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A b s t r a c t . Th i s paper presents a knowledge-based analysis of a number 
of multi-agent systems. The analysis is based on the knowledge level 
hypothesis of Newell and Clancey. We claim that the models of problem 
solving which we obtain constitute descriptions of global coherence in 
multi-agent systems. We contrast the results of this analysis with the 
conventional views of coherence. 

1 Introduction 

One o b j e c t i v e i n the des ign o f m u l t i - a g e n t systems ( M A S ) is for an agent to coor 
d inate i ts ac t i ons w i t h o ther agents i n a coherent way. T h e concept of coherence 
has been s t u d i e d b o t h f o r m a l l y [24] [11] [26] a n d e m p i r i c a l l y [1], In th i s paper 
we propose a knowledge -based ana lys i s o f coherence i n d i s t r i b u t e d sys tems i n 
w h i c h the r e s u l t i n g m o d e l s c a n be f o r m a l l y speci f ied. 

T h e f o r m a l approaches t y p i c a l l y c ombine two i n t e n t i o n a l a t t i t u d e s : an in fo r 
m a t i o n a t t i t u d e a n d a p r o - a t t i t u d e (a de f in i t i on o f these t e r m s a n d an i n t r o 
d u c t i o n t o the var i ous f o r m a l approaches can be f ound i n the rev iew chapter 
of t h i s v o l u m e ) . T h e r e are two object ives in the f o r m a l spec i f i ca t i on o f m u l t i -
agent s y s t e m s . F i r s t l y , f o r m a l i s a t i o n increases our u n d e r s t a n d i n g of m u l t i - a g e n t 
i n t e r a c t i o n s by m a k i n g i n t u i t i v e concepts such as common knowledge a n d group 
intention m o r e precise a n d revea l ing new re la t i onsh ips between t h e m . Second ly , 
the a b i l i t y to ver i fy the b e h a v i o u r of a real m u l t i - a g e n t s y s t e m requires the ex is 
tence o f a f o r m a l m o d e l aga inst w h i c h i t can be c o m p a r e d . A c h i e v i n g the second 
ob je c t ive also enta i l s b e i n g able to describe e x i s t i n g M A S i n t e r m s o f the l a n 
guage a n d concepts o f the f o r m a l i s m , th i s , however, can be p r o b l e m a t i c . O n e 
e x a m p l e is the concept o f c o m m o n knowledge [11] w h i c h can be s h o w n to be 
prerequ is i te for agreement a m o n g agents, but w h i c h defines a s i t u a t i o n w h i c h 
cannot be ach ieved i n prac t i c e . 3 

* T h i s work was supported by D A A D Stipendium number 513 009 0293 at the D F K I , 
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3 A modified concept of common knowledge can be achieved by real systems, for a 
fuller discussion see [11] 
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A n e m p i r i c a l a n a l y s i s [1] o f e x i s t i n g m u l t i - a g e n t sys tems conc ludes t h a t co
herence has a n u m b e r of d i m e n s i o n s i n c l u d i n g s o l u t i o n q u a l i t y a n d efficiency. 
T h e eff iciency or m i n i m a l i t y o f the m u l t i - a g e n t s o l u t i o n is a lso e m p h a s i s e d i n 
[26], a n d the sharing of pro-attitudes (goals , p l a n s etc.) spec i f ied i n s ome f o r m a l 
m o d e l s c a n be c o m p a r e d w i t h the m e c h a n i s m of m e t a - l e v e l c o m m u n i c a t i o n f ound 
i n a n u m b e r of i m p l e m e n t e d systems . R e l a t i n g the f o r m a l m o d e l s o f coherence 
to the e m p i r i c a l a n a l y s i s i n a r igorous w a y is task w h i c h , i n m a n y cases, has yet 
to be u n d e r t a k e n . A n u m b e r of c r i t i c i s m o f the e m p i r i c a l a p p r o a c h are deve loped 
l a t e r i n th i s p a p e r , however , we share the ob jec t ives of B o n d a n d G a s s e r [1] i n 
t h a t we a i m to g a i n a bet ter u n d e r s t a n d i n g of e x i s t i n g d i s t r i b u t e d A I sys tems . 

T h i s paper presents a n ana lys i s o f m u l t i - a g e n t sys tems w h i c h a t t e m p t s to 
c l a r i f y the concept o f g l o b a l coherence f r o m the knowledge -based perspec t ive . 
T h e a n a l y s i s is based o n the knowledge level hypo thes i s . T h e c e n t r a l feature of 
k n o w l e d g e level ( K L ) charac ter i sa t i ons is t h e i r focus o n r a t i o n a l a c t i v i t y based 
o n a f u n c t i o n a l n o t i o n o f knowledge . T h i s prov ides the t h e o r e t i c a l b a c k g r o u n d 
w h i c h we use to character ise a n u m b e r o f e x i s t i n g sys tems , a n d specifies a n ap 
p r o a c h w h i c h a b s t r a c t s away f r o m i m p l e m e n t a t i o n a l deta i l s t o show the essent ial 
p r o b l e m s o l v i n g ac t i ons of the d i s t r i b u t e d s y s t e m . W h i l e the r e s u l t i n g charac 
t e r i s a t i o n s are generic , they can eas i ly be re la ted to the i n f o r m a t i o n states o f the 
agent s y s t e m a n d therefore th is a p p r o a c h br idges the gap between t h e o r y a n d 
p r a c t i c e . W e bel ieve t h a t our ana lys i s increases our u n d e r s t a n d i n g o f e x i s t i n g 
D A I sys tems a n d t h a t i t w i l l a i d the des ign of f u t u r e , m o r e capab le , sys tems a n d 
encourage the reuse o f mode l s o f m u l t i - a g e n t p r o b l e m s o l v i n g . 

T h e k n o w l e d g e l eve l ana lys i s is presented i n S e c t i o n 2. W e first descr ibe the 
K L h y p o t h e s i s as p r o p o s e d b y A l l e n N e w e l l [19], a n d discuss the m o d i f i e d K L 
t h e o r y proposed by W i l l i a m C l a n c e y [3]. A l o g i c a l n o t a t i o n for the k n o w l e d g e 
leve l is i n t r o d u c e d . T h e m e t h o d o l o g y is a p p l i e d i n S e c t i o n 3 to a n u m b e r o f D A I 
s y s t e m s whose ar ch i t e c ture is c u r r e n t l y i n f l u e n t i a l . I n S e c t i o n 3.4 a c o n v e n t i o n a l 
D A I d e s c r i p t i o n o f the concept o f g l o b a l coherence is presented , a n a l y s e d a n d 
c o n t r a s t e d w i t h the knowledge level v i ew . In S e c t i o n 4 we discuss s ome re la ted 
w o r k a n d some conc lus ions are d r a w n i n Sec t i on 5. 

2 The Knowledge Level Analysis 

T h i s sec t i on restates the knowledge level hypo thes i s , h i g h l i g h t i n g the concept o f 
agency i n N e w e l P s a n d C l a n c e y ' s theories [19] [3]. Subsequent ly , s ome n o t a t i o n 
is def ined for the p u r p o s e of f o r m a l i s i n g knowledge leve l c h a r a c t e r i s a t i o n s . 

2.1 T h e k n o w l e d g e leve l h y p o t h e s i s 

T h e k n o w l e d g e leve l is defined by N e w e l l [19] as a c o m p u t e r sys tems leve l l y i n g 
i m m e d i a t e l y above the s y m b o l l eve l . T h i s level is charac ter i sed by k n o w l e d g e 
as the m e d i u m a n d the p r i n c i p l e o f r a t i o n a l i t y as the l a w o f b e h a v i o u r . N e w e l l 
refers t o the n o t i o n o f agency i n the d e f i n i t i o n of the p r i n c i p l e of r a t i o n a l i t y : 
" I f a n agent has k n o w l e d g e t h a t one o f i t s ac t ions w i l l l ead to one o f i t s goals 



then the agent w i l l select t h a t a c t i o n " . T h e concept of an agent also appears 
in N e w e l l ' s d e f i n i t i o n o f knowledge : " K n o w l e d g e . W h a t e v e r can be ascr ibed to 
an agent , such t h a t i t s b e h a v i o u r can be c o m p u t e d accord ing to the p r i n c i p l e 
of r a t i o n a l i t y . " . T h e concept o f an agent is a s i m p l e one: " a n agent is composed 
of a set o f ac t i ons , a set o f goals a n d a b o d y " . A n agent is then a d e l i m i t e d 
c o m p u t a t i o n a l process to w h i c h we can ascribe goals, knowledge a n d act ions . 
For N e w e l l , agency, r a t i o n a l b e h a v i o u r a n d knowledge are b o u n d together . 

I n contras t w i t h prev ious analyses o f c o m p u t e r systems , the knowledge level 
hypothes is focuses o n the knowledge t h a t can be a t t r i b u t e d to a r a t i o n a l agent 
f r o m the p o i n t o f v i e w o f a n observer [3]. A knowledge level charac te r i sa t i on 
is a n a b s t r a c t i o n m a d e b y a n observer a n d hence is r a d i c a l l y different f r o m 
charac ter i sa t i ons based o n a r c h i t e c t u r a l cons iderat ions (e.g. those o f D A I ) . It 
has been n o t e d [3] t h a t a knowledge level charac ter i sa t i on cannot be ob jec t ive 
as we m u s t (as the theoret i c ian-observer ) consider the intensions of the observer 
who m a k e s the K L c h a r a c t e r i s a t i o n . 

2.2 C l a n c e y ' s r e d e f i n i t i o n o f the k n o w l e d g e level 

In [3] C l a n c e y modi f i es the de f in i t i on of the knowledge leve l , he v iews i t as a 
c h a r a c t e r i s a t i o n o f a s y s t e m o f agents a n d not of an iso lated agent. 

" A K L d e s c r i p t i o n is a b o u t a s i t u a t e d s y s t e m , not an agent i n i s o l a t i o n . T h a t 
is , the sys tems leve l b e i n g descr ibed is above t h a t o f i n d i v i d u a l agents. There fore , 
a knowledge - l eve l d e s c r i p t i o n cannot be ident i f ied w i t h ( i s o m o r p h i c a l l y m a p p e d 
to) s o m e t h i n g p r e - e x i s t i n g ins ide an i n d i v i d u a l head , but rather concerns patterns 
that emerge in interactions the agent has in some (social) world. 

. . . A K L d e s c r i p t i o n is a lways ascr ibed by some observer, a n d so is re la t ive 
to the observer 's f r a m e o f reference a n d is inherent ly sub jec t ive . " [3] 

T h i s p a p e r adopts C l a n c e y ' s v iew of the knowledge level as a n ascr ibed a n d 
idea l i sed d e s c r i p t i o n of the r a t i o n a l b e h a v i o u r of a sys tem of (poss ib ly ) m a n y 
agents. I n contrast w i t h N e w e l l ' s d e f i n i t i o n , th is a l t e r n a t i v e s ta tement takes a 
m o r e ' e l eva ted ' v i e w o f the w o r l d where agents are now s y m b o l level ent i t ies . 

T h e t w o versions o f the knowledge level hypothes is are v a l u a b l e for e x p l a i n i n g 
different p h e m o m e n a : the act ions o f an agent w i t h respect to i ts knowledge a n d 
goals - i n the case o f N e w e l l ' s d e f i n i t i o n , a n d the b e h a v i o u r o f a s y s t e m of agents 
i n the case o f C l a n c e y ' s d e f i n i t i o n . 

A s yet we have not defined exac t l y w h a t is represented at the knowledge leve l . 
W e propose t h a t knowledge i n the f o r m of a specific m e t h o d of p r o b l e m s o l v i n g , 
speci f ied by i t s categor i sat ions o f knowledge , a n d the goal t h a t is achieved define 
the knowledge leve l . T h i s a p p r o a c h is based o n the idea of an inference s t r u c t u r e 
as p roposed by C l a n c e y [2]. However , we do not m a p th is s t ruc ture onto a s ingle 
agent , r a t h e r we v i e w the inference s t r u c t u r e as a charac te r i sa t i on of the coherent 
p r o b l e m s o l v i n g a c t i v i t y o f m a n y agents. 

T h e inference s t r u c t u r e is an ideal ised d e s c r i p t i o n , b u t does not have the 
p r o b l e m o f omnisc i ence t h a t is assoc iated w i t h a pure ly l og i ca l charac te r i sa t i on 
o f knowledge . It is in te res t ing to note t h a t t h i s p r o b l e m has arisen i n knowledge 
a c q u i s i t i o n research, where the s t r a i g h t f o r w a r d l og i ca l v iew of inference has been 



cha l l enged , a n d also i n agent m o d e l l i n g , where logics o f r e s t r i c t e d in f e rent ia l 
c a p a b i l i t y have been inves t iga ted [8] [14]. 

2.3 N o t a t i o n for k n o w l e d g e l e v e l c h a r a c t e r i s a t i o n s 

T h e n o t a t i o n o f the inference s t r u c t u r e was i n t r o d u c e d to descr ibe h e u r i s t i c 
c lass i f i ca t i on [2], a knowledge leve l c h a r a c t e r i s a t i o n o f a p r o b l e m s o l v i n g m e t h o d . 
T h e nodes o f the inference s t r u c t u r e d i a g r a m s t a n d for p r o p o s i t i o n s d e s c r i b i n g 
a class o f ob jects e.g. D a t a A b s t r a c t i o n s . T h e arcs are l a b e l l e d w i t h the n a m e 
o f the i n f e r e n t i a l process by w h i c h the nodes are r e l a t e d e.g. H e u r i s t i c M a t c h . 
A s i m i l a r n o t a t i o n is used i n [25] where the nodes are c a l l e d meta - c lasses a n d 
descr ibe the role o f d o m a i n objects i n the p r o b l e m s o l v i n g process . K n o w l e d g e 
sources n a m e the i n f e r e n t i a l step w h i c h relates the meta -c lasses . A k n o w l e d g e 
source carr ies out a p r i m i t i v e inference step to p r o d u c e a new piece o f k n o w l e d g e . 

I n t h i s paper we f o r m a l i s e the inference s t r u c t u r e b y d e f i n i n g sets o f d o m a i n 
t e r m s , for e x a m p l e the set o f s y m b o l s DA r epresent ing d a t a a b s t r a c t i o n s , a n d 
de f in ing a pred i ca te s y m b o l to denote instances o f t h i s class o f s y m b o l s . W e 
define the l o g i c a l t y p e a as instances of DA. W e can n o w w r i t e t h a t a\ is a 
d a t a a b s t r a c t i o n by the a t o m i c f o r m u l a Data-Abstraction(ai) i f « i is o f t y p e a 
(axeDA). 

R e l a t i o n s between classes of ob jects are denoted by l o g i c a l i m p l i c a t i o n s . 
T h e s e i m p l i c a t i o n s c o r respond to the arcs o f the inference s t r u c t u r e d i a g r a m . 
T h e i n t e n t i o n of the l o g i c a l f o r m a l i s a t i o n of the K L is to spec i fy c o n d i t i o n s of 
cons istency . T h a t i s , the sets o f f o r m u l a e presented i n the f o l l o w i n g sect ions do 
no t p r e d i c t the s y m b o l leve l b e h a v i o u r , b u t speci fy the k n o w l e d g e l eve l s u c h t h a t 
we c a n d e t e r m i n e whether or not the b e h a v i o u r o f the s y m b o l leve l does i n d e e d 
c o r r e s p o n d to i t . T h i s K L f o r m a l i s a t i o n re ta ins the des ired features o f d e n o t i n g 
the essent ia l classes o f d o m a i n knowledge , a n d t h e i r i n t e r r e l a t i o n . 

In t h i s paper we a d o p t the t e r m i n o l o g y o f W i e l i n g a et al. [25] a n d use the 
t e r m ' k n o w l e d g e source ' to denote inference processes a n d the t e r m ' m e t a - c l a s s ' 
to refer t o classes o f d o m a i n t e r m s . 

3 Characterising D A I Systems 

A n u m b e r o f d i s t r i b u t e d A I sys tems are now charac ter i sed at the k n o w l e d g e 
l eve l . T h e sys tems i n c l u d e the c o n t r a c t net [23][17], a reac t ive p l a n n e r [15] a n d 
D V M T , a m u l t i p l e - b l a c k b o a r d s y s t e m [6]. 

3.1 T h e c o n t r a c t net 

T h e c o n t r a c t net [4] [22] [23] is t y p i c a l l y descr ibed i n t e r m s o f the b i d d i n g process , 
i .e . the i s s u i n g o f a task a n n o u n c e m e n t b y a m a n a g e r - a g e n t , the response o f 
c o n t r a c t o r - a g e n t s w i t h b i d s , a n d the a w a r d i n g o f c ontrac t s t o the b i d d e r s j u d g e d 
m o s t s u i t a b l e . A g e n t s c a n p l a y the ro le o f m a n a g e r or c o n t r a c t o r or b o t h . A g e n t s 



have pre -de f ined c a p a b i l i t i e s , w h i c h w i t h the i r level o f a c t i v i t y , de termine the i r 
response to task a n n o u n c e m e n t s . 

T h e c o n t r a c t net is a f r a m e w o r k i n w h i c h decomposable tasks can be d i s 
t r i b u t e d a m o n g a g roup o f agents i n a f lexible m a n n e r . G l o b a l coherence is to be 
achieved t h r o u g h n e g o t i a t i o n as a m e c h a n i s m for i n t e r a c t i o n , task d e c o m p o s i t i o n 
and the c o m m o n language shared by a l l agents [4]. However , i t has been noted 
that i f tasks c a n n o t be decomposed in to independent subtasks then the synthe 
sis o f resu l ts is p r o b l e m a t i c [1][17]. T h e synthesis of results is one d i m e n s i o n of 
g l oba l coherence, a n d hence we m u s t doubt whether the m e c h a n i s m s ident i f ied 
in [4] c a n guarantee g l o b a l coherence. 

T h e m e c h a n i s m s o f the contract net do not specify a p a r t i c u l a r s o l u t i o n 
m e t h o d or the m a j o r ca tagor i sa t i ons o f knowledge invo lved i n s o l v i n g the d o m a i n 
p r o b l e m , these m e c h a n i s m s therefore lie ent i re ly at the s y m b o l level . A concrete 
e x a m p l e o f the use o f the contract net for resource a l l o c a t i o n is g iven i n [17]. W e 
now present a knowledge level ana lys i s of the same e x a m p l e a n d contrast the 
results . 

I n the resource a l l o c a t i o n p r o b l e m , agents have resources w h i c h they require 
and resources w h i c h they are prepared to t rade . Resources can be exchanged by 
a s i m p l e b i d d i n g process. T h i s , however, does not lead to a g l o b a l l y sat i s fac tory 
s o l u t i o n as longer sequences o f resource exchanges are not exp lo red . 

A n inference s t r u c t u r e w h i c h describes th is process is defined i n F i g u r e 1. 
T h e classes ResourceSet a n d Requirementset c o n t a i n the resources w h i c h are 
a v a i l a b l e a n d the resources w h i c h are requ i red . T h e classes Offer a n d Need define 
a p a r t i c u l a r resource o f the ResourceSet w h i c h is on offer, a n d an e lement o f the 
Requirements et w h i c h is a resource needed by some agent. T h e inferences w h i c h 
connect these meta-c lasses is selection i n b o t h cases. T h e final inference is ca l l ed 
assign. A n ass ignment is m a d e i f an Offer matches a Need. 

T y p e Description of set 
a Set of symbols representing agent names 
b Set of symbols representing resources 
c a * b 
c* Powerset of c 
d Set of integers 
e* Powerset of b * d 

Selection of Need 
1 (Vz : c*)(RequirementSet(x) (3y : a)(3z : b)Need(y,z)) 

Selection of Offer 
2 (Vx : c*)(ResourceSet(x) — (3y : a)(3z : b)Of fer(y, z)) 

Assignment 
3 (Vz : a)(Vy : b)(Vz : a)(Need(x, y) A Offer(z, y) -> Assignment^, y)) 

F i g . 1. A formalisation of the inference structure for resource allocation 

T h e s y m b o l level d e s c r i p t i o n is m a p p e d onto the knowledge level as fo l lows . 



T h e dec i s ion o f a n agent to issue a request for a resource (as a task announce 
m e n t ) corresponds t o the se lect ion inference, i .e . the se lec t ion o f a need . T h i s 
is t e r m e d se lect ion as i f a n agent has m o r e t h a n one resource w h i c h i t requires 
i t m u s t , necessari ly , m a k e a choice between the a l t e r n a t i v e s . T h e dec i s i on of 
a n agent to b i d for the contrac t corresponds t o the se lec t ion o f a n offer i n the 
k n o w l e d g e level d e s c r i p t i o n . T h e acceptance o f a b i d by the agent w h o issued 
the task a n n o u n c e m e n t corresponds to the ass ignment inference. 

T h e se lect ion processes m a y s i m p l y be dependent o n the order o f e lements 
i n the sets, a n d under th i s a s s u m p t i o n the f o r m a l i s a t i o n produces the b e h a v i o u r 
descr ibed i n ([17] p301) for a s i m p l e contrac t net a p p r o a c h to the ass ignment 
p r o b l e m . 

It has been observed [17] t h a t the q u a l i t y o f the g l o b a l s o l u t i o n is i m p r o v e d i f 
agents have i n f o r m a t i o n r e g a r d i n g the o v e r a l l s car c i ty o f resources. T h i s requires 
t h a t agents s h o u l d not m a k e decis ions o n p u r e l y l o c a l i n f o r m a t i o n . T h e k n o w l 
edge of resource s carc i ty m u s t be co l lected f r o m a l l p a r t i c i p a t i n g agents a n d a 
m a n a g e r agent can be i n t r o d u c e d to p e r f o r m t h i s task [17]. F r o m the knowlege 
leve l p o i n t o f v i e w , the g a t h e r i n g of ' m a r k e t s t a t i s t i c s ' represents a new t y p e of 
k n o w l e d g e w h i c h p l a y s a role i n the s o l u t i o n process. T h e m e t h o d o f p r o b l e m 
s o l v i n g is m o d i f i e d a n d we m u s t redescr ibe the inference s t r u c t u r e as a resu l t . 
I n speci f ic , a new inference is a d d e d w h i c h ca l cu lates the MarketStatisticsy a n d 
these s ta t i s t i c s become a fac tor i n the se lect ion processes. 

C a l c u l a t e m a r k e t s ta t i s t i c s 
4 (V# : c* ) (Vy : ^(Requirement Set (x) A ResourceSet(y) 

—y (3z : e*)(MarketStatistics(z))) 
Redef ine se lect ion o f N e e d 

1' (Vtu : c* ) (Vx : e*)(RequirementSet(w) A MarketStatistics(x) 
^(3y :a)(3z : b)Need(y, z)) 

Redef ine se lect ion o f Offer 
2 ' (Vu> : c*)(V;r : e*)(ResourceSet(w) A M arketStatistics(x) 

-+(3y:a)(3z:b)Offer(y,z)) 

C o n c r e t e l y , the se lect ion process now takes place u n d e r a n o r d e r i n g r e l a t i o n 
def ined by the m a r k e t s ta t i s t i c s . Scarce resources w i l l n o w be t r a d e d for o ther 
scare resources i n preference to a b u n d a n t resources (for the sake o f s i m p l i c i t y 
we have not speci f ied e x a c t l y how t h i s is done i n the f o r m a l i s a t i o n ) . 

I n [17], k n o w l e d g e a b o u t resources is d i s t r i b u t e d a m o n g m a n y agents a n d 
agent a c t i v i t y occurs i n four d i s t i n c t phases; the c a l c u l a t i o n o f the m a r k e t s t a t i s 
t i c s b e i n g the f irst , a n d the b i d d i n g process is the f i n a l phase . P r e c i s e l y h o w the 
ass ignments are m a d e is d e t e r m i n e d not o n l y by the knowledge o f the agents b u t 
also by the b i d d i n g p r o t o c o l a n d hence is dependent o n the b i d d i n g strategies o f 
the agents (we have descr ibed o n l y the s i m p l e s t s t r a t e g y ) . In [17] the i m p r o v e d 
m e t h o d is descr ibed as delegated n e g o t i a t i o n a n d is seen as a n i m p r o v e m e n t i n 
the o r g a n i s a t i o n o f the agents by the i n t r o d u c t i o n o f a m a n a g e r agent . I n c o n 
t r a s t , the k n o w l e d g e level c h a r a c t e r i s a t i o n focusses o n the k n o w l e d g e r e q u i r e d 
to solve the p r o b l e m a n d identi f ies the i m p r o v e d p e r f o r m a n c e as b e i n g due to a 
new source o f k n o w l e d g e . 



In t h i s sec t i on we have descr ibed an a p p l i c a t i o n of the contract net at b o t h 
the k n o w l e d g e leve l a n d the s y m b o l leve l . W e have shown how the knowledge 
level s p e c i f i c a t i o n c a n be used to e x p l a i n w h y different organisat ions of agents 
produces dif ferent b e h a v i o u r s a n d di f fer ing qual i t i es o f s o l u t i o n . 

3.2 A r e a c t i v e p l a n n e r 

A reac t ive p l a n n e r based o n the R T A * a l g o r i t h m [16] is descr ibed i n [15]. T h e 
a p p l i c a t i o n is the 8 -puzz le . T h e goal o f the p lanner is to derive a sequence of 
moves w h i c h resul ts i n the goal state be ing reached, but the p l a n need not be 
o p t i m a l . T h e p l a n n e r can be conf igured to be react ive , tha t is, at each state 
the best a c t i o n is selected by c a l c u l a t i n g weights ac cord ing to a s i m p l e d i s tance 
f u n c t i o n . P a s t moves are recorded a n d the weights assoc iated w i t h act ions are 
m o d i f i e d i f the s tate has been reached before. T h i s prevents the p l a n n e r f r o m 
enter ing a l o o p . I f two act ions have equal weights then a r a n d o m choice is m a d e . 

T h e R T A * reac t ive p l a n n e r has propert ies w h i c h are h i g h l y va lued i n D A I , 
n a m e l y , t h a t ac t i ons are executed based on l o ca l i n f o r m a t i o n only . T h i s can be 
contras ted w i t h the de l ibera t ive p l a n n i n g approach where the space o f possible 
moves w o u l d be searched. T h e r e are a n u m b e r of possible i m p l e m e n t a t i o n s o f 
the R T A * p l a n n e r : 

O p t i o n 1 A s a n off - l ine p lanner w h i c h returns a s o l u t i o n . 
O p t i o n 2 A s a rea l t i m e p lanner w h i c h executes each ac t i on 

w h e n i t is d e t e r m i n e d . 
O p t i o n 3 A s a s y s t e m o n n off - l ine p lanners w o r k i n g i n p a r a l l e l 
O p t i o n 4 A s a s y s t e m of 8 agents each represent ing a square of the 8 puzz l e . 

O p t i o n s 1-3 have been descr ibed i n [15]. O p t i o n 3 is in teres t ing as i t m a k e s 
use o f the p r o p e r t y o f the R T A * a l g o r i t h m t h a t r u n n i n g the a l g o r i t h m several 
t i m e s o n the s a m e p r o b l e m results i n a d i s t r i b u t i o n of s o l u t i o n lengths . T h i s is 
due to the r a n d o m choice of equa l l y weighted act ions , some choices t u r n out 
to have been bet ter t h a n others . B y r u n n i n g n p lanners in p a r a l l e l , where n is 
greater t h a n a b o u t 10, the p r o b a b i l i t y is h igh that one p lanner w i l l find a short 
s o l u t i o n , a n d t h i s p l a n w i l l be f o u n d first. T h e r e are great benefits in t e rms of 
c o m p u t a t i o n t i m e i n th is a p p r o a c h [15]. O p t i o n 4 is s i m i l a r to the p r o p o s a l o f 

T h e d i s t i n c t i o n s o f knowledge m a d e i n a l l of the above i m p l e m e n t a t i o n s are 
charac te r i sed i n F i g u r e 2. W e can d i s t i n g u i s h the classes o f the current s tate , 
State, poss ib le f u t u r e states , FutureStates, the assoc iat ion of weights w i t h future 
states , HeuristicEsiimate , a n d the i m m e d i a t e l y f o l l o w i n g state , i .e. the one w i t h 
the greatest we ight , NextState. F o r m u l a e 1-3 i n F i g u r e 2 character ise the select ion 
o f one a c t i o n i n a specif ic s tate , i n order to describe a sequence of ac t i ons we 
c o u l d a d d a t e m p o r a l a r g u m e n t to the predicates or use a t e m p o r a l l og ic . 

T h e r e are c l ear ly m a n y differences i n where the knowledge of states , weights 
etc . is represented at the s y m b o l leve l . F o r e x a m p l e , i n a single agent p l a n n e r 
a l l k n o w l e d g e resides i n t h a t p r o g r a m . In a m u l t i - a g e n t sys tem such as O p t i o n 
4, k n o w l e d g e of f u t u r e states need o n l y reside in agents w h i c h are capab le o f 



T y p e Description of set 
a Set of symbols representing states 
a* Powerset of a 
b Set of integers representing heuristic estimates 
c T h e set a * 6, ordered by the value of b 
c* Powerset of c 

Generate possible future states 
1 (\fx : a)(State(x) —+ (3$/ : a*) Future State s(y)) 

Est imate values for future states 
2 (Vx : a*)(FutureStates(x) —• (3t/ : c*)HeuristicEstimate(y)) 

Select the state wi th the m a x i m u m estimate 
3 (Vz : c*)(Vy : c*)(HeuristicEstimate(x) ATop(x) — y^ NextState(y)) 

F i g . 2. A formalisation of the inference structure for a reactive planner 

m o v i n g , k n o w l e d g e o f a c t i ons executed i n the past c a n be s to red i n the agent 
w h i c h executed t h a t a c t i o n , b u t a l l agents need to k n o w the current p o s i t i o n s o f 
a l l squares (agents) as t h i s is necessary for the we ights to be c o r r e c t l y m o d i f i e d 
w h e n t h a t g l o b a l s tate has been v i s i t e d before. 

I n order for the R T A * a l g o r i t h m to operate co r rec t ly the e s t i m a t i o n f u n c t i o n 
m u s t not o v e r e s t i m a t e the va lue o f a n a c t i o n [20]. W h e n c o n s i d e r i n g the m u l t i -
agent i m p l e m e n t a t i o n o f O p t i o n 4 i t is c lear t h a t each agent m u s t have the s a m e 
w e i g h t i n g f u n c t i o n a n d m u s t a l w a y s respect the o u t c o m e o f any n e g o t i a t i o n over 
w h i c h agent c a n m o v e . I f these c o n d i t i o n s are not m e t t h e n the s y s t e m w i l l no t 
behave a c c o r d i n g t o R T A * . I n t e r m s o f the k n o w l e d g e leve l c h a r a c t e r i s a t i o n , r u l e 
3 w i l l show a c o n t r a d i c t i o n i f the next s tate is no t the t op e l ement o f the set o f 
h e u r i s t i c e s t i m a t e s . 

I n t h i s sec t i on we have presented a k n o w l e d g e leve l c h a r a c t e r i s a t i o n o f a 
reac t ive p l a n n e r a n d discussed four s y m b o l leve l i m p l e m e n t a t i o n s o f i t . 

3.3 M u l t i p l e - b l a c k b o a r d sys tems 

T h e bas i c i d e a o f the b l a c k b o a r d m o d e l is t h a t there are a n u m b e r o f k n o w l 
edge sources , v i e w e d as exper ts , w h i c h c o n t r i b u t e to the s o l u t i o n o f a p r o b l e m 
b y r e a d i n g a n d w r i t i n g d a t a to a c e n t r a l d a t a s t r u c t u r e , the b l a c k b o a r d . I m -
p l e m e n t a t i o n a l de ta i l s c a n be f o u n d i n [7], o f re levance here is the h i e r a r c h i c a l 
o r g a n i s a t i o n o f the b l a c k b o a r d a n d the p a r t i t i o n i n g o f d o m a i n k n o w l e d g e ac 
c o r d i n g to content i n t o d i s t i n c t knowledge sources. T h e s e features resul t f r o m a 
m o d e l - b a s e d v i e w o f p r o b l e m s o l v i n g [7] w h i c h inc ludes a n e x p l i c t c a t a g o r i s a t i o n 
o f d o m a i n k n o w l e d g e . T h e r e f o r e we c a n , i n c e r t a i n ins tances , assoc iate the levels 
o f a b l a c k b o a r d w i t h meta-c lasses a n d the k n o w l e d g e sources o f the b l a c k b o a r d 
w i t h k n o w l e d g e sources i n the K L sense. 

I n the d i s t r i b u t e d veh ic le m o n i t o r i n g t es tbed ( D V M T ) o f D u r f e e et al. [6] 
each agent is a b l a c k b o a r d s y s t e m . T h e D V M T consists o f between 1 a n d 13 
agents whose task is t o i d e n t i f y the t r a c k o f a vehic le f r o m acous t i c d a t a sensed 



by a n u m b e r o f agents f r o m adjacent or o v e r l a p p i n g regions. Dur fee et al inves
t i g a t e d the effect o f c o m m u n i c a t i o n pol ic ies a n d o r g a n i s a t i o n a l s t r u c t u r e o n the 
efficiency o f resource u t i l i s a t i o n . T h e use of p l a n n i n g a n d the exchange o f m e t a -
i n f o r m a t i o n were also inves t iga ted w i t h regards to i m p r o v i n g the l o c a l c ont ro l o f 
agent a c t i v i t y e.g. p r e v e n t i n g agents f r o m d u p l i c a t i n g work a n d increas ing the 
p r i o r i t y o f p o t e n t i a l l y r e w a r d i n g tasks . 

E a c h agent i n the D V M T has the same arch i tec ture , a b l a c k b o a r d s y s t e m . 
M o r e s i g n i f i c a n t l y f r o m the knowledge level po in t of v i e w , each agent has the 
same g l o b a l m o d e l o f the p r o b l e m s o l v i n g task , n a m e l y the meta-c lasses a n d 
k n o w l e d g e sources (levels a n d knowledge sources) of the b l a c k b o a r d . T h i s means 
t h a t the inferences p e r f o r m e d by one agent, for e x a m p l e , one w h i c h adds in fo r 
m a t i o n to the meta - c lass ( b l a c k b o a r d level) 'vehic le l o c a t i o n ' , can be broadcast 
to o t h e r agents w h o are able to interpret i t correct ly . T h i s is poss ib le because 
a l l agents have the same b l a c k b o a r d levels. A l l agents share a g l o b a l , knowledge 
level v i e w of the p r o b l e m s o l v i n g process a n d the i r a c t i v i t y is therefore g l o b a l l y 
coherent b y des ign . T h e r e is a m a r k e d difference between the contract net a n d 
D V M T i n t h i s r e g a r d , as agents i n the contract net have no g l o b a l v i e w . T h e ac
t i v i t y o f D V M T agents m a y not be o p t i m a l as regards the use o f c o m p u t a t i o n a l 
resources ( th is is t e r m e d ' coherence ' i n [6]). 

T h e D V M T e x p e r i m e n t s can be character ised as a s s u m i n g a g l o b a l p r o b l e m 
s o l v i n g m o d e l , shared by a l l agents, a n d i n v e s t i g a t i n g a n u m b e r of s y m b o l level 
techniques for the ass ignment o f func t i ons to agents - l a t e r a l or h i e r a r c h i c a l 
agent o r g a n i s a t i o n , a n d for the o p t i m a l gu idance o f search w i t h i n agents, g iven 
the g l o b a l s tate o f p r o b l e m s o l v i n g . 

3.4 A n a l t e r n a t i v e c h a r a c t e r i s a t i o n i n t e r m s of D A I c o n c e p t s 

B o n d a n d G a s s e r ([1] pages 19-25) define the coherence of a m u l t i - a g e n t s y s t e m as 
h a v i n g four d i m e n s i o n s : s o l u t i o n q u a l i t y , efficiency, c onceptua l c l a r i t y o f s y s t e m 
b e h a v i o u r a n d grace fu l d e g r a d a t i o n 4 . Coherence can be achieved by a n u m b e r 
of m e a n s , i n c l u d i n g the f o l l o w i n g : 

• the ass ignment of roles to agents 
• p l a n n i n g i n order to a l i g n agent a c t i v i t y 
• m a n a g e m e n t o f c o m m u n i c a t i o n 
• m a n a g e m e n t o f resources 
• d a t a a b s t r a c t i o n 
• the use o f m e t a level i n f o r m a t i o n 

T h e s e m e c h a n i s m s i n c l u d e agent roles - an a t t r i b u t e d or c oncep tua l p roper ty , 
p l a n n i n g - a p r o b l e m s o l v i n g p a r a d i g m , a n d d a t a a b s t r a c t i o n - a p r o b l e m s o l v i n g 
step c o m m o n to a range of d o m a i n s . T h i s v iew of coherence is not a genera l i sed , 
a n a l y t i c a l v i e w , i t is a d o c u m e n t a t i o n of w h a t occurs i n e x i s t i n g D A I sys tems . 
T h i s is u n s a t i s f a c t o r y i f we w i s h to g a i n a deeper u n d e r s t a n d i n g of D A I sys tems . 
B o n d a n d G a s s e r do not cons is tent ly ident i fy these m e t h o d s w i t h the specif ic 

4 It should be noted that the analysis of D A I systems in [1] is of much greater scope 
than that presented here. 



d i m e n s i o n s o f coherence t h a t they define, a n d t h i s de trac ts f u r t h e r f r o m c l a r i t y . 
T h e y do refer to the specif ic D A I sys tems w h i c h u t i l i s e p l a n n i n g etc . b u t do not 
c o n s i s t e n t l y refer to the d o m a i n p r o b l e m , hence the p r o b l e m s o l v i n g contex t is 
l os t . T h e t h e o r e t i c a l genera l i sat ions based o n t h i s m e t h o d are w e a k : coherence 
is r e l a t e d to resource m a n a g e m e n t a n d c o m m u n i c a t i o n , resource m a n a g e m e n t is 
r e l a t e d to c o m m u n i c a t i o n , c o m m u n i c a t i o n s c a n be p l a n n e d etc . T h e p r o b l e m is 
t h a t the m e c h a n i s m s of D A I are a n a l y s e d o u t w i t h t h e i r context i n the s o l u t i o n 
o f p r o b l e m s . T h e d i v i s i o n of the knowledge leve l f r o m the s y m b o l l eve l p r o p o s e d 
i n t h i s p a p e r is an a t t e m p t to c lar i fy the purpose o f the m u l t i - a g e n t s y s t e m as a 
w h o l e a n d i n d o i n g so, to d i s t i n g u i s h the v a r i o u s roles o f the s y m b o l l eve l f u n c 
t i o n s . S u c h d i s t i n c t i o n s can p l a y a useful ro le i n the des ign o f d i s t r i b u t e d sys tems , 
as t h e y have done i n the m o d e l - b a s e d des ign of k n o w l e d g e - b a s e d s y s t e m s . 

4 Related Work 

It is n o t e d b y Gasser [9] t h a t D A I has t a k e n the agent as the focus o f a n a l y s i s . 
T w o a t t e m p t s to break f r o m the agent-centered a p p r o a c h are the O p e n I n f o r m a 
t i o n S y s t e m s ( O I S ) S e m a n t i c s o f H e w i t t [12] a n d the s i x p r i n c i p l e s for s o c i a l - D A I 
o u t l i n e d i n [9]. Gasser proposes the existence of m u l t i p l e actors as a f u n d a m e n 
t a l concept i n a ' m o r e s o c i a l ' D A I . T h e s o c i a l perspec t ive en ta i l s g r o u n d i n g D A I 
p r i n c i p l e s i n the g r o u p r a t h e r t h a n the i n d i v i d u a l agent . T h e s o c i a l perspec t ive 
does n o t v i e w the a u t o n o m y of agents as a concept w h i c h is c o m p l e t e l y d i v o r c e d 
f r o m g r o u p concepts . P r e s u m a b l y , i t s h o u l d not focus o n the m e c h a n i s m s w i t h i n 
agents , b u t r a t h e r o n the j o i n t a c t i v i t y of a s y s t e m of agents . 

W h e n we consider the proposa l s for a ' m o r e s o c i a l D A I ' t h e n i t a p p e a r s t h a t 
the K L a n a l y s i s satisfies some o f the goals o f t h i s enterpr ise b y p r o p o s i n g a g l o b a l 
m o d e l o f b e h a v i o u r . T h i s m o d e l is above the agent leve l ( w h i c h we cons ider to 
be the s y m b o l level) a n d th i s t ype of c h a r a c t e r i s a t i o n is r a d i c a l l y dif ferent f r o m 
the c o n v e n t i o n a l D A I v i e w p o i n t ( s ) . 

I n contras t w i t h [13] we have not sought to a d d a layer above N e w e l l ' s k n o w l 
edge leve l i n order to account for cooperat ive p r o b l e m s o l v i n g . I n s t e a d , we have 
used C l a n c e y ' s r ede f in i t i on of the knowledge leve l to p r o v i d e the bas is o f o u r 
a n a l y s i s . T h i s v i e w appears to be consistent w i t h the s i t u a t e d v i e w o f k n o w l e d g e 
as a d v o c a t e d i n [21] as the knowledge level d e s c r i p t i o n need no t be ref lected i n 
spec i f i c s t r u c t u r e s at the s y m b o l leve l . T h e a n a l y s i s o f t h i s p a p e r does n o t l e a d 
us t o c onc lude t h a t r eason ing a b o u t knowledge [11] or p l a n n i n g are necessary 
features o f a k n o w l e d g e leve l d e s c r i p t i o n . However , i n agreement w i t h [13] we do 
h y p o t h e s i s e a c o m m o n agent g o a l w h i c h pers ists t h r o u g h a n episode o f p r o b l e m 
s o l v i n g . F i n a l l y , we acknowledge the i m p o r t a n c e o f p l a n n i n g a n d r e a s o n i n g a b o u t 
k n o w l e d g e as m e c h a n i s m s for g u i d i n g agent a c t i v i t y i .e . as s o p h i s t i c a t e d c o n t r o l 
m e c h a n i s m s . C o n s t r u c t i n g a p l a n m a y also be the p u r p o s e o f agent a c t i v i t y , i n 
w h i c h case we w o u l d expect to find knowledge leve l m o d e l s o f p l a n n i n g . T h e s e 
m o d e l s m a y be reac t ive or d e l i b e r a t i v e . 

T h e p r o b l e m of d e s i g n i n g the i n t e r a c t i o n between a k n o w l e d g e - b a s e d s y s t e m 
a n d the user , i .e . a t w o agent s y s t e m , f r o m a n inference s t r u c t u r e is desc r ibed i n 



[10]. T h e m e t h o d we o u t l i n e generalises th is a p p r o a c h , m a k i n g use of C l a n c e y ' s 
recent r e v i e w o f the knowledge level hypothes is . T h e p r o b l e m of i m p l e m e n t i n g a 
K L d e s c r i p t i o n i n a b l a c k b o a r d archi tec ture has been addressed i n [18] i n p r a c t i 
ca l t e r m s . T h u s , there are examples w h i c h suggest tha t the a n a l y t i c a l a p p r o a c h 
we a d v o c a t e c a n also be used as a basis for the design of m u l t i - a g e n t systems. 

5 Conclusions 

T h i s p a p e r has presented character i sat ions of a n u m b e r of d i s t r i b u t e d systems 
at the k n o w l e d g e leve l . T h e systems we have considered have been of a res tr i c ted 
range, d i s t r i b u t e d knowledge -based systems, a n d we have emphas i sed the p r o b 
l e m s o l v i n g d o m a i n s a n d s o l u t i o n m e t h o d s of these systems. 

T h e s e p a r a t i o n o f the knowledge level f r o m the s y m b o l level enta i l s a clear 
d e l i n e a t i o n o f the roles o f s y m b o l level processes a n d of the concept of agency. 
O u r a n a l y s i s shows t h a t the g l o b a l coherence of a n u m b e r of e x i s t i n g systems can 
be u n d e r s t o o d b y t h i s a n a l y s i s . There fore , we conclude t h a t the knowledge level 
a n a l y s i s is a v a l u a b l e a d d i t i o n to our u n d e r s t a n d i n g of d i s t r i b u t e d i n f o r m a t i o n 
process ing s y s t e m s . 

O u r conc lus i ons are t h a t the concept of g l o b a l coherence is best u n d e r s t o o d as 
the i d e a l i s e d , r a t i o n a l b e h a v i o u r of a sys tem of agents. T h i s can be descr ibed i n 
t e rms o f the d e d u c t i o n of new knowledge u n i t s w i t h i n a m o d e l o f p r o b l e m s o l v i n g . 
T h e m o d e l need not speci fy a n o p t i m a l s o l u t i o n , nor the i n t e n t i o n a l a t t i t u d e s of 
the agents . It is r e q u i r e d t h a t by f o l l o w i n g the m o d e l some s o l u t i o n is ident i f i ed , 
a n d for g l o b a l coherence, a l l p a r t i c i p a t i n g agents m u s t act cons is tent ly w i t h 
the m o d e l . It is no t necessary t h a t the m o d e l be represented w i t h i n the agents 
themse lves , however , th i s c o u l d produce a flexible exchange of roles a m o n g agents 
by e n a b l i n g agents to reason about the i r o w n role a n d t h a t of others . 

References 

1. B o n d , A . H . and Gasser, L . (1988) A n analysis of problems and research in D A I . 
in Readings in distributed artificial intelligence, (eds) Bond, A.H. and Gasser, L., 
Morgan Kaufmann, 1988 :333-356 

2. Clancey, W . J . (1985) Heuristic Classification. Artificial Intelligence 27 (1985) :289-
350 

3. Clancey, W . J . (1991) T h e frame of reference problem in the design of intelligent 
machines, in (ed) Vanlehn, K. Architectures for intelligence. Lawrence Erlbaum As
sociates, 1991 

4. Davis , R . and S m i t h , R . G . (1983) Negotiation as a metaphor for distributed problem 
solving. Artificial Intelligence 20, 1983:63-109 

5. Drogoul , A . and Dubreui l , C . (1991) Eco-problem-solving model: Results of the 
N-puzzle . Proc. 3rd European workshop on modelling autonomous agents and multi-
agent worlds (MA AM AW 1991) (eds) Steiner, D.D. and Muller, J., D. F.K.I, report 
No. D-91-10 

6. Durfee, E . H . Lesser, V . R . and Corkh i l l , D . D . (1987) Coherent cooperation among 
communicat ing problem solvers. IEEE Transactions on Computers C~36 .1275-1291 



7. Engelmore, R .S . (1988) Backboard Systems Addison Wesley 1988 
8. Fagin, R. and Halpern , J . Y . (1985) Belief, awareness and limited reasoning. Proc. 

IJCAI1985 :491-501 
9. Gasser, L . (1991) Social conceptions of knowledge and action: D A I foundations and 

open systems semantics. Artificial Intelligence 47 (1991) :107-138 
10. de Greef, P. and Breuker, J . A . (1992) Analysing system-user cooperation in K A D S . 

Knowledge Acquisition (1992) 4 :89-108 
11. Halpern, J . Y . and Moses, Y . (1990) Knowledge and common knowledge in a dis

tributed environment. Journal of the ACM, Vol 37. No. 3 :549-587 
12. Hewitt , C . (1991) O p e n information systems semantics for distributed artificial 

intelligence. Artificial Intelligence 47 (1991) :79-106 
13. Jennings N . R . (1992) Towards a cooperation knowledge level for collaborative prob

lem solving. Proc. ECAI1992 :224-228 
14. Konolige, K . (1986) A deduction model of belief. Pitman, London, 1986 
15. Knight , K . (1993) A r e many reactive agents better than a few deliberative ones ? 

Proc. IJCAI 1993 :432-437 
16. Korf , R. (1990) Real-t ime heuristic search. Artificial Intelligence 42(2-3) 1990 
17. Lenting, J . H . J , and Braspenning, P . J . (1993) Delegated negotiation for resource 

re-allocation, in Lecture Notes in A.I. No. 671, (ed) Ohlbach, H.J., Springer Verlag, 
1993 :299-311 

18. Major , N . C u p i t , J . and Shadbolt , N . (1994) A p p l y i n g the R E K A P methodology 
to situation assessment. Proc. 4th KADS Meeting, GMD, Sankt Augustin, Germany 
24-25 March 1994, (eds) Voss, H. and Studer, R. Arbeitspapiere der GMD 832 

19. Newell, A . (1982) T h e knowledge level. Artificial Intelligence 18 (1982):87-127 
20. Reinfeld, A . (1993) Complete solution of the eight-puzzle and the benefit of node 

ordering in I D A * . Proc. IJCAI 1993 :248-253 
21. Rosenschein, S . J . (1985) Formal theories of knowledge in A I and robotics. New 

Generation Computing 3(1985) :345-357 
22. Smith , R . G . (1977) T h e contract net: a formalism for the control of distributed 

problem solving. Proc. IJCAI 1977 :472 
23. Smith , R . G . (1980) T h e contract net protocol: high level communication and con

trol in a distributed problem solver. IEEE Trans, on computers Vol. C-29 No. 12 
December 1980 .:1104-1113 

24. Werner, E . (1990) W h a t can agents do together ? A semantics for reasoning about 
cooperative ability. Proc. ECAI 1990 :694-701 

25. Wielinga, B . J . Schreiber, A . T . and Breuker, J . A . (1992) K A D S : a modeUing ap
proach to knowledge engineering. Knowledge Acquisition (1992) 4f -'5-53 

26. Wooldridge, M . (1994) Coherent social action. Proc. ECAI 1994 :279-283 


