). They are not realistically sized agents but have the advantage of 
being sophisticated for their size and being based on widely differing approaches to modelling, despite having a 
certain degree of complementarity. They are therefore good examples for a short paper like this one. An overview 
of the two models, cast into the brokering framework of Figure l, is shown in Figure 3. On the left is a model 
described in System Dynamics notation, describing the dynamics of a herbivore-vegetation system. The boxes are 
state variables giving the size of the vegetation (v) and herbivore (h) populations. The arrows represent flows 
between state variables, which originate and 'l!nd in an external source-sink (ss). These flowa are described by 
equations which are regulated by the parameters (kl, k2 and k3). On the right is a model of the cyclic interaction 
between a predator and prey populations, which we have shown as two synchronised Ol3cillations in their size 
over time. The most striking feature of these oscillations is that the qualitative sizes of these populations are in 
oppooition - so when the numbers of prey are low the numbers of predators are high and vice-versa. This unusual 
effect can be caused by time lags in the response of each population to the numbers in the othet. In our example, the 
predator-prey model will describe only th.i! opposition between high and low values, not the quantitative changes 
as the populations oscillate. 

Although the point of our paper is to avoid considering the details of agent implementation when brokering 
capabilities, it is helpful to consider simple implementations as a way of explaining where distinctions lie. We use 
the Prolog programming language to describe these implementations because it fits conveniently to. the language 
which we use later to describe capabilities. This is not, however, a fundamental restriction of our method. Our 
implementations could equally well have been in CLIPS, Lisp or C, provided that we are able to construct an 



We haw two atale variabl• (• rein-nting vegeution biom .. and h reprment.ing herbivore biomuo) and three panimeten, (11:1, 11:2 

and t3 ), plua the value for each parameter and the initi&! value for each ot&te variable. 

atnr(,). w,_..i ... c,, 1000). par_(l,1). para_n.l,..(11:1, 0.01). 

■t .. r(b). illh_ .. lu■ (b, 60). par .. (lr:2) . paru_v■.lu■ (ll:2, O.OOi) . 
par .. CU) . par•-•■.liw(t3, O .02). 

We have !Iowa from the aource-sinlt (u) to v; from• to h; and from h to n. Th- an deocribed aa difference equa.iona regula&ed by 

the parameten. 

flow(u, •, Yf • [(11:1 ,I)], yt i■ K • 100). 
tlow(Y, b, Hi, [(Y,Yp),(11:2,1),(h,Hp)J, Hi h I• (Yp/Hp)). 
flo,r(h, u, Ho, [(b,Bp),(k3,I)]. Ho i■ l • Hp). 

We can find a value for a parameter limply by IOO&inJ up ice value. For etale varlablm, "" can do the .tame a< the initi&! time point 

but for aoy later time point we must calculate the value by finding the awn of input and outpul !Iowa fo< it and adjuating ill previou■ 

value by th- amount.. 

Yalue(X, T, V) :- paraa(l), paraa_,alu■ (X, V), 
Y&lu(l, T, V) :- •••u(l), init.tiM(Tl, init_ve.1-.■ (l,V) . 
.. 1u(l, T, Y) :- ,t .. r(l), aot(iait_tiu(T)). prniou1(T, Tp). 

1■tof(f (I,X,Y,A,B), tlovU,l, V ,A,B), Ill), 
utof(f(l,O.V,l,B), flov(l,O,V,A,B), Out), 
aa_flova(In, T, SI), 
,..._flon(Out, T, SO). 
Talu(l 0 Tp, Vp), 
Y l ■ Vp + SI - SO. 

We caa aleo find out the iaftueuc:e of one variable on another by follo,riog througb the network of IIDW connectiona. 

Wluence(I, T) :- tlov(I, T. _, _, .. ) . 
illf'lunc:::•Cl, Y) :- flow(I, Z, -• -• _), influ■nce(Z, Y). 

Figure 4: A System Dynamics model 

Pndatora and prey are antagooisla of oach other. Lynx are pnclatore and Hare ..., pn,y. 

an.t:agoai■t:(1.. T) :- (prisdator(I) • prey(T)) ; (predator(T), prey(,:)). 

predatorClJIIZ). prey(llue). 

The qualitative lllaillltude, Yx, of a population, X, will be the opposite of the qualil&tive magnitude, Yy, of Ill antagonist population, T. 

sus(l, Yz) :- antqoni1t(l, T). siu(T, Vy), oppodto(Vz, Vy), 

The on!, qualitative magnitudm in tbia model an higll and lov, which oppoee each other, 

oppo■He(lov, high). oppo1ite(hip, lo,r). 

Figure 5: An elementary predator-prey model 

interface linking the functions in those progr= to the capabilitie11 advertised for them. To emphasiae that we are 

making no aasumptioDll about what ee.ch agent contalru! we have made our examples a little non-standard. Figure 

4 describes a model of an ecological system in a System Dynamics notation. Figure 5 gives a simple predator-prey 

model. Although not conventional agent application,, and simplified for the purpose of demonstration, otheni have 

oonducted knowledge aharing experiments using similar examples - see for in.stance (1). 

To save apace, we have not given all of the definition, needed for the systems of Figures 4 and 5. We have, 

however, enough detail to define some capabilities in the next section, 

4 Describing Capabilities 

Having defined the two agents of the previous section, we now wish to hide the detail of their know ledge repre­

aentation language (Prolog) and inference mechanisms ( the Prolog interpreter) and we also want to be selective 

about our cl.aims to other systems a.bout what each agent is able to do. Fbr this we select a convenient language 

for describing capabilities. Thia must be CODlltructed by engineers from a variety of backgrounds so itt semantics 

should be as straightforward as possible. It must alao be formal because it will be used automatically by the bro­

kering system. We have chosen Horn clauses a., our capability language because thia provides us with convenient 

and expressive formal language which, as we shall show, can be UBed to provide & simple brokering mechanism. We 

make no claim that thi1 is the best such language. 
The intuition behind our use of Hom clauses far capabilitie11 is that we have four forms of capability, C, each 

of which is defined within the expression cap(K, C), denoting that the agent named K can deliver capability, C in 

at least one inatance or, if not, will signal failure. Valid options for C are: 

• A unit goal of the form P(A1 , ••• , An), where Pis a predicate name and A1 , ... ,An are its arguments. 



• A conjunctive goal of the form (C1 A .. . A Cm) where each C; is a unit goal or a set expression. 

• A set expression of the form setof(X, C, S), where C is either a unit goal or a conjunctive goal; X is a. tuple 
of variables appearing in C; and S is a set of instances of those tuples which satisfy C. 

• A conditional goal of the form Cc +- Cp, where Cc is a unit goal which the agent, K, will attempt to satisfy 
(but will not guarantee to satisfy) if the condition, Cp, is satisfied. Gp is either a unit goal or a conjunctive 
goal. 

We can now use this style of capability description for our examples in Figures 4 and 5 (a.hove). The choice of 
which capabilities to describe requires ingenuity on the pa.rt of the engineer of each agent. There is, however, a 
simple procedure for deciding initially what will be described. We describe this using the System Dyna.mies a.gent 
(named sd below): 

• First choose the predicate names that correspond to information that might usefully be transmitted by the 
system. In sd we could imagine transmitting information about the values and influences in the system so 
the predicate names a.re value and influence, assuming for convenience a. direct translation between the 
predicate names internal to the agent and those we use in capability descriptiona. 

• Then decide whether we can provide this information directly or if we need to impose conditions on provision. 
If we impose conditions then we should start again from the item above for those predicates which appear in 
the conditions. Information about influence can be given directly but for value we need to check that we 
are asking for an appropriate time and state variable. Therefore we add time and stvar to those which may 
be transmitted by the system. 

• For each of these predicates decide how the information about it is to be transmitted. This can be in one 
or more of the four forms of capability described earlier. The information on value, we already know, is 
conditional on time and stvar. The information on time can be provided unconditionally but only for 
individual instances, since the set of possible times is not bounded. The information for 3tvar can be made 
available either as instances or as the full set because there are only two of these. Continuing this process for 
a.II the predicates, and identifying variables appropriately, yields the set of capabilities shown below. 

Notice that for the predator-prey system of Figure 5 we have only two capabilities (labelled pp above) which 
allow information a.bout the names of the predator and prey to be advertised. We were not able to advertise 
information a.bout the size of the populations in the predator-prey system because it, alone, is not capable of 
determining this information. There is only one clause in the Prolog program of Figure 5 for determining size and 
this is conditional on information being available about the size of the antagonist population - so to know the 
size of the predator we need to know the size of the prey and vice-versa, but neither is a.s8erted in the predator­
prey system. There needs to be a way of advertising a capability which is conditional on the a.gent in question 
receiving additional information from another agent, mediated by the broker. For this, we have a partial capability 
description, p..cap(K, C, E), which is identical to our original capability description but with an additional argument, 
E, containing the capability required from another agent. Using this representation for aize in our predator-prey 
system we obtain. 

We now turn to the next representational task before brokering: that of defining correspondences between 
a.gents. 

5 Describing Correspondences 

Partial capabilities like the ones in the previous section cannot be discharged unless we either a.re lucky enough to 
have identical capabilities being described in different agents or we have taken the trouble to describe correspon­
denceB between capabilities. There a.re numerous ways of expressing such correspondences and no consensus on the 
best approach. We could, for example, try to build an interlingua [7] intc which capabilities from different a.gents 
were translated and out of which we could translate the information needed to satisfy partial capabilities. This, 
however, makes strong assumptions about the integrity of information transmitted through a -shared language. For 



simplicity, we have illlltead used defiDitiollS which give direct correspondence11 between pairs of agent capabilities. 

Each correspondence is of the form rorr(K1 , C1,K2,C2,G) +-- P where C1 is a capability in agent K1 which cor­

responds to capability C2 in agent K2 with the constraint G restricting the acceptable BUbstitutions for variables 

in C1 and C2 • The precondition, P, is an optional conjunction of other cornspondencea upon which the main 

correspondence depends. A set of correspondences between value in the ad agent and nze in the pp agent appear 

below. The first of these states that values of Jess than or equal to 10 in ad correspond to low sizes in pp provided 

that the state variable over which the value is defined in ad corresponds to the prey over which size is defined in 

pp. The last of the correspondencee below states that the state variable, h (the herbivores), in ad correspondll to 

the prey, hare, in pp. 

We now have representations of capabilities and correspondences. Our next step is to define a means of 

generating brokerage structures. 

6 A Brokering Mechanism 

The purpose of a broker is to find, for a given query posed by a client, the ways in which agents which have 

advertised their capabilities might be contacted in order to satisfy that query. In our example, the client might 
want to obtain a prediction of the size of the Lynx population and, to obtain this, it will be necessary to acquire 

the services of both of our example agents. We need a formal way of representing this sort of combination of 

capabilities, for which we use what we call a brokerage structure, of the form c(K, C), where K is the name of the 

agent which should be able to deli vu the capability and C is a description of the 110urces of the ~ility. C can 

be in any of the following forms: 

• A capability available directly from K. 

• A term of the fonn c(K,dq(Q, QC)), where Q ia a capability obtainable from K conditional on its other 

capabilities and QC describes how these capabilities are obtained. 

• A term of the form c(K,pdq(Q, QC,QP)), where Q is a capability obtainable from K conditional on its other 

capabilities and on capabilities external to K, and QC and QP describe bow these internal and external 

capabilities (respectively) are obtained. 

• A term of the form c(conj,co(CQI,CQ2)), where CQl and CQ2 are two capability structures which must 

jointly be satisfied. 

• A term of the form c(K,cn(Q,G,c(Kl,Ql))), where Kl is the name of an agent different from K which 
allows capability structure Q to be delivered in combination with capability structure Ql provided that the 

correspondence constraints given by G are satisfiable. 

We can now describe a method for constructing brokerage structures of the form given above using the capability 

and correspondence definitions which reside in the brokering system. Notice that this does not involve any additional 

interaction with the individual agent syste1DB - the computation can be done entirely within the broker. We describe 

the algorithm below as a logic program because this is compact, precise and declarative but the mechanism it8eJf 

could be implemented in a procedural language. The algorithm proceeds by cases corresponding to each of the 

forms of brokerage structure given above. The dq structure is obtained from a conditional cap defiDition; the 

pdq structure from a p..cap definition; the co structure from two capability structures; and the en structure via 

correspondence. In all cases where we introduce a new capability into our structure - mUBt demo11Strate that it 
too is obtainable from our definitions - hence the recursive use of 1,roker in the algorithm. For partial capabilities 

(pdq structures) we need the same form of brokering but with the constraint that the external capability required by 

the agent comes from some other source. The easy way to describe this ill simply to replicate the broker algorithm 

but with an additional argument (Kn in e.broli:er be)(Jw) that records the original agent name and prevents it from 

being used to satisfy the external capability goal. 

lorMaP(Q,~K.Q)) .-. 

._.••(Q, .i(Jl'."'1{0.QO))) -

••p(K , Q) 

-,<r, (Q +- C))A 
••••,.(C',QO) 

C..°"!t!t1J: l,'l;; CJ, P)A 
•-"'•••'l"{,.,K1.QP1 

:;:~:;fSt ~8~1" 
.::;~!(~E~,;t ia8 1

" 



Figure 6: Example brokerage structures 

•..1roJi•r(Q, K", ((K, d1(Q,QC))) +-

it.l,rdtr(Q, K'II, c(Kt. 11dq(Q, QC, QP))) +-

•-•roHo•((Ql, Q2), ""• c(c:011j, co(CQl, CQ2)}) .,_ 

co•(I('., Q)A 
••t(N • Kt1) 

::~i~•roK:;)~J>A 
k-o"•r(C,QC) 

=~(~f!· k~)A C), P)A 
, .. .,1111 .. cc.Qc111 
,.J,ro.1tr(.P, Kl , QP) 

:z:::;i3~: ::: gg~~A 
:::~~!(~~~~~ .. ;'~·)f)" 

tl) 

(2) 

To demonstrate how the algorithm above works we can apply it to our example of brokering a query about the 

size of the Lynx population. ff our broker attempts to satisfy broker(size(lynz, S), R) using the capabilities and 

correspondences we defined earlier then it can obtain a number of solutions for R. Two of these are given in Figure 

6. 
The first ( expression l) says that the pp agent can answer provided that lynx is a predator and hare is a prey 

according to pp and that the size of the hare population is considered to be low in pp via a correspondence to a 

value of no more than 500 for the biomass of h in the sd agent. The sd agent should be ab!~ to establish this if it 

is capable of finding an appropriate time and of recognising h as a state variable. 
The second brokerage structure (expression 2) is similar to the first except that confirmation that hare is a 

prey within the pp agent is not done locally but via a correspondence to the state variable h in the ad agent. This 

raises the issue of preference between brokerage structures. We do not present a solution to this here but there 

are heuristics for deciding which possible brokerings we would prefer. In our ex.ample, the first structure seems 

preferable to the second because it makes fewer correspondences between expreesions in different agents and, since 

each correspondence raises the possibility of imprecise equivalences having been defined, it seems better to take 

fewer of these riska. 
We are now at the stage where we know what we want to broker but we have not committed to how this might 

be done. Thia ill the topic of the next section. 

7 A88embling a Performative Sequence 

The brokerage structures of the previoUB section describe which pieces of information are worth querying from each 

agent and stipulate how they can interact in satisfying the query originally posed by a client. They do not, however, 
prescribe the sequence in which we should transmit messages to the agents which we are coordinating. This ia 

important beca.use, for example, we do not want to ask the sd agent for 11alue(h, T, V) until we have ai,ked it for an 

appropriate time (by asking it to satisfy time(T)). How we establish an appropriate sequence of measages depends 

on the conventions being used for message passing. Fbr the purposes of example, we use a simple convention in 
which we have three communication acts ("performatives" in the terminology of KQML) that are transmitted 

sequentially: 

• a&k(K,C) denoting that we are asking the agent named K to discharge the capability C. We must obtain a 
response to this message with an instance for C before proceeding with the rest of the sequence. 

• tell(K, C) denoting that we are informing the agent named K that a capability which it required externally 

can be discharged by a correspondence to another agent. We must obtain a response from K indicating that 

it accepts the info~ation before proceeding with the rest of the sequence. 

• test( G) denoting that whatever system ill sending the messages should attempt to satisfy the constraint, G, 
before sending any further messages in the sequence. 



We now need an algorithm for translating the brokerage structures of the previous section into message sequences 
which conform to our message passing conventions. We describe this below in the style of a. Definite Clause Grammar 
(DCG) [6] where an expression of the forms,. * S denotes that we are permitted the sequence ~resented by 
the expression S,. if we are permitted the sequence represented by expression S. S can be a. sequence (sepa.ra.ted 
by commas) of any of the following expressions: a. subsequence expression of the form S(A1 , ••• , A,.); a. ca.11 to a 
predicate of the form P(Ai, ... ,Am); or a sequence of terminal symbols of the form [X1 , •.• ,x.J. The grammar 
is used to generate the sequence of terminal symbols, corresponding to performa.tives, by unpacking the brokerage 
structure. We assume in the defuritions below that the DCG rules a.re mutually exclusive, so there is only one 
possible rule for ea.ch form of brokerage subterm. It is readily implemented in Prolog but could be implemented in 
other languages. Some of the rules require a predicate dependent..queries(QC, DQ) which is used to construct the 
conditions, DQ, for a dependent capability from the brokerage structure, QC. This is a straightforward definition 
because we simply pull the appropriate subterms out of QC but we omit it here to save space. 

.... ,..11, ■(c(6, ""r(Q, QC))) .., !!:::.i.1!(Q~ .. ,.•u(QC, DQ)}, 
(,a.lt{S,(Q - DQ))J 

:::::t~:rn~r.-iH(QP. DQ)}, 
{Hli(S1, (Q +- DQ))I 

aa.a,nnU•(c(.,.11.j, c■(CQl, CQ2)}) • 

i,~:~rJt1?iflk o,i 
HHmUc(c{S , Q)) ""' (.,Js(S. Q)J 

The MSembled message sequences corresponding to brokerage structures I and 2 are sequences 3 a.nd 4, respec• 
tively, below. Notice how these have flattened the declarative brokerage structures into sequences which respect 
the procedural realities of message passing. For example, the request (fifth in sequence 3) to the sd agent to find a. 
value for h provided that T is a time and h a state variable should come after we have &Bked whether ,d is capable 
of genera.ting a. time, T, and of recognioing that h is a state variable. 

,., 

(4) 

8 Conclusions 

We have described a. lightweight but powerful brokering mechanism. It is lightweight because it employs methods 
which a.re taught routinely to students and engineers and we might reasonably expect it to be picked up by those 
groups of people without excessive additional training. It is powerful because it provides an expressive capability 
language based on predicate logic. Nevertheless, the current system is merely a prototype which needs further 
development and experimentation. The most immediate points of concern are described below. 

• Our current implementation of the algorithm for generating brokerage structures operates in a. Prolog-like 
style, simply attempting to satisfy goals from capabilities using a depth•first search. This has all of the 
problems which are familiar from normal logic programming, including the potential for non•terminating 
search. This problem can be addressed by applying well known methods of search control (the simplest of 
the.se being to limit the size of brokerage structures). 

• In large agent systems the broker may be able to generate huge numbers of brokerage structures by combining 
the capabilities of different a.gents. In such C81168 it is necessary to have a means of choosing preferred 
structures. There are some obvious heuristi<:11 for ma.king this choice, for example by preferring smaller 
brokerage structures or structures which involve the fewest agents. These a.re, however, only heuristics and 
it is not yet clear how effective they would be. 

• Our method for describing correspondences by direct association between agents is primitive compared to the 
forms of knowledge sharing envisaged by others (see Section 5). Because our work is at an early stage when 
additional problems are a. distraction, we have avoided this issue but it seems straightforward to allow the 
possibility of an interlingua rather than a direct mapping to form correepondences between agent ontologies 
in our mechanism. 



• The language we use for performatives is simplistic compared to systems like KQML. We have yet to explore 
how brokerage structures may translate to more sophisticated performative languages. 

• Our method assumes, as all such systems must, that the connection between advertised capabilities and actual 
capabilities is sufficiently robust. In other words, if a broker constructs brokerage structures for queries from 
the capability descriptions of which it has knowledge then the performatives generated from those structures 
will answer a large number of those queries reliably. We say "a large number" rather than "all" because it is 
not possible to guarantee reliability in an open system, where we have no idea how carefully each agent was 
engineered. To improve reliability we need good engineering methods to connect the internal operations of 
agents to their advertised capabilities. 
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