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Abstract
The key factor that will determine the speed and
depth to which multi-agent systems penetrate the
commercial marketplace is the ease with which
applications can be developed. One approach is to
use general purpose languages to construct layers of
agent level constructs. Object-oriented languages
have been advocated as appropriate for the
complexity of distributed systems. According to
Gasser and Brim [1992], the key problem with the
common forms of object based concurrent
programmingis the fixed boundaries they give to
agents are too inflexible. They do not reflect either
the theoretical positions emerging in Multi-agent
systems, MAS, nor the reality of multilevel
aggregations of actions and knowledge. This paper
advocates the use of a rather different type of object
based concurrent
language,
stream logic
programming,SIP, that does not have this drawback.

1 Object Based Concurrent Programming
The key factor that will determinethe speed and depth to
which multi-agent
systems, MAS, penetrate
the
commercial marketplace
is the ease With which
applications can be developed. The few agent applications
that, presently, exist are hand-crafted fromscratch for each
new problem, [e.g. Jennings, 1994]. This meansthey have
a high overheadas the relatively complexinfrastructure for
agent computingneeds to be put in place before the rest of
the application can be constructed. A further impediment
to the take up of MASis manyof the tools and techniques
that are currently being deployed appear ill-suited to the
problem - they are not designed for easy and concise
expression of the problem, nor the concomitantcomplexity,
of agents and agent interactions.
One wayof alleviating these problemsis to provide high
level constructs and primitives that facilitate
the
implementation of agents and multi-agent systems. There
are, essentially, two ways of doing this. Firstly, new
languages are proposed in which agent-level features and
interactions are primitives. For example, Shoham’s[ 1990]
agent-oriented paradigm involves programming agents
directly with intentional
notions like beliefs and

commitments. Other languages of this genre include
PLACA
[Thomas, 1994] and MAIL[Steiner, 1995]. O’his
paper will perpetuate the annoying convention of writing
language names in upper case even when they are not
acronyms.) The second approach is to use more general
purpose languagesto build higher layers that provide agent
level constructs. Within this category, object based
concurrent programming, OBCP,has emerged as the major
contender [Gasser and Briot, 1992]. In OBCP,a numberof
self-contained concurrently executing objects communicate
by messagepassing.
The main reason for the rise of OBCPin MASis the
prospect of better coping with the complexity of running
large programs on distributed systems [Colouris et at.,
1993]. Well-known OBCPlanguages for programming
distributed artificial intelligence, DAI, systems include
ACTORS[Agha, 1990] and ABCL[Yonezawa, 1990].
ORG[Hewitt and Inman, 1991], is an agent organisational
layer above ACTORS.While admitting that OBCPhas
some complementary aims with DAI, Gasser and Briot
[1992] point to some deficiencies. The key problem the
authors identify with the commonforms of OBCPis object
identity.
Accordingto Gasser and Briot, the fixed boundaries for
agents which OBCP
gives are too inflexible. They do not
reflect either the theoretical positions emergingin DAInor
the reality of multilevel aggregations of actions and
knowledge.The present paper advocates a rather different
type of OBCP,stream logic programming, SLP, for MAS,
which does not have this drawback. A stream [Kahn,
1974] can be thought of as a messagequeue[Abelson et at,
1985].
SLP developed from attempts parallelise
PROLOG
[Ringwood, 1988; 1989; 1994]. This endeavour was given
impetus by the Japanese Fifth Generation Initiative, FGI.
The FGI realised that the critical application for a kernel
language of any machine is the operating system
[Chikayama,1993a]. Without an operating system, parallel
hardwareis virtually useless. In his thesis, Durfee[1988]
also recognises the converging concerns of distributed
operating systems and DAI. The appropriateness
of
streams for systems programming was a principle
justification for their introduction [Kahn, 1974].
At an early stage, SLP was interpreted
as OBCP
[Shapiro and Takeuchi, 1983]. The objects of SLP, though,
are ermergent and do not have identitiy.
This paper
introduces an exemplar of SLP, Reactive, Guarded,
Huntbach
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Definite Clauses, RGDC
[Cohen et al, 1992], by means of
simple examples. More complex examples pertinent to
DAI and MASare gradually developed. Because of the
limits on space, the introduction assumesa little familiarity
with ACTORSand PROLOG.

2 Clausesas Behaviours
A superficial difference between ACTORS
[Agha, 1990]
and SIP is the syntax. Actor like languages generally use
LISP syntax [Tomlinson and Scheevel, 1989] - the LISP
syntax reveals the language in which the interpreters are
written and the ancestor, PLANNER
[Hewitt, 1969,
Sussman et al 1971]. McCarthy [1988] claims that
PLANNER
can also be recognised as a precursor of
PROLOG.Stream logic languages, naturally,
have a
PROLOG-likesyntax.
Like ACTORS,a stream logic program consists of a
fixed set of namedbehaviours. Standard object-oriented
terminology uses the word "class" in place of behaviour.
In logic programming,this is a set of definite clauses with
the samepredicate (name)at the head of a clause.
Unlike conventional OBCP,there is no implicit message
queueassociated with each object. Rather, there is an array
of messagereception slots. The following clause fragment
gives the head of one behaviourfor an act object

a=t(x,
Y):-...

with two messageslots (variables) X and Y. As a syntactic
convention of PROLOG,
message slot names start with
upper case letters. The scope of the messageslot nameis
the clause. The symbol, : -, separates the class namefrom
constraints on the message. A distinction is madebetween
the same behaviour name with differing numbers of
messageslots (arity). For example, aog2 with two message
slots is considered different from not/3 with three message
slots.
In conventional OBCP,there is a queue of messageslots
associated with each object. As messageslots are explicit
in SLP,there is no implicit mergingof incomingmessages.
The fixed numberof message slots may seem debilitating
but as will be shown it is much more flexible than a
message queue.
2.1 Message selection as condition synchronisation
The general form of a clause is <guard>
<- <bel~aviour>
where the guard is further decomposed<head>:- <boolean
constraint>. The <- symbol separates constraints from the
behaviour which can be enacted if the constraints are
satisfied.
act(X, Y) :- X=m<-...
+ act(X,Y):-X=n<-...
The + symbol is used as the separator between alternative
condition-behaviour pairs. As with OBCP,each method
specifies the behaviourof an object if it receives a message
with a particular selector. A messagein SLPis a term in
the sense of predicate logic. The principle functor of the
term is the selector name.Againselectors are identified by
nameand arity.
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The above program fragment illustrates
the heads of
methodsfor two behaviours for a©t/2. If an object of the
class aot/2 receives a messagem/0 on its first messageslot
it adopts the behaviour specified by the first clause.
Alternatively, if it receives a messagen/0 it adopts the
behaviour specified by the second clause. As a syntactic
convention of PROLOG,selector and behaviour names
begin with lower case letters. If no other clauses are given
for actS, an object of the class remains suspendeduntil a
message is received on the first message slot. This is
blocking receive. In this simple example, if a messageis
received which is not m/0 nor n/0, the object remains
suspendedforever.
Pattern matching is used as a shorthand for equality
constraints. The messageselection described for the class
11¢ff2
is:
aat(m,
Y)<-...
+act
(n,Y)<-...
This pattern matching is not restricted to zero arity
messages,but applies to terms of arbitrary depth (Note this
is pattern matching and not unification as in PROLOG.)
The constraint X=/Ycan be used to describe behaviour if
particular messagesare not received:
+ act(X,Y):- X=/m
&X=/n<-...
Theampersand
denotesconjunction. If an object of the
class aet/2 receives a messagethat is neither m/0nor n/0, the
object will enact the behaviour specified by the third
clause. If morethan one clause guard is satisfied the first
in textual order is chosen. This feature can be used to
programpriority and fairness as will be shownin Section
3.1.
An object that fails to receive the messages it is
expecting will remaininactive. This feature can be used to
implement time-outs as illustrated
in Section 3.3. A
nonblocking receive can be specified using priority of
clauseordering:
rot(m,
Y)<-...
+act(n,
Y)<-...
+act(X,
Y)<-...
Clauses have priority given by top to bottom ordering. If
an m/0 or n/0 messageis received it will be dealt with by
appropriate clause. If no messageor some messageother
than m/0or n/0 has been received, the behaviourof the last
clause will be used.
In SLP, messageselection is more refined than is usual
for OBCP.It is possible to invoke an object behaviour
only when it receives a message on two or more message
slots. A class behaviour can be further restrained to be
enacted only if messages satisfy certain primitive test
conditions, called guard constraints. The following guards
for max/l, denote that it requires two numerical messages
to be receivedon different slots:
max(I,J) :- I>d<- ...
+ max(I,J) :-I=<J<-...
If no other clauses are specified, an object of the class will
remain suspended until messages are received on both
messageslots (the constraints cannot be evaluated until
messages have been received).
This condition
synchronisation was inspired by the guarded commandsof
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Dijkstra [1975] but it has an earlier manifestation in
decision tables [Cohenand Ringwood,1994]. In ACTORS
[Agha,1990] a conditional expressionis used instead of
guexds.
2.2 Goals as short-Hved objects
Anobject is a "goal" in logic programming
and is an
instance of a behaviour, with a numberof namedmessage
slots. Theobject itself is not ,-tamedandthus maynot be
referred to directly. In Actor-likelanguages,objects have
namesand these can be passed as arguments to newly
formedobjects. Messageslots are implicit and messages
are sent to namedobjects. It is not possible to viewor
otherwisemanipulatethe messageslots on whichmessages
are received.
In SLP, messageslots are explicit - they have local
names that can be manipulated by the programmer.
Messageslots can be sent as messagesto newlycreated
objects. Thebodyof a clause is interpreted as a networkof
concurrent objects connected by communicationmessage
slots. This is representedas a list of objects(separatedby
I).
<-A<<m
I act(A,
B)Ibct(B,
C)I
Theseobjects are either newinstancesof definedclasses or
a primitive message-sendobject. The message-send
object
is indicatedby the syntaxMessage-slot<
<Message,
similar to
C++.Messagesending is asynchronous.
Theclass of objects act/2 introduced abovewhichcan
receive different messageson its first messageslot can
send appropriate responsesto its secondmessageslot as
indicated below:
act(m,Y) <- Y<<q
+ act(n,Y)<- Y<<r
Behaviouris specified by object replacementin the same
way as ACTORS
[Agha, 1990]. Object termination is
specifiedby a dolle/0 replacement.
bct(q,V)<-done
Abet/2 class object can terminate if it receives a q/0
message where the behaviour done signifies
no
replacement.
With the behaviours given, acV2and bct/2 can only
suspend, waiting to receive messages. Themessagesend
primitive never blocks. A possible scenario of message
passingandobject replacement
is as follows:
<- ~ I act(A,13)1 bct(B,C)I

<- I bct(B,C)t...
<- ~ I bct(B,C)l...
<- _bCt(o,C)I...

Theunderscoreindicates objects that are not suspended.
Thereceptionof the messagem/0activates the first clause
of act/2. Theobject a©t/2 is replaced by its behaviour,
anothermessagesendprimitive.
2.3 Emergent long-lived objects and streams
Goalobjects are, like Actorobjects, ephemeral.Oncea
method(clause) is selected, an object is replacedby the
networkof objects specified in the bebaviour. Oncea

messagehas beenreceived in a messageslot it cannot be
used to receive another message (nondestructive).
However,messagesare terms and terms maythemselves
havemessageslots - a sort of reply_paidenvelope.
act(m(X),
Y)<- Y<<q(Z)
I cct(X,
+ act(n(X),
Y)<- Y<<r(Z)
I dct(X,
Here, the act/2 object waits to receive an mll or nil
message.These messagescontain a messageslot within
them.Ratherthan deal with the messageon slot Xitself,
the act/2 objectcreates an cot/2 or dot/2 objectto deal with
it. Themessageslot namesused in the bodyof a clause
maybe those from the head of the method,or newones
that only appearin the body.This is similar to the wayan
Actorobject handlessubsequentmessages,by creating new
ACTORS
[Agha, 1990]. In combination with guard
priority, this maybe used to implement delegation
[Liebermann, 1986]. Delegation is an alternative to
inheritance in OBCP
that is better suited to distributed
systems. Instead of passing incomprehensible
messagesto
a higher class, delegation passes the messageonto other
objectsto dealwithit.
Messages may be multicast by using multiple
occurrencesof messageslots in the bodyof clauses.
<-X<<m
I get(X,
...)I bct(...,X,...)I c c t(...,
Anobjectmayreincarnate
itself by replacingitself with
a recursivecopy:
bct(q(X),Y)<-bct(X,
effectively creating a long lived object that can receivea
streamof 0/1 messages.Astreamis a potentially infinite
messagebuffer. Tail recursion can be implementedas
efficiently as repetition. Arecursivelyreincarnatedobject
can senditself a message:
bet(q(X),
Y)<- Z<<r(X)
I bet(Z,
This is similar to the capacityofferedby languages suchas
SMALLTALK
[Goldberg and Robson, 1983] for an object
to senda messageto itself usingthe special messagequeue
self. Amoreefficient specification havingthe sameeffect
is:

bet(q(X),
Y)<-bct(r(X),
Theclass max/2,
above,illustrates howobjects maywait
for messageson two messageslots simultaneously. The
pattern matchingability of guards can be used to select
methodsthat are only invoked by objects that receive
consecutivemessageson the samestream:
bet(s(t(X)),
<-bet(X, Y)
This can be used to programatomictransactions for which
several messages
are required[Cohenet al, 1992].
Binarymessagescan be used to create, a perhaps, more
readable syntax for channels or streams. For example,
using a right associative, binary infix functor :/2 the
necessaryreceipt of two unarymessagescan be specified
as:

v)<-

Parentheses are avoided by taking :/2 to be right
associative. PROLOG-like
list syntax mayalso be used
where[XIY]is a binarymessage:
bct([s,t IX], Y)<-bet(X,Y)
Thenotation[X,YIZ]is shorthandfor [XI[YIZJ].Streamsin
SLPare often explained as PROLOG
lists [Shapiro and
Huntbnch 179
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Takeuchi,1983]. This expositionhas deliberately not done
this to illustrate that this is far too narrowa viewof the
capability afforded by messageswith embeddedmessage
slots.
3 Naive Agents
SLPhas nowbeen sufficiently explicated to give an
exampleof negotiation betweennaive agents. Belowis a
RGDCprogram for the Winograd and Flores [1986]
hagglingprotocol:
S:propose

B:rej~t,/"

B:accept

I[~1

O

/

(~_....~/S:accept
S:reject
FigureI:AWinograd
Flores labelled digraph
Thebuyer and seller start concurrentlywith a message
for the buyer,the seller’s askingprice, alreadywaiting:
<- uller(100,
Counter,
50)I buyer(30,
100:Counter,
As with C++,commentsare indicated by lines beginning
witha pair of slashes
Ilmtller(Current_Asking_Price,
Offers,Lower_Limit)
Comments
are usually limited to explaining the type of
messagesthe messageslots are expecting.
The seller is specified as long lived object with a
messagestreamof offers to buy. If the seller receives an
offer greater than its lowerlimit, a messageagreeingthe
priceis sent.
seller(Ask,
Offer:Counter,
Lower_Limit)
:- Offer>Lower_Umit
<- Counter<<accept(Offer)
I Nller(Ask,Counter,
Lower_Umit)
If the seller receivesan offer less thanthe lowerlimit it
makesa counterbidthat is half of the previousaskingprice
andthe buyersoffer.
+ eeller(Ask,
Offer:Counter,
Lower_Umit)
:- Offer<Lower_Limit
& New_Ask:=(Ask+Offer)/2
& New_Ask>Lower_Limit
<- Counter<<Now_Ask:New_counter
I Nller (New_,Ask,
Now_Counter,
LoweLLimit)
The previous asking price is a self message. Simple
arithmetic, such as NewAsk:=(Ask+Offer)/2,
is performedin
the guard.
If the seller receivesan offer less thanits lowerlimit, it
sends a messagedenyingagreementis possible.
+ uller (Ask,Offer:Counter,
Lower_Umit)
:- Offer<Lower_Limit
&New_Ask:=(Ask+Offer)/2
& New_Ask<Lower_Limit
<- Counter<<reject(offer)
I miler(Ask,
Counter,
Lower_Umit).
Thecodefor the buyeris similar.
//buyer(Current_Offer,
Asks,UppeLLimit)
buyer(offer,
Ask:Counter,
Upper_Limit)
:. Ask<Upper_Limit
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<- Counter<<accept(Ask)
I buyer(offer,
Counter,
Upper_Umit)
+ buyer(offer,
Ask:counter,
Upper__Umit)
:- Ask>Upper_Limit
& New_Offer:=(Ask+offer)/2
&NewOffer<Upper
Limit
<- Counter<<New_offer-New_counter
I buyer(New_offer,
Now_Counter,
Upper_Umit)
+ buyer(Offer,
Ask:Counter,
Upper._Limit)
:- Ask>Upper_Umit
& Now_offer:=(Ask+offer)/2
& New_Offer>UppeLLimit
<- Counter<<reject(Ask)
I buyer(Offer,
Counter,
UppeLUmit).
Theclauses for the behaviourswhenthe seller and buyer
receive accept or reject messageshave been omitted.
(Presumably
they proceedto the exchange.)
Theclauses of a programcan be interpreted as decision
tables [Cohenand Ringwood,
1994]. Eachclause is a rule
of a table andeachguardthe conditionof a rule. Thebody
of a clausegivesthe actionto be performed
if the condition
is satisfied. Decisiontables are often usedto specifyfinite
state machines. A connection between the Winograd
Flores networkdiagramandfinite state machines
is readily
apparent.
Thegiveninitial object networkresults in the following
messageexchangescenario:
<- Nller(100,
Counter,
75)
I ~’ej(40.100:Counter.
80)
<- seller(100,
Counter,
50)I Counter<<70:Counterl
I buyer(70,
Counter1,
80)
<- mlledl00.70:Counter1.75)
I buyer
(70,Counter1,
80)
<- miler(85,
Counter2,
75)I C,,ounterl<<
85:counter2
i buyer
(70,Counter1,
80)
<- uUer(85,
Counter2,
75)
I~vertTO.85:Counter2.
80)
<- miler(85,
Counter2,
75)1 C,ounter2<<77.5:Counter3
i lae/er(77.5,Counter3,
80)
<- miler(85.77.5:counter3.
75~
i buyer
(77.5,Counter3,
80)
<- mdler(85,
Counter3,
75)I ~,ounter3<<acceDt(77.5)
i buyer(77.5,
Counter3,
80)
<- uller(85,accept(77.5),
buyer
(’/7.5, accept(77.5),
3.1 Fair merge
In the hagglingprotocol abovethe objects communicate
directly with oneanother. Moreusually, it is convenient
(particularly with input/output) to determineor change
runtime the numberof objects communicating.In usual
object languages, messagesto an object maycomefrom
several different other objects andare implicitly merged
into one input message queue. There is no implicit
mergingof messagesin SLPbut fair mergescan easily be
programmed:
Ilmerge(In_Streaml,
In_Stream2,
Merged_Stream)
merge(Item:Sis,
S2s,Ms)
<- Ms<<item:Mls
I merge(S2s,
Sls, Mls)
+ merge(Sis,
Item:S2s,
Ms)
<- Ms<<ttem:Mls
I mfge(S2s,
Sls, Mls)
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In usual messagepassingsystems,the order of arrival of
messagesis not necessarily the order in whichthey were
sent. However,with the m~object, above, the relative
order of termsproducedby sourcesis preserved.
Whenthere are messageson the two input streams of the
merge/3object the argumentsare reversed in recursive
incarnations. This preventsstarvation. Witha fixed order
of testing of alternative guards, changingthe order of
argumentscausesthe list fromwhichan elementis taken to
alternate. This serves to effect fairness. A biased merge
(without interchanging the streams) gives a way
programming
priority to a stream.
If the messagedone/0is interpretedas closingthe stream,
then addingthe methods
+ merge(done,
Ss, Ms)<- Ms<<Ss
+ merge(Ss,
done,Ms)<- Ms<<Ss.
causesmessageredirection. Herea messageslot is sent as
a message.
3.2 Subservient agents
An important form of interaction between agents is
client-server co-operation in whichseveral agents ask
another agent to performa service on its behalf. In such
interactions, it is common
that several agents require the
sameservice. Usinga fair mergeto communicate
requests
for service, the archetypeserver objectscanbe specified:
Ilurver(Request:More_Requests,
Database)
wrver(R:Rs,
D)
<- tranuction(R,
D, New_D)
I server(Rs,New_D)
The first argument of the serverl2 is a stream of
transactionsfromclients. Thesecondmessageslot is a self
messagethat represents the state of the server. Theself
messageis to be generated according to the form of
transaction stipulated in the transaction message.Because
the task and the server run concurrently, the server can
respondto newrequests before a prior one is completed.
Concurrency
rather than sequencingis the default in SLP.
In procedural languages, remote procedure calls are
often used to implementservers. Witha remoteprocedure
call, the client has to waitfor a reply fromthe serverbefore
continuing. The client can be madeto wait until the
transaction is completeby supplyinga reply messageslot
togetherwiththe task:
//client(State,
Requests,
Reply)
client(N,Re,done)
:- N1.’=N+I
<- Rs<<do(N,
Reply):Ts
I ©llent(N1,
Ts,Reply)
Herethe client state is a simplecountof the transactions.
The¢IlenV3is forced to wait until it receives a d0ne/0
messagebefore it can continue. Theserver can be forced
to waituntil the transactioncompletes
in a similar way:
served(R:Rs,
data(D))
<- transaction(R,
D, New_D)
I urverl(Rs,New_D)
Forsimpficityassumethat the state of the serveris just a
recordof the requestsprocessed:
transaction(do(Job,
Reply_to),
D,
<- Dl<<data(Job:D)
I Reply_to<<done

If the transactionis not as simpleas the oneherethere is
no guaranteethat it will completebeforethe reply is sent.
Evenas it stands, there is no guaranteethat the dora/1
messagewill be sent to itself beforethe done/0messageis
sent to the client. Thereis limited sequencingin SLPdue
to the guardbut morethan this has to be programmed
with
continuations. Continuations arose in denotational
semanticsto define the meaningof sequencing[Strachey
and Wadsworth,1974]. As messagesend is a primitive a
three message slot version is needed to specify a
continuation. Thedisfix primitive object ×<<M;O0nt
sends
a message Mto a message slot X and asynchronously
continuesas the object specified by Cont. HereCentis a
metamessage
that rangesover networksof objects (goals).
transaction1
(do(Job,
Reply_to),
D,
<- Reply_to<<done;(Dl<<data(Job:D))
In this simpleexample,a moresophisticatedalternative
to makingthe server suspendwaitingfor a deta/1 message
is to send a more complex message containing a
continuation:
Nrvcr2(do(Job,
Reply_.to):Rs,
<- Reply_to<<done;Nrver2(Rs,
deta(Job:D))

3.3 Market forces
Another muchvaunted co-operation protocol is the
contract net [Smith, 1980]. In this, politically correct
exampleof marketforces, a customerrequests contractors
to tenderfor a specifiedjob.
//contract_net(Specific_Job,
Set_of_Contractors)
contract_net(Job,
Contractors)
<- tender(Job,
Contractors,
done,Tenders)
I time(5,Time)
I wait(Time,
Tenders)
Thetender/4distributes the Job descriptionto the set of
contractors with a uniquereply messageslot (as in the
olient?2 exampleabove).
//tender(Job,Contractors,
Replies,
Tender_Reply_Pairs)
~ender(Job,
Contractor:Cs,
Replies,
Tenders)
<- Contractor<<offer(Job,
Reply)
I tender(Job,
Cs,Reply.Replies,
Tender)
+ ~ender(Job,
end,Replies,
Tenders)
<- Tenders<<Replies
Reply messageslot pairs are accumulatedin the self
messageTenders.
The object timel2 is a primitive object which
immediatelyit is spawnedinitialises a realtime clock.
After the designated5 time periods haveelapsed, time/2
sends a messagetime_upon the messageslot Time.
//wait(Time,Set_of_Tender_Reply_Pairs)
wait(time_up,
Tenders)
<- select(Tenders,
Best_offer)
Man[1993]describes analysis techniquesthat, he claims,
makesSIPsuitable for hard realtime systems.
4 More Sophisticated

Agents

Reflexiveor metalevelarchitectures, wheresomepart of
an agent reasonsabout andinfluencessomeother part, are
often advocatedfor MAS
[Maes, 1988; Ferber and Carle,
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1992]. REACTTALK
[Giroux and Sentini, 1991] is a
reflective OBCPbased on ACTTALK,
itself an extension
of SMALLTALK.REACTI’ALK uses reflection
to
decompose the behaviour of an aggregate agent into
organisations of objects to produce higher level adaptive
agents. SLPshares with PROLOG
and LISP an affinity for
meta-interpretation.The
simplest form of metainterpreter, the vanilla interpreter, emulatesthe underlying
computational model:
//nee(Queue_of_goals)

exee(done)<done

+ emc(user(Goal)
I Rest_Goals)
<- clause(user(Goal),
Body)I exec(Body)
I uec(Rest_Goals).
where a clause of the form
head:-cl &... cn <- bl I...I bm
is represented in the meta-interpreter by
clause(user(Head),
Tail)
:-cl & ... cn
<-Tail<<(user(bl)
I... I user(bm)
I
Tanakaand Matono[1992] describe a simple reflective
extension of GHC(Guarded Horn Clauses, an FGI
manifestation of an SLP) where a reflective tower can be
constructed and collapsed dynamically.
4.1 Intelligent agents
The top level for a Shohamagent [1990] in a RGDC
would be similar to the subservient agent described
previously:
Ilagent0(Message..Stream,
Mental_State)
agent0(Message:Stream,
Mental_State)
:- <conditions
on messages
andmentalstate>
<-exec(Message,
Mental_State,New_Mental_State)
I agent0(S~eam,
New_Mental_State)
Simple commitmentconditions on the messages received
can be represented in the guard of a clause. Indeed,
choosing which clause to reduce a goal is often called
commitment in SLP. More complex commitment
conditions on the message and the mental state are
represented in the exee~object (whichis not defined here).
It is similar the traNsaetiol~3 object of the subservient
agent above.
The exec/3 hehaviour may involve sending a message
and or updating the mental state. The mental state could
consist of a pair {Beliefs, Common_Beliefs}
of the agents own
beliefs and what it believes about other agents. The
messages a Shohamagent can send are inspired by speechact theory [Searle, 1969]. Sending an inform message
could be codedas the object:
//inform(Time,
Agent,Fact)
inform(time_up,
Agent,Fact)
Agent<<inform(Fact).
Here Agent is a message slot knownto the recipient
agent, possibly a reply slot. Rather than a realtime clock
driving an agent, time is measuredby events and events are
the sending of messages. The messagereception slots are
monotonicand thus behave like a clock. A realtime clock
is a concept, like inheritance, that is not well suited to
distributed systems. Rather than regarding history as the
182
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passage of time, time is considered as the passage of
history. If no events have taken place no time has passed.
This is the philosophy of discrete event simulation. The
Time message could be connected to a clock primitive
time/2, described previously, but the present interpretation
seemspreferable.

5 Conclusions
The paper has attempted to illustrate that SLPhas all the
power of OBCPfor MAS.The arguments in favour of SLP
are the same as for OBCP[Gasser and Briot, 1992]. As
with ACTORS,
the process structure is small and therefore
scalable. SLP can model fine entities such as neurones
[Kozato and Ringwood, 1992]. This paper illustrates
budd/ng [Hewitt and Inman, 1992] in which an SLPobject
can transformitself into a networkof objects, in this case a
neural net. Anagent can be built, not from a single longlived object, but froma networkof distributed objects that
are created and destroyed dynamically. This accords with
symbolic interactionist
sociology [Mead, 1934] where
agents are perceived as dynamic and evolving with many
components.
There have been a number of papers comparing SLPand
actor languages [eg Hewitt and Agha, 1988] but these have
not recognised the ontological differnce. Rather than a
message queue, SLPoffers an array of messagereception
slots. The vital ingredient that leads to stream capability is
that messages may contain message slots. Someactor
languages such as ABCL[Yonezawa, 1990] provide two
messagequeues with each object, but this doesn’t compare
with the flexibility affordedby messageslots.
Rather than the conditional expression of ACTORS,
SLP
provides guards to discriminate received messages and
choose between alternative
behaviours. SLP guards
provide a complex form of pattern matching. Guards are
also found in ABCL[Yonezawa, 1990]. But, unlike SLP,
ABCL
can only specify constraints on a single message.
It can be the case that judging between languages is a
matter of taste. Those trained or experienced in one
paradigmfeel that it is the most "natural" way to program
or even write a specification. Others not used to that
paradigmfind it awkwardand unnatural. The superficial
difference in syntax between OBCPand SLP has the
danger of degenerating into the LISP-PROLOG
wars.
Proposals have been made for Actor-like syntaxes for
SLP: Vulcan [Kahnet al, 86], Mandala[Ohki et al, 1987]
and Polka [Davison, 1992]. However,one of the authors of
Vulcan [Kahn, 1989], later recants on this tendency
because of the loss of simplicity and flexibility. These
criticisms are remarkably similar to the short comingsof
OBCP
for DAIreported by Gasser and Briot [1992].
The essential distinction between ACTORS
and SLP is
the ontological status of objects. In ACTORS,
objects are
first-class entities. Theymaybe assigned to variables and
passed as parameters. In SLP, messageslots are the first
class entities that can be passed as parameters. However,
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with continuations, SLPobjects and networks of objects
can also be passed as messages.
Stream logic objects are only identified by the message
slots on which they can receive messages. In this and other
respects, SLPis similar to process algebras such as the pi
calculus [Milner et al, 1989]. This again accords with
symbolic-interactionist
sociology [Mead, 1934] which
proposes that interactions and not individuals are the
primary units of analysis. Objects and messagestreams in
SLPemergefrom interaction and not vice-versa.
WithOBCP
it is generally recognised that the objects are
too fine grained to be agents Aggregates of objects have
been proposed as agents as in ORG[Hewitt and Inman,
1991]. The key problem with the commonforms of OBCP
is directing messages to agents which are aggregates
[Giroux and Sentini, 1991]. Aggregates of SLPobjects do
not have this problemas the interface is determinedby the
messageslots visible outside a networkof objects.
Another advantage of SLPis the extreme simplicity of
the language. It is even simpler than Actors. This
simplicity it partly inherits from PROLOG.
But SLP is
muchsimpler than PROLOG:
there is no backtracking, no
unification and no negation as failure. Although the
computational modelis simple, condition synchronisation
gives the ability
to model all other forms of
synchronisation. Even higher order functions can be
specified in SLP[Reddy, 1994].
Morerecent languages, such as AKL[Jansen and Haridi,
1991] or OZ[Henz et at., i993], claim to offer all the
advantages of SLP, plus those of PROLOG
and constraint
solving. Such languages have three or more computational
mechanisms that make deadlock detection a nightmare.
They do not offer anything that cannot be programmedin
SLP. The unbounded automatic backtracking of PROLOG
is of doubtful use in MAS.Distributed unification and
constraint solving require substantial overhead in locking
and deadlock avoidance and none of this is accessible to
the application programmer.
Durfee [1988] recoguises the commonconcerns of
distributed operating systems and DAIand claims that they
are merging technologies. As evidence of its capability,
SLP has been used to implement a large distributed
operating system, PIMOS,Parallel Inference Machine
Operating System of the Japanese Fifth Generation
Initiative. This machinehas hundreds of processors.
Until recently, SLPhas not been considered for building
DAI systems. Linney [1993] uses a commercial SLP for
multi-agent planning in a biomedical imaging system.
Cohen and Ringwood [1993; 1994] show how to use SLP
to combine independent databases into a distributed
database. Apart from these examples, SLPhas received no
significant exposure in DAI. The authors contend that SLP
is a potentially natural and useful basis for implementing
MAS.The principle advantage over OBCPis the principle
difference between them. Because message slots are the
first class entities, there is no difficulty with referencing
adaptive, dynamicallyevolving, multi-object, agents.

A commercialversion of a distributed SLPlanguage is
STRAND88
[Strand Software Technologies Ltd, 1988].
The implementation offers an abstract machine that is
interpreted in C. It runs on iPSC Hypercube, Sequent
Symmetryand networks of Unix workstations. A public
domain SLPis, KL1C,from the FGI. This version is not
interpreted but compilesdirectly to C. This proves to be a
real advantagefor speed, portability and the interfacing of
other software. KL1C[Chikayama, 1993b] is available by
anonymousftp from ICOT.
6 References
Abelson H, Sussman GYand SussmanJ (1985) Structure
and Interpretation of ComputerPrograms, M1TPress
AghaG (1990) Concurrent object-oriented programming,
CACM33(9)125-41
ChikayamaT (1993a) The Fifth Generation Project:
personal perspectives, CACM
36(3)82-90
ChikayamaT (1993b) A KL1Implementation for Unix
Systems, NewGeneration Computing12, 123-4.
Cohen D, Hunthach MMand Ringwood GA (1992)
Logical Occam,in KacsukP and Wise MJ(eds),
Implementations of Distributed PROLOG,
Wiley.
Cohen D and RingwoodGA(1993), Distributed databases
tied with String, Advancesin Databases, LNCS696,
Springer Verlag, 76-92
Cohen D and RingwoodGA(1994) Newwine in old
bottles, submittedIJIS
Colouris G, Dolfimore J and KindbergT (1993)
Distributed Systems: Concepts and Design (2nd ed),
Addison-Wesley
DavisonA (1992) Object oriented databases in Polka,
Valduriez P (ed), Parallel Processing and Data
Management,ChapmanHall, 207-23.
Dijkstra EW(1975) Guarded commands,nondeterminacy
and formal derivation of programs, CACM
18(8)453-7
Durfee EH(1988) Co-ordination of Distributed Problem
Solvers, KluwerAcademicPublishers,
Ferber J and Carle P (1992) Actors and agents as reflective
concurrent objects: a MetingIV perspective, IEEE
Transaction on Systems, Manand Cybernetics,
21(6) 1420-36
Gasser L, Brazganza C and HermanN (1987) MACE:
flexible testhed for distributed AI research, in Huhns
MN( ed) Distributed Artificial Intelligence, PitmanMorgan Kaufmann, 119-52
Gasser L (1991) Social conceptions of knowledgeand
action: DAIfoundations and open systems semantics,
Artificial Intelligence, Special issue on the foundations
of Artificial Intelligence
Gasser L (1992) Boundaries, aggregation and identity:
Plurality issues for multi-agent systems, in DemazeanY
and WernerE (eds) Decentralized Artificial Intelligence
3, Elsevier
Gasser L and Btiot J-P (1992) Object based concurrent
programmingin DAI, in Avouris NAand Gasser L

Huntbach

183

From: Proceedings of the First International Conference on Multiagent Systems. Copyright © 1995, AAAI (www.aaai.org). All rights reserved.

(eds), Distributed Artificial Intelligence: Theoryand
Praxis, Kluwer, 81-107
GirouxS and Sentini A (1991) A distributed artificial
intelligence approach to behavioural simulation, Proc
1991 EuropeanSimulation Multiconference ,
Copenhagen
Goldberg A and Robson D (1983) SmaUtalk-80, the
Languageand itz Implementation, Addison Wesley
Henz M, Smolka G and Wuertz J (1993) Oz ProgrammingLanguage for Multi-Agent Systems, in
IJCAI-93,.404-9.
Hewitt C (1969) PLANNER:
a language for
manipulating modelsand proving theorems in robots,
Proc IJCAI 1,295-301
Hewitt C and AghaG (1988) Guarded Horn clauses: are
they deductive and logical? Proc of 1988 lnt Conf on
Fifth Generation ComputerSystems, ICOT, 650-7
Hewitt C and Inman J (1991) DAIbetwixt and between:
from intelligent agents to open systems science, IEEE
Transactions on Systems, ManAnd Cybernetics
21(6) 1409-19
Janson S and Haridi S (1991) ProgrammingParadigms
the AndorraKernel Language,in Proc 1991International
Logic Programming Symposium, MITPress.
Jennings NR(1994) Cooperation in Industrial Multi-Agent
Systems, WorldScientific Press.
KahnG (1974) The semantics of a simple language for
parallel programming,in Information Processing 74:
Proc IFIP Congress 74, 471-5
KahnK (1989) Objects - a Fresh Look, in CookS (ed),
Proc ECOOP
89, Cambridge University Press
Kahn K, Tribble ED, Miller MSand BobrowDG(1986)
Vulcan: Logical Concurrent Objects, OOPSLA-86,
SIGPLAN
NotiCes 21(11) - reprinted in Shapiro E (ed)
Concurrent PROLOG
Volume 2, MIT Press 1987, 274303.
Kozato F and Ringwood GA(1992) Howslow processes
can think fast in concurrent logic, in SoucekB (ed) Fast
Learning and lnvariant Object Recognition: the SixthGeneration Breakthrough, Wiley, 47-60
LiebermanH (1986) Using prototypical objects
implementshared behaviour in object-oriented systems,
OOPSLA-86,SIGPLANNotices 21(11)214-23
Linney J (1993) Agent Architecture for Biomedical
Imaging Systen~, MPhil Thesis, U. London
MaesP (1988) Computational reflection, Knowledge
EngineeringReview3(1 ) 1- ! 9
McCarthyJ (1988) Mathematicallogic in Artificial
Intelligence, in GraubardSR(ed) The Artificial
Intelligence Debate, MITPress
ManT-L (1993) Real-time concurrent logic programming,
PhDThesis, Imperial College
MeadGH(1934) Mind, Self and Society, U Chicago Press
Metzner JR and Barnes BH(1977) Decision Table
Languages and Systems, ACMmonograph Series,
Academic Press

184

ICMAS-9$

Milner R, ParrowJ and WalkerD (1989) A calculus
mobile processes, TRs ECS-LFCS-89-85and 86, LFCS,
U of Edinburgh.
Ohki M, Takeuchi A and FurukawaK (1987) An objectoriented languagebased on the parallel logic language
KL1,in Proc Fourth Int Conf on Logic Programming.
MITPress, 894-909.
Reddy(1994) Higher Order Aspects of Logic
Programming,in Van Hentenryck P (ed) Logic
Programming:Proc 1 lth Int Conf on LP, MITPress
RingwoodGA(1988) Parlog86 and the Dining Logicians,
CACM31, 10-25
RingwoodGA(1989) A comparative exploration
concurrent logic languages, KnowledgeEngineering
Review, 4, 305-32
RingwoodGA(1994) A brief history of stream parallel
logic programming,Logic ProgrammingNewsletter
7(2), 2-4
Searle JR (1969) Speech Acts: An Essay in the Philosophy
of Language, CUP
Shapiro E and Takeuchi A (1983) Object-oriented
programmingin Concurrent Prolog, NewGeneration
Computing1, 25-48
ShohamY (1990) Agent-oriented programming,
STAN-CS-1335-90,
Standford University, Cal.
Smith RG(1980) The contract net protocol: high-level
communicationand control in a distributed problem
solver, IEEETransactions on Computers, 29:1104-113
Steiner DD(1995) IMAGINE:
an integrated framework
for constructing multi-agent systems, in O’HareGMP
and N. R. Jennings NR(eds) Foundations of Distributed
Artificial Intelligence, (to appear) WileyInterscience
Strachey C and WadworthCP (1974) Continuations:
mathematicalsemantics for handling full jumps, TR
PRG-11, OxfordUniversity.
Strand Software Technologies Ltd (1988) STRAND88
Reference Manual
Sussman GJ, WinogradT and Charniak (1971)
MicroPlanner Reference Manual, TRAIM-203A,MIT
Tanaka J and MatonoF (1992) constructing and collapsing
a reflective tower in Reflective GuardedHornClauses,
Proc Int Conf Fifth Generation ComputerSystems,
ICOT
Thomas SR (1994) The FLACAagent programming
language, in WooldridgeMJand Jennings NR(eds) Proc
ECAIWorkshopon Agent Theories, Architectures and
Languages, Amsterdam,The Netherlands, 307-20.
TomlinsonC and Scheevel M(1989) Concurrent objectoriented programminglanguages, in KimWand
LochovskyFH(ads) Object-Oriented Concepts,
Databases, and Applications, Addison Wesley
WinogradT and Flores F (1986) Understanding Computers
and Cognition, Addison-Wesley
YonezawaA (ed) (1990) ABCL:An Object-Oriented
Concurrent System, MITPress.

