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Abst rac t :  Our analysis of the KQML(Knowledge Query and Manipulation Language) model yielded some 
canclusio~s on the knowledge level of communication in agent-oriented program. First, the agent state and 
transition model were given for analyzing the necessary conditions for interaction with the synchronal and asyn- 
chronous KQML model respectively. Second, we analyzed the deadlock and starvation problems in the KQML 
colmI~Unication, and gave the solution. At last, the advantages and disadvantages of the synchronal and asyn- 
chronous KQML model were listed respectively, and the choosing principle was given. 

Key words: multi-agent, KQML, communication 
Doonnent  code: A CLC number: TP18 

INTRODUCTION 

In the multi-agent theory, there are two 
communication models dealing with knowledge 
sharing and problem distributed solving: 

1. Public storage, communication among 
agents can be achieved by building up public 
storage area, which every agent can visit. Black 
board model is the typical application (Stefan, 
1994). 

2. Message transfer, the information is ex- 
changed among some agents directly with sur- 
roundings support. Agent communication lan- 
guage ACL (Michael, 1994; Thomas, 1992)is a 
representation. In addition, the AOP language 
(Shoham, 1993) was raised for agent program- 
ming, presented a recta-language for agent com- 
munication. It also belongs to message transfer 
model. There are some difficulties in establish- 
ing public storage in heterogeneous and distribut- 
ed multi-agent system. So the research on a 
message transfer model becomes a focus in multi- 
agent communication. 

Mauro (1994) did some primary research in 
support of agent oriented programming on label 
level. He gave the synchronal and asynchronous 
communication model of KQML, and showed the 
problems of resources starvation and deadlock in 
synchronal communication. But he did not ana- 

lyze the reason and give the solution. In this pa- 
per, we established the agent state model and 
the KQML transition model, analyzed all the 
above problems, and gave the solution. 

AGENT STATE MODEL AND KQML TRANSI- 
TION MODEL 

Synchronal and asynchronous communication 
models are two ways for message transfer. There 
is no buffer in the synchronal communication, 
and the acceptor should stay in waiting state be- 
fore receiving the message. On the other hand, 
there is a buffer in asynchronous communication, 
so the message can be received when the accep- 
tor is idle. The set of KQML instructions is too 
large. For convenience, the instruction subset 
consisting of "assert", "tell" and "ask" are list- 
ed. We can explain how to implement synchro- 
nal and asynchronous communication in KQML. 

1. Agent state model space 

If A is an agents set, P is an agent working 
processes set, STATES: : = { IDLE, BUSY, 
WAIT(a)  I a E A } is an agent state set. Then 
we can define agent state model space. 

Def'mition 1. Agent state model space is de- 
fined as three-tuple P = { ( a ,  p ,  state> I a E 
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A , p  E P , s t a t e E  STATES} . V 7 E  / - ' , i s  
called agent state model.  

If /~KQML is denoted as agent state model 

space of KQML, we can describe FKQML as :  

/~KQML " -" = /"~IDLE @/~BUSY @/~WA1T 

FIDLE , "-= {(a) laEA} 
/- 'BusY::= t ( a ,  p )  I a E A ,  p E P t  
f'wArr: : = t ( a ,  p ,  wai t(a ' )  I aEA , a ' E A  )} 
"ED" is an operator for constructing state model 
spaces.  

2 KQML state transition model 

Defini t ion 2 .  KQML transition model can be 

expressed as a three-tuple( F~KQML, L ,  {____~l I I E 

L f ) ( M a u r o ,  1994) ,  in which, L is an instruc- 

tion set ; "--~/ ." /~KQML-"~/-~KQML is transition rela- 

tion satisfying a set of axioms and inference rules 
for V l E L. 

For different axioms and rules system, we 
can construct different KQML transition models.  
a l  - a4 and b l  - b5 give two sets of rules for 
point to point communication in KQML model re- 
spectively. In a l -  a4,  L = / assert ( a ) ,  tell 
( a ,  a '  ) ,  ask ( a ,  a ' ) ,  ~/  } , /-' C_ /~KQML = 

/~IDL~ G K'BUSY O/-'wArt, and function "" dispatch" 
maps the message is received by the agent to the 
corresponding process.  

a l )  ( a ,  assert ( a ' ) . P } ~ l - ' O ( a ' )  

where P '  = dispatch ( assert ( a '  ) ) 
a2) <a, ask ( a ' ) . P > @ I ~ @  <a'> ----~ask(a''a) 

( a ,  P,  w a i t ( a ' ) ) G F ~ ( a ' , P ' )  
where P '  = dispatch ( ask( a '  , a )  ) 

a3)  ( a ,  tell ( a '  ) .  P ) G / - '  �9 ( a ' ,  P ' ,  wait 
(a)>--~tell(a"a)<a, P ) O P G ( a ' ,  P") 

where P '  = dispatch (tel l(  a '  ) ,  P '  ) 

a4)  < a , - . / )  O/- ' - -~ ' /<  a )  O f ' 
From rule a l  and a2,  we draw the conclu- 

sion that the message of "assert" and "ask"  can 
be received by the acceptor without delay,  be-  
cause the acceptor is in IDLE. From rule a2 and 
a3,  we know one side is always in waiting state 
after sending out "" ask" message. So the "tell" 
message can also be received without buffer. 
There are no message saving and loading pro- 
cesses with buffer, and the sending and receiv- 
ing message is a whole block at a time. So we 
have the following conclusions: 

Conclusion 1. The communication in KQML 

state model satisfying the transition rules o f a l  ' -  
a4 is a synchronal process. 

In the communication model corresponding to 
b l - b 5 ,  L = {assert ( a ) ,  tell ( a , a ' ) ,  ask 
( a ,  a ' ) ,  g e t ( a ) , , . / t ,  m ( ' , ' )  denotes the 
state model of the buffer. 

" + " denotes the combining of agent State 
model and buffer state model. 

b l )  < a ,  assert ( a ' ) . P ) ( ~ T S  ---~e"(a''a) 
( a ,  P)EDTS+ { m ( a ' ,  a s s e r t ( a ' ) ) t  

b2)  ( a ,  ask ( a ' ) . P )  (~TS--~ask(a"a)(a, 
P ) @ T S  + /m(a', ask(a', ))t 

b3)  ( a ,  tell (a ' ) .P>OTS-~ten(a"a)(a ,  P) 
Et~ TS + { m( a" , t e l l ( a ' ) ) t  

b4) ( a , - , / ) G T S - - - ~ 4 ( a ) O T S  
h5) ( a ) ~ TS + t m ( a, msg) } ___.~get(a) < Ct, 

p '>O TS 
where p" = dispateh(msg)  

According :to rules b l ,  b2 and b3 ,  agent a 
can perform instructions "assert", " a s k "  "'and 
"tell" without delay. And he does not n e e d t o  
judge which state the action object is in. b5 is 
the rule that agent a receives information flow of 
the system. Under this rule, agent a need to be 
in the "IDLE" state, and the information flow m 
( a ,  msg) need to be in the buffer. There is no 
state judgement in the communication prdcess 
under this rule set. So we can draw the following 
conclusion : 

Conclus ion 2 .  The communication in KQML 
model satisfying the transition rules of b l  - b5 is 
an asynchronous process. 

3. The trace of state transition 

Def'mition 3 .  Supposing the initial state of 
multi-agent system A is "IDLE", namely 7o E 

/"IDLE- The succeeding transition processes start- 

ing from the instruction X0 is: 

yO----~Xo y l - - - ~ X ,  ") /2-. . ----~Z.~'n + 1 . . .  

Then the trace of state transition is instruc- 
tions array {X0, X1 , ' " ,  X ~ ' " t ,  denoted as T 

(r0) 0. 
In addition, we use ti E T( u ) z0 to denote 

the i th  term of the trace T ( T 0 ) z 0 ,  and t 4 a 

denotes the instructions array only agent a par- 
tieipates in. There are two situations for t } a :  
( i )  an infinite instructions array of communica- 
tion; ( i i )  a finite instructions array ending with 
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a finished process.  

ANALYSIS OF KQML MODEL 

Before analyzing the features of the KQML 
model, we give some definitions of the KQML 
model. 

1. Instruction enable space 

DeFinition 4 .  Supposing ~ C ~r'~KQML is a sub- 

space of KQML state model space,  X E L is an 
instruction in instruction set L .  When the rule 
corresponding to instruction X is enabled in ~,  

that is to say 3 ~:'E/-'KQr~L, and ~---~z~' holds, 

then we call the transition of instruction X as en- 
abled in sub-space of state model,  denoted as : 

~-Z, and also we call ~ a sub-space of enabled 
state model of )C, or enabled space for short. 

In addition, the set consisting of all the en- 
abled space of X is called the enabled space set,  
denoted as to ( Z )  ; the set that is the mapping of 
all the enabled spaces in p ( ~ )  is called value 
space,  denoted as R ( X ) �9 

After acting on ~, the enabled instruction Z 
in an enabled space ~ will make X change into 
state space ~ ' ,  so the instruction Z can be 
viewed as a function of state model space,  de- 
noted as X : I-~KQML-"-~F~KQ ML" The definition field 

of function Z is to ( Z ) ,  its value field is R ( X ) ,  
and they satisfy to ( X ) C/~KQML, R ( X ) C_ FKQ~. 

Def'mition 5 .  Supposing ~ is enabled space 
of function Z-  If a is an agent that can execute 
instruction X in enabled space,  then we say a 
can activate X in space ~. 

"Enabled" is used to describe the space that 
X can act on, while "activation" is used to de-  
scribe the relation between agent and instruction 
in enabled space.  The following example will ex- 
plain the situation above: 

Example  1. Supposing three agents a ,  b ,  
c E A,  their state models are ~'~ = < a ,  assert 

( b ) . p o > , ) , b  = <b> , ) , c  = < c ,  Pc>,  and = 
{ Ya, Yb , )re t respectively. If we use synchronal 

transition rules of KQML, the rule condition part 
corresponding to Z = assert ( b )  is satisfied in 
this sub-space of state model.  We also can'f ind 
a sub-space of state model $' = { < a ,  p~ ) ,  ~'b = 

< b, pb' >, ( c, Pc > t ,  in which $--~"r (b'a) $, 

holds. Then the role assert ( a ' ,  a ) correspond- 

ing to instruction X is enabled in ~. In ~,  if 
agent a can observe the state of b is IDLE, then 
a can trigger instruction X �9 So we say a can ac- 
tivate X in the space $ . 

2. Feature of synchronal KQML 

In example 1, if agent a cannot observe the 
state of b ,  a will not trigger instruction X �9 Al- 
though a is in the enabled space of Z ,  a cannot 
activate Z .  So, in agent communication, agent 
a must satisfy two conditions before sending 
communication instruction )~ : 

1) agent a is in the enabled state space of 

Z ;  
2)  agent a can activate Z in the enabled 

space of X" 
In the synchronal communication model of 

KQML, the activation is based on the observing 
state of the agent on which the instruction acts.  
So state observing is an essential Condition for 
the synchronal KQML model.  In fact, to judge 
the activation is to judge if its state space is en- 
abled.  

Conclusion 3.  Supposing A is an agent set ,  
/-'A is the state model space,  L is a communica- 

tion instructions set .  Then the necessary condi- 
tion of the synchronal model of KQML is: V Z 
E L ,  V a E A  

f'A E p(Z)c=~KaYa E p (  z ) 

here, " ~ a "  is a know operator of normal modal 

logic, s:~/-'a E p ( ;~ ) means agent a knows the 

proposition PA E p ( X ) holds. 
In conclusion 3,  proposition " I~a E p ( X ) 

Jc~/~A E p ( X ) "  means agent a knows that the 

state model space he is in, is enabled space of 
Z �9 So it ensures the activation of X" Proposition 
"tc~/~A E to ( Z ) ~/- 'A E to ( Z ) "  means agent a is 

truly in state model space to ( Z ) "  So it ensures 
the validity of the activation of X" 

3. Feature of asynchronous KQML 

In the asynchronous KQML communication 
model, supposing V X {assert, tell, a sk} ,  the 
enabled space to ( X ) of X is: 

V(X) =l~t ~:FxI 
I n b l  - bS,  V a E A  , suppose the state 

model space which a is in, is /-'KQ~L, then the 

sufficient and necessary condition for proposition 
"FKQMr E p( z )" is: 
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3 a ' E A ,  and a#a ' (a ,? ( (a ' ) .P}EI - 'KQML 
So, for agent a and V Z E {assert, tell, 

ask l ,  the activation of X is only related to its 
own state. They are whether the next program is 
X ( a '  ) and a # a '  . The reason to limit a # a '  
is to prevent agent a from activating the nonsen- 
sical instruction to establish a communication 
link with himself. 

The asynchronous KQML communication 
model includes instruction "get" to load message 
flow in the buffer. This is the key distinction be- 
tween asynchronous and synchronous communi- 
cation. I n b l )  - b 5 ) ,  for k / a E A  , the state 
model space which a is in, is /-'I<QML- Then the 

sufficient and necessary condition of proposition 
/-'KQ~L E p ( g e t ( a )  ) is: 

( a }  + {m ( a , m s g )  t E/~KQML 
SO, the activation of instruction "" get ( a ) "  

only applies to the state of agent a and buffer. 

DEADLOCK AND RESOURCE STARVATION 

Mauro pointed out that there are resource 
starvation and deadlock in synchronal KQML 
communication. 

1. Resource starvation 

Resource starvation arises when one activat- 
ed process monopolizes the necessary resource 
enduringly, so that other processes cannot be ac- 
tivated in finite time. For example, two agents b 
and d ,  try to send "'assert" and "ask" instruc- 
tion to the same agent a :  

Suppose: B = assert( a ) .  B 
D = a s k ( a ) . D  
Dispatch(ask ( a ,  d )  ) = t e l l ( d )  .-,j 
Dispatch( assert( a ,  b ) ) = -,/ 

And suppose state space is t (  d ,  D }, ( b ,  B }, 
( a } t , then instructions "" assert ( a ,  b ) "  and 
"ask ( a, b )" are enabled : 

{<d, D>,<b, B},<a}}--~"r I<d, D>,  
<l,,  I 
I<d, O } , < b ,  B>,<a}}---~a'sk(a'd){<d, D, 
w a i t ( a ) } , < b ,  B } , < a ,  t e l l ( d ) . ~ , / } / " "  

If a s k ( a ,  d )  is activated, then we will get 
an infinite nested process, and its state transition 
trace t ~, d is an infinite instruction array task 
( a ,  d ) ,  a s k ( a ,  d ) ,  " " } .  So it leads to re- 

source starvation. 
rFhe essential reason for resource starvation is 

that when a process monopolizes some resources 
(for example, monopolize CPU, communication 
port and l ink ) ,  it leads to infinite loop or infinite 
nested process. So resource starvation is not re- 
lated to communication model (synchronal  or 
asynchronous ) .  Process monopolizing resource 
should be avoided in agent-oriented program- 
ming. 

2. Deadlock 

Deadlock occurs when an agent a wants to 
create a communication link of instruc~tion Z ,  
but in finite time, the state mcxtel space /-', 
which a is in, is not enabled space, namely F' 

t ~ ( Z ) �9 There are two situations in deadlock : 
one is that both of two agents want to be commu- 
nication sponsor and create communication link 
with the other concurrently, but none of them 
will recede. So the establishment of communica- 
tion link fails ; the other situation is that agent a 
is in an infinite loop process, this makes the oth- 
er agent, which wants to create a communication 
link with a ,  stay in waiting state. 

Lacking overall control and recede coordina- 
tion in communication, agents are in mutual 
waiting state when they both want at the same 
time to create a communication link. This leads 
to the first situation. It is the general problem in 
synchronous communication when inquire in- 
struction ( for example "ask"  ) transits by block 
without buffer (Mauro, 1994).  So in communi- 
cation based on label level, establishing an ef- 
fective control and recede coordination mecha- 
nism can ensure that synchronous communication 
works well. 

From conclusion 2, the necessary condition 
for establishing a KQML model is that the agent 
has the ability to judge the enabled space. The 
key of judging enabled space is to get the state of 
its own and related agents. For example, the ac- 
tivated state model of rule "assert  ( b ,  a ) "  are 
( a ,  assert ( b ) . P }  and <b} for a ,  b respec- 
tively. That is to say the next instruction of a is 
assert( b ) ,  and the state of b is IDI_~2. At com- 
munication level, the agent needs to get the state 
of related agents. The agent can also find out if 
he is in deadlock state while he judges if the en- 
abled space exists. For example, the state of 
agents a and b are: ( a ,  assert ( b ) . P ~ }  and 
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(b, a s k ( a ) .  Pb } respectively. When a and b 

prepare to execute assert ( b, a ) and ask ( a ,  b ) 
at the same time, if the state can be known by 
each other, then a and b will know that they are 
in deadlock state. This needs mutual coordina- 
tion and receding. How to coordinate and recede 
is another problem in the multi-agent research 
field. This paper will not deal with this situ- 
ation. 

The second situation of deadlock is just like 
that of resources starvation, because an infinite 
loop and an infinite nest process will lead to 
deadlock. We cannot solve it at communication 
level. But we can try to avoid it in the agent 
program. Generally, we use a static limiting 
method to avoid deadlock. For example,  prohib- 
it agent from sending inquire that may cause infi- 
nite loop calculation to other agents; prohibit 
mutual recursion request and so on. 

In asynchronous communication, establish- 
ing a communication link does not need to wait 
for a particular enabled state of the other agent. 
So deadlock will not occur. The following can 
explain why this is so: 

Supposing the state model space of system is 
/~ in sometime, the state model of agent a is 
( a ,  X" P > ,  and Z E { ask,  assert,  tellt �9 In b l  
- bS, we know /-" E p ( Z ) holds.  So agent a 

can activate instruction X, and deadlock does 
not occur in asynchronous communication model 
based on b l )  - b S ) .  

CONCLUSIONS 

From Conclusion 2 ,  there must be a mecha- 
nism, which can give agents messages about 
their state,  to implement KQML synchronal com- 
munication. So establishing KQML synchronal 
communication is more difficult than KQML 

asynchronous communication. 
Message transmission by asynchronous com- 

munication can support higher knowledge level 
program (Angela,  1995; Newell, 1982) .  But in 
the distributed problem solving, asynchronous 
communication cannot use the last results to exe- 
cute its next solving process in time. That reduc- 
es the efficiency of distributed solving. Analyz- 
ing the communication mechanism, we know 
synchronism communication has no such prob- 
lem. 

These two communication models have their 
own advantages. Which one should be chosen 
depends on the practical objects.  Generally, for 
knowledge sharing problem, it is not necessary 
to get knowledge in real t ime, so we can choose 
the asynchronous communication model for con- 
venience. But for distributed problem solving, 
we should consider adopting the synchronal com- 
munication model. 
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