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Abstract
This papexintroduces CooL,a programming
language
for buildingcooperativeapplications. It combines
the
expressivenessof a h~gh-levelAOP-language
with the
efficiencyrequiredbyindustrial applications.It integrates the support for planningand schedulingwith
efficient executionon the single agent as well as
multi-agent levels (cooperation). CooL’sknowledge
representationandexecutionfacilities are inlroduced,
yielding the mezhanismsthat allow for easy programming
of cooperationson the basis of cooperation
primitives witha formalsemantics.
Introduction
Research on multi-agent systems nowadaysfaces its biggest challenge, the transfer of the established methodologies and technologies into industrial systems. While there
is great progress on the theoretical foundations of MASs
and a steadily growing number of pmtotypical systems
which implement them, one can find a discrepancy
between concepts and implementations when it comes
downto real industrial applications.
CooL,the Cooperation Language,is intended as a first
step towards bridging the gap between research and prodact development.It combinesthe expressiveness of a prototypical research language with the efficiency and
universality of an established programminglanguage such
as C or C~. It was developed in the research project
CoMMA,a cooperation
between DFKI and SIEMENS
AG,as a continuation of the prior workon the MAI’ZL
lanaguage,
The purposeof this paper is to highlight the key features
of CooL.The underlying concepts and their realisation axe
exemplified using excerpts of the implementation of an
urban traffic scenario CHaugeneder
&Steiner 1993). It involves several different types of agents, namelycars, car
parks and Iraffic guidance systems, which together form a
multi-agent system allowing the cars to park at car parks
according to goals given by the user.
All the agents in the scenario share a commondesign.
According to (Steiner, Mahling, & Haugeneder 1990)
1Developedin the ESPRITproject IMAGINE.

agent is divided into three parts, a communicator,a head
and a body. The bodyincludes the agent’s basic functionality, like driving the car (in a very abstract sense). The head
covers the reasoningof the agent. It takes the user’s goals
and maps them to executable plans, possibly involving
cooperations with other agents, schedules and executcs
this plans. During execution, the head stays responsive to
unforeseen events that mayoccur in the world. The communieator allows the head to abstract from communication
specific details during its cooperations with other agents.
(Haugeneder1994) and (Steiner et al. 1993) give a
detailed description of the agent architecture.
With respect to this architecture, Cool covers the head
of an agent and its communicator.Clearly, it can also be
used to implementthe body of an agent, or alternatively
interface to an external library to agentify an existing system.
In this paper the knowledgerepresentation and processing aspects of CooLat the single agent level are presented.
Then an exampleof howCooLis used to support cooperation amongagents is given. The details of the language
inlroduced in this workonly serve to clarify the examples.
A full specification of Cool is given in CKolb1995).

Elementsof CooL
CooLcan be characterised as a multi-threaded, object-oriented procedural language. Procedures can be converted
into data and vice versa in order to alter themor add new
ones dynamically.It comeswith an integrated class hierarchy to implementagents and cooperations.
CooLprovides simple data types including symbols,
strings, numbers,files, threads. Simpledata can be structured by two different types of sets used for knowledge
representation. Arbitrarily related data is stored in an association, an ordered multi-set mathematically spoken. The
syntax for an association is:
[any ... ].
Onthe other hand, contexts are sets consisting of only
associations. A particular association can directly be
accessedin a context by using its first elementas an index.
Every evaluation in CooLrefers to an environment which
is defined by an association of contexts. The environment
Koib
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is processed from left to right by the search operators and
ff a newcontext is opened, it is addedas the first element
to the environment. The foremost context can be removed
from the environment by closing it. There is always one
context, the systemcontext, in the environment,whichcan
not be removed. The following exampleillustrates the use
of contexts (single quotes marksymbolsin contrast to variables):
’el :-- new <<
ma :- 5
>>

A new context including the association [a 5] is crf~ted
and associated with el in the current context, the first context in the environment.
’a :- "Hello

World\n"

[a "Hello World\n"] is

addedto thecurrent
context.

The evaluation:
print (? ’a}

yields the output of the string Hello World. Now,the
context el is opened, and a is evaluated again:
? ’el
<<
print(? ’a)

)~elding
theoutput
5. Theenv~onment
nowconsists
of the
two contexts [<< [a 5] >> system_context].
The object system of CooLis based on contexts and the
use of the environment.Every class and instance is represented as a context. An association of contexts can be
assigned to each object to represent the classes it inherits
from, its inheritance environment. Whena messageis sent
to an object, the inheritance environmentand the context
representing the object itself are addedto the current environment. The methodis now evaluated wrt. the new environment. Whenthe method is done, the environment
before the send operation is restored.
Execution is defined by procedures in CooL, which are
represented internally as executable associations. A procedure consists of a sequence of statements and mayreturn
one or more values. Variables have not to be declared
within a procedure; a variable can hold any value.
The following procedure computes the cost of a car to
park at a specific car park:
proc cost
d - get
f - car
g - get
return(d

to_park (car park)
distance (car park)
park\)fee
guarantee (car_park)
* f / g)

l
The internal representation of a procedureis an association
containing a sequence of statements. The representation of
the aboveprocedure is:
[ co st__t
[assign
[assign
[assign

o_park [car_park]
d [get_distance
car_park]]
f [get car park ’feel]
g [get_guarantee car_.parkl ]

[assign1 [* d f] l
[assign =2 [/ _I gl]
[return _2]]
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The value of f is computedby retrieving the value associated with fee in the context car_park.
The \-operator
used in the exampleis defined in the following way:
Context \ Index = X, if [Index X] ~ Context
[ any ... ], otherwise

Theprocedureis split into single statementsyielding a flat
structure that is easier to analyse and directly reflects the
order in whichexecution of the actions takes place.
Within the bodyof a procedure, a set of basic control
structures is available to the programmer.Theyallow for
composition such as conditional branching, looping and
recursion, as well as synchronisedparallel execution and
forking in addition to the usual sequentialisation. Whilst
execution immediately resumesafter a procedure is forked, synchronised parallel execution merges the control
flow after every branch of the parallel structure is completed. If the parallel branches return values they are
ordered according to the order of branches.
CooLalso supports reactive behaviour of agents by
demonsthat specify a condition upon which a procedure is
executed. The condition either relates to someabsolute or
relative timepoint, or specifies a state of an agent’s environment (its world model). A demonsuspends the current
thread as soon as its condition holds. The thread is
resumedupon termination of the demon’s procedure. The
following example shows the activation of a demonthat
reacts to traffic lights, whilea car is driving:
proc drive_.path (path)
on {exists ’red_traffic_light}
wait_for_green (

{

)
foreach nav__pt in path {
drive__to( nav._pt

l
l
proc wait_for_green
{
while {exists ’red_traffic_light}

{

l
l
The example relies on the existence of another thread,
which by some means monitors the real world and adds
newobservations to the current context.
External library functions that are loaded dynamically
into the system can be called from within a procedure.
Thereis also a set of C library functions available to access
the CooLknowledgerepresentation from other programming languages.

Agents in CooL
Agentare defined as objects, ie. instances of a class according to the type of agent. Thereis a set of predefinedagent
classes such as ADSagents and monitor agents which are
required to implement, debug and maintain a multi-agent
system. Since agents are objects, their knowledgebase is
the instance-context, holding information about their
worldmodel,their internal state etc.
Activities about which an agent has to reason can be
specified as plans in CooL.Plans are defined as objects,
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whichhold infonnatkmabout the plan in addition to the
plan procedure.Theinfcxmationis intendedto be used by
a plannerand a schedulerthat managesan agent’s activities and includespreconditions,effects, durationetc. Unlike procedures,whichare evaluatedstep-by-stepaccording to the sequence
of calls in their body,a call to a planis
recursivoly on-rolled, i.e. every subsequentcall from
within the plan’s procedm~is determinedimmediately.
Theunroll-mechanism
stops, whenthe resulting structure
consists only of procedurecalls. Theresulting structure is
a partially orderedset of events,whichis inserteAinto the
agent’s schedule (see (Kowalski& Sergot 1986) on event
calculus). Its expressivenessprovidesa goodbasis for reasoning about an agent’s schedule or planning its future
course of activities, howeverit mustbe used with care
regarding parametersgenerated by user-procedures,plan
w,cursionetc.
Atypical examplefor the use of planningin the I/I’S is
theentrance
procedure
of a carat a particular
carpark.
Whilethe car is executingits plan to get to a selectedcar
park, it negotiates with the car park about the protocolit
has to follow uponarrival. Thefollowingplan procedure
mayresult fromsucha negotiation:

programmerto override tbe default behaviour. The key
featuresare:
¯ cooperationmethodsto describe complexprotocols in a
single procedure
¯ charactersto representactual agentsin a cooperation
¯ extension of object-oriented messagepassing to agent
communicationby the communicator
¯ cooperalion primitives with formal semantics giving
meaningto individual messages independently from
protocols
Thecooperation modelof CooLis based on the ideas in
(Steiner etal. 1993) and (Lux & Steiner 1995). Agents
cooperateby negotiatinga cooperationobject, e.g. a goal,
a plan, a schedule, or by synchronisingmutualexecution
of a plan. Afixed cooperationprotocol is specified by a
cooperation method, which can be looked upon as a
domain-independentmulti-agent plan, represented as a
plan ~ procedure,that incorporates messageexchangeby
cooperationprimitives amongagents as well as the execution of proceduresindividually by the involvedagents. A
cooperationmethOdmust be specified independentlyfrom
the particularcooperativesetting.
CooLusescontextsto abstract fromthe particularities of
proc enter_car_park
()
a
cooperation
in order to keepthe cooperationsuniversally
cp - ? ’car_park
applicable. Eachcooperationis executedin a newcontext.
query_ticket (¢p)
Beforethe cooperationis executed,the necessaryparamep - query free_place (cp)
ters are definedin this context. Duringthe cooperation,
drive_to (p)
persistent changesof an agent’sstate has to be moved
from
},
the cooperativecontextto the agentitself, since the coopwhere? ’ car_park is a KB-queryto retrieve the actual orative context is removed
after the cooperationmethodis
car=park
inthecurrent
environment
uponexecution
ofthe
finished.
plan.
Inorder
toschedule
tbeindividual
actions
ofthis
proWithina multi-agentplan, eachstatemontis precededby
cedure the car has to send the schedule messageto the
a character, that identifies the agent whichexecutesthe
plan object containingthe Ixocedure.
statement.Thecharacterof an agentdescribesits role in
If a plan is scheduledwithoutanyconstraints, it is inthe cooperative game. The contract-net cooperation
sertedimmediatelyin parallel to the existing schedule.
method(Smith1980)initially involves two characters, a
Obviously,
the searchfor the appropriateinsertion point in
managerand a bidder, wherethe bidder character reprethe schedule maybe expensiveand mightfail becauseof
sents a set of biddingagents.Duringa contractnet negotiainappropriate plan usage. Therefore, to maintainmaximum tion, one of the bidders becomesthe contractor, so the
efficiency,plansare usedonly for domain-related
activities
character of an agent can dynamicallychange during a
th~ haveto be coordinatedwith other agents.
cooperation.
Whilethere is no specific planningenginedirecdy inThecooperativecontext holds an association for each
eludedin CooL,the use of plans and schedulesprovidesa
character whichcontains the name(s)of the agent(s) idensolid basis for a planningsystemto workon. In combinatiffed by this character. Uponexecutionof the methodthe
lion with demons,the implementetionof reactive behavsystemchecks,whetherthe character of the next statement
iour that is related to plan execution as described in
is boundto the agent that executes the method.If they
(Dabija 1993)is swaighffcxward.
match,the statementis executed,otherwiseit is skipped.
Thefollowing exampleshowsa multi-agent plan exeSo far, the presented concepts focused on the single
cuteAby the two characters car and car._park tO enter a
agent aspect of agent oriented IXogramming;
the next seccarpark:
lion deals with CooLssupport for cooperatingagents in
multi-agentsystems.
proc enter
()
Cooperations in CooL
CooLallowsfor a high level specification of cooperation
methodswith powerfuloperations that involve a lot of
default aclivity. Yetit providesflexibility by allowingthe

car: drive_to_e.ntrance ()
car: request_entrance ()
car park : open_barrier ()
car: drive__to_space (

)
Toexecutethis plan, the car has to build up the appropriate
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contextby defining:
new <<
car :- self\’name
car_park :- cp_l
% now the procedure
% environment
enter(
>>

% name of an agent
is called in this

In the aboveexample,the communication
to synchronise
the executionis handledwithinthe called procedures.
Communication
Communication
amongagents is done via a set of cooperation primitives that are exchangedlocally or over a network. A cooperationprimitive consists of a type, which
specifies the intention behindthe communication
(Searle
1969), anda cooperationobject.
In CooLmessage exchange amongagents closely
resembles messagepassing to objects. Whenan agent
communicates
the first lime with another agent, its communicator queries its Agent Directory Service (ADS)
about information on the networkaddress and process
numberof the recipient. Thecommunicator
then creates a
newinstance of the class acquaintancewhichstores this
information.
In the acquaintanceobject all cooperationprimitivesare
defined as methods.It represents the send-target on the
sender side and does the necessary networkcommunication to the actual recipient. Theactual messagecontains
additional information,that is addedautomaticallyby the
communicator
of the sender:
¯ a uniqueid to identify the ongoingcooperationand its
context

¯ the character nameand the agent nameof the senderand
the recipient
¯ the nameof the cooperation method,if the methodis
sent withina fixed protocol
¯ the type of the primitiveindicatingthe intention behind
the message.
This informationmustbe available in the cooperativecontext of the initiator of a cooperationmethod,the onethat
sendsthe first message,beforethe cooperationis started.
Onthe recipient side, the communicator
examinesevery
incomingmessageand decides on whetherit belongsto an
existing cooperationor a newone. If it is a newcooperation, the methodnameis examinedand depending on
whetherit is knownor not, the methodis forked in a new
cooperative context. If the methodis unknown,the communicatorforks a newcooperative context and forks the
methodaccordingto the type of the message.Providedthe
agenthas sufficient planningcapabilities, it can participate
the cooperationwithoutknowingthe protocol.
The communicator
puts all the additional information
containedin file messageinto the newlydefinedcontext.
Each cooperation primitive has a semantics on the
senderandthe recipient side, whichspecifies the changeof
the state of the correspondingagent embedded
in a plan236 ICMAS-95

ning context. Theexact definition of cooperationprimitives and their formal semantics in MECCA
is given in
(Lux& Steiner 1995). The semanticsof the cooperation
primitives is definedby the methodson both sides of the
communication
process. However,it is the communicator
on the recipient side that decideson whetherthe cooperation methodis unknownor unspecified and the default
semanticsis used. If the cooperationmethodis known,the
semanticsof the primitiveis definedin the methoditself,
andthe message
object is boundto a variable.
Cooperation Methods
Theinitiator of a cooperationstarts the executionof the
cooperationmethodby anotheragent with the first cooperation primitivesent to that agent. Thelatter’s communicator creates a newcontext, stores informationabout the
involvedcharacters in this context andforks the cooperation methodas requestedby the sender.
Eachagentregisters at its agent directoryservice upon
start-up. TheADSstores informationabout agent names,
types, networkaddressesandcapabilities. Otheragentsuse
this informationexplicitly to find appropriateagentsfor a
particular task, or implicitly whencommunicating
with the
agent.
Tae followingcooperationmethoddescribes the registration of an agentwith its ADS:
proc register ()
% order a task to the ads(reg_server)
reg_server: task <reg_client:order ( [ ’ task
[’ add_kb [ ’agent
self\’ name self\’ type
self\’ host self\ ’port

]l])
reg_server: exec (task \’ object )

)
with
theappropnate
call
ontheclient
side:
new <<
°name
reg_client :- self\
reg_server :- self\’ads\’name
% now the call:
register ()
>>

Thegeneralformof the cooperationprimitivesis:
Recipient:Variable<-Sender:Type(Object),
whereRecipientandSenderrepresent character names.
Thecooperation primitive order sends the following
knowledgeto the agent associated with the reg_server
character:.
<<order [object [task ...]]
[type order]
[ coop_id c0815]
[to my_ads reg_server]
[from my_name reg_client ]
[method register] ] >>
which is bound to the vanable task on the reg_server

side. The ADSthen executes the task associated to
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object.

Thecooperation~ finished and the cooperativecontext
deleted. It shouldbe noted that the add kb procedurehas
to take care of addingthe knowledge
aboutthe client to the
agentitsdf rather thanto the cooperativecontext.
FigureI gives the implementation
of the canouicalcontract-net cooperationmethod.Thecontract-net protocol is
one of the ~n methods used by the cars in the
UTSto find an appropriatecarA3ark.It is, however,completely domain-independent,
since it only relies on the
existence of domain-related eval-a~oufunctions in the
cooperativecoutext, as the followingcall shows:
new <<
manager :- ? ’name
bidder : - ? ’ selected_car_parks
timaout :- 20
eval_func :-? ’eval_3parklng_bid
prepare_task :-? ’drive_to car park
>>

T~ ~ defin~
i~Jfas ~e manager,
and~e a~nts
¢iated with selected_carparks aS the bidde~ the
methodto evaluatethe bids is definedandthe procedureto
ixepamthe task. Botha’e specific to the UTSscenario.
Themanagerinitiates the ¢onuact-netby sendingproposals to all the bidders. Thebidderstry to refmethe call
for bids and send themback to the manager.The manager
ouly evaluatesthe bids that werereceivedwit/fin the limeout of 20 secondsthat b specified in the cooperativecontext above. After the evaluan_’on,the man~er
~.dsthe

acceptandreject messages
to the biddersin parallel.
Nowthe accepted bidder dynamicallychangesits character. Themanagerhas to update its ownknowledgeabout
the characterof the acceptedbidder,since it sendsthe next
messageto the acceptedbidder. If the bidderhad sent the
next message,the update wouldhave beenautomatically
doneby the communicator.
Thenthe executionof the task
is prepared,the ~ is executedandthe result is reported
to the manager.
In addition to what is explained in this paper, the
dynamic ~tion model in CooLsupports the following features:
¯ several different ongoingcooperationsrelated to the
same context using common
knowledge
¯ mergingof independentcontexts upon realisatiou of
interdependenfies (such m conflicts due to usage of
commonresources)
¯ arbitrary incorporation of newpartners in an ongoing
uml~.~ive process
The semantic embeddingof the cooperation primitives
providesa solid basis for future research on dynamically
createdof altered cooperationmethods.
Conclusion and Outlook
The CooLprogrammingparadigm gives a knowledgeand
execution perspective on agents rather than describing
them by mental states (Shoham1993), (Thomas1993).
Theintention behindthis is to be able to supporta wide

proc contract
net ()
bidder:c_f_b<- manager:propose(? ’bid)
biddercref - c net_refine_bid(c_f_b)
manager:bids (7 ’timeout)<- bidder:refine(tel)
manager:evaluated_bids - call(? ’eval_func,[bids]}
manager:ac¢..bid
- first(evaluated_bids)
mnager:rejbids - rest(evaluated_bids)
bldder:reply <manager:accept([[’object acc bid\’object],
[’to aco bid\’from]]},
% parallel to the next statement
foreach eb in rej bids {
reject([[’object eb\’object]
[’to eb\’from]])

}
manager:ace bidder :- acc bid\’from
bidder: if ~reply\’¢oop_type -- ’accept)
accbidder :- self\’nama

}
manager:exec(? ’prepare_task,[acc_bid\’object])
a=¢ bidder:task <- manager:order([’object acc_bid\’object])
ac~bidder:result - exec(task)
man~ger:result <- ace_bidder:tell([’result result])
manager:return(result\’obJect)}

Figure 1: Conu-acbNctExample
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variety of agent architectures. In particular BDIapproaches(Rao& Georgeff1991)will be incorporated
a multi-layered agent architecture developed in the
COMMA
project at the DFKLOn the other hand, CooL
providesa higher level of abstraction wrt. agent design
than languages such as ACTORS
(Agha 1986), April
(McCabe& Clark 1994) and Oz(Henz, Smolka,& Wuertz
1993).
CooLis implemented
in C. It will be used to do prototypical implementationsof a PersonalTraffic Assistant,
providingmulti-modal
trip support,and a PersonalIntelligent Secretary, providingautomaticmeetingscheduling.
Further workwill investigate mappingCooLmessages
onto existing knowledgerepresentation and exchangeformats, such as KIF, KQML
and CORBA.
It is also planned
to implement
an event calculus basedplanningenginewith
abductionin CooL,whichwill be integrated with our agent
architecture.
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