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Abstract

A compositional method is presentedfor the verification of multi-agent
systems.The advantage®of the method are the well-structurednesof the
proofs andthe reusability of parts of theseproofs in relation to reuseof
components. The methad illustrated for an examplemulti-agentsystem,
consisting of co-operativinformation gatheringagents.This application
of the verification method results in a formal analysigpof-activenessand
reactiveness of agents.

1 Introduction

When designing multi-agent systems, it is often hard to guaranteethat the
specificationof a system that has been designedactually fulfils the needs,i.e.,
whetherit satisfiesthe designrequirementsEspeciallyfor critical applications,for
example in real-time domains, thasea needto prove that the designedsystemwill

havecertain propertiesunder certain conditions (assumptions) While developinga
proof of suchpropertiesthe assumptionghat define the boundswithin which the
system will function properly are generated. Rontrivial examplesyerification can
be a very complex process, both in the conceptual and computationalFsambese
reasons, it is a recent trend in the literature on verificatiogeneralto studythe use
of compositionality and abstractionto structurethe processof verification; for
example,see (Abadi and Lamport, 1993; Hooman, 1994; Dams, Gerth and Kelb,
1996).

The developmenbf structuredmodelling frameworksand principled design methods
tuned to the specific area of multi-agent systenwiisently underway;e.qg., (Brazier,
Dunin-Keplicz, Jenningsand Treur, 1995; Fisher and Wooldridge, 1997; Kinny,
Georgeff and Rao, 1996). As part of any mature multi-aggstemdesignmethod,a
verification approachis required.For example,in (Fisher and Wooldridge, 1997)
verification is addressed within a tempobalief logic. This verification methoddoes
not exploit compositionality withirthe agents.In the currentpaper,in Section3, a
compositionalverification methodfor multi-agentsystemsis introduced.Roughly
spoken, the requirements of théaole systemareformally verified by deriving them
from assumptions that themselves are properties of agents, which in their turn may be
derived from assumptions on sub-components of agents, and so on.



The compositionalverification methodintroducedhereis illustrated for an example
multi-agentsystem,consistingof two cooperativeinformation gatheringagentsand
the world. For this example multi-agent system, requirements are formulated (both the
required static anddynamic properties), including variants ofpro-activeness and
reactiveness. These requirementeformalisedin termsof temporalsemanticslt is
shown how they can be derived from propertiesof agentsand how these agent
propertiesin turn can be derived from propertiesof the agent components.A
compositional system specification is introduced in Section 4. The system
specification defines how the system is composed of the two agentseandrid and
how eachagentis composedof four agentcomponentsfor own processcontrol,
world interactionmanagementagentinteractionmanagementand an agentspecific
task (which in this casis classificationof objectsin the world). The compositional
specification itself is expressedin the modelling framework DESIRE, shortly
introduced in Section ZT'he applicationof the compositionalverification methodto
the examplemulti-agentsystemis presentedn Section5 for the top level of the
composition. More details on the lower levels can be found in Sections 6 and 7.

2 Compositional Modelling of Multi-Agent Systems

The example task model described in thégperis specifiedwithin the compositional
modelling framework DESIRE for multi-agentsystems(framework for DEsign and
Specificationof InteractingREasoningcomponentsicf. (Langevelde Philipsen and
Treur, 1992; Brazier, Dunin-Keplicz,Jennings,Treur, 1995)).In DESIRE, a design
consist of knowledge of the following three types:

e process composition,

» knowledge composition,

» the relation between process composition and knowledge composition.
These three types of knowledge are discussed in more detail below.

2.1 Process Composition

Procesompositionidentifies the relevantprocessest different levels of (process)
abstraction,and describeshow a processcan be defined in terms of lower level
processes.

2.1.1 Processes at Different Levels of Abstraction

Processes can liescribedat different levels of abstractionfor example,the process
of the multi-agent systeras a whole, processeslefinedby individual agentsandthe
external world, and processes defined by task-related components of individual agents.

Soecification of a Process

The identified processesire modelledas components. For eachprocessthe types of
information requiredas input andresulting as output are identified as well. This is
modelled asnput and output interfaces of the components.

Secification of Process Abstraction Levels

The identified levels of processabstractionrare modelledas abstraction/specialisation
relations betweencomponentsat adjacentevels of abstractioncomponentsmay be



composed of other components or they may firémitive. Primitive componentsnay
be either reasoningcomponents(for example basedon a knowledge base), or,
alternatively, components capable of performing tasks such as calculation,
information retrieval, optimisation, et cetera.

The identification of processes at different abstraction levels resussecificationof
componentghat canbe usedas building blocks, andof a specificationof the sub-
componentrelation, defining which componentsare a sub-componenbf a which
other component.The distinction of different processabstractionlevels results in
process hiding.

2.1.2 Composition of Processes

The way in which processes onelevel of abstractiorare composedf processesit
the adjacentlower abstractionlevel is called composition. This composition of
processes is described by the possibilitiesrfimrmation exchange betweenprocesses
(static view on the composition), and task control knowledge used to control
processes and information exchanggnémic view on the composition).

Information Exchange

Knowledge of information exchangedefines which types of information can be

transferredbetweencomponentsand the information links by which this can be

achieved. Two types of information linkse distinguishedprivate information links

andmediating information links. For a given parent componeryrigate information

link relates output of one of its components to inpuamdther,by specifyingwhich

truth value of a specificoutput atomis linked with which truth value of a specific
input atom. Atoms can be renamed:eachcomponentcan be specifiedin its own

language, independentof other components.In a similar manner mediating

information links transfer information from the input interface of the parent
componentto the input interfaceof one of its components,or from the output
interfaceof one of its componentgo the output interface of the parentcomponent
itself. Mediatinglinks specifythe relation betweenthe information at two adjacent
abstraction levels in the process composition.

Task Control Knowledge

Componentanay be activatedsequentiallyor they may be continually capableof
processingnew input as soonasit arrives(awake). The sameholds for information
links: information links may be explicitly activatedor they may be awake. Task
control knowledge specifies under which conditions which components and
information linksare active (or madeawake).Evaluationcriteria, expressedn terms
of the evaluatiorof the results(succesr failure), provide a meansto guide further
processing.

2.2 Knowledge Composition

Knowledge composition identifies the knowledge structuresat different levels of
(knowledge)abstractionand describeshow a knowledgestructurecan be definedin
terms of lower level knowledgestructures.The knowledgeabstractionlevels may
correspond to the process abstraction levels, but this is often not the case.



2.2.1 Knowledge Structures at Different Abstraction Levels

The two main structures used as building blocks to model knowks@ginfor mation
types and knowledge bases. Knowledgestructurescan be identified and describedat
differentlevels of abstraction.The resultinglevels of knowledgeabstractioncan be
distinguished for both information types and knowledge bases.

Information Types

An information type definean ontology (lexicon, vocabulary)to describeobjectsor
terms, their sorts, and the relatiomsfunctionsthat canbe definedon theseobjects.
Informationtypescanlogically be representeds signaturesn order-sorted predicate
logic.

Knowledge Bases

A knowledge base defines a parttbé& knowledgethat is usedin one or more of the
processes. Knowledge is represented logically by rules in order-sorted predicate logic.

Knowledge basesuse ontologiesdefined in information types. Which information
types areausedin a knowledgebasedefinesa relation betweeninformationtypesand
knowledge bases.

2.2.2 Composition of Knowledge Structures

Information types can be composed of more specific informayipes, following the
principle of compositionality discussedabove. Similarly, knowledgebasescan be
composed of more specific knowledge bases.ddrepositionalstructureis basedon
the different levels of knowledgeabstractionthat are distinguished,and results in
information and knowledge hiding.

2.3 Relation Between Process and Knowledge Composition

Each process ia processcompositionusesknowledgestructures Which knowledge
structuresare usedfor which processess defined by the relation betweenprocess
composition and knowledge composition.

The semanticof the modelling languageare basedon temporallogic (cf., Brazier,
Treur, Wijngaards and Willems, 1996). Design is supportegraghicaltools within
the DESIRE software environment. Translation into an operational system is
straightforward;the software environmentincludesimplementationgeneratorswith
which specificationscan be translatedinto executablecode. DESIRE has been
successfully applied to design both single agent and multi-agent systems.

3 Compositional Verification

The purposeof verificationis to prove that, undera certain set of assumptionsa

system will adhere to a certain set of properties examplethe designrequirements.
In our approach his is done by a mathematicalproof (i.e., a proof in the form

mathematiciangre accustomedo do) that the specificationof the systemtogether
with the assumptionamplies the propertiesthat it needsto fulfil. In this sense
verification leads to a formal analysis of relations between properties and

assumptions.



3.1 The Compositional Verification Method

A compositional multi-agensystemcan be viewed at different levels of abstraction.
Viewed from the top level, denotdry L, the completesystemis one component,

with interfaces, whereas internal information and processes are hidden (information and
process hiding). At theext lower level of abstractionthe systemcomponents can

be viewed as a composition of agents and the world, informbiiks betweenthem,

and task control. Each ageat is composedf its sub-componentsandso on. The
compositional verification method takes this compositional structure into account.

For composeccomponentgwo types of propertiesare recognised:behaviouraland
environmentaproperties A behaviouralpropertyis a propertyon the output of the
component. Behavioural properties can be conditional, or unconditional. A
behavioural property is conditional if the statementsabout the output of the
component hold under the assumption that some specific conditions hold for its input.
For example,a conditional behaviouralproperty of a diagnostic agent could be
conditional conclusion correctness of an agent (i.e., if the observationinformation
needed for diagnosis, which is input of the agent, is correct, thdragtiosticoutput
of the agentis correct),whereaghe correspondinginconditionalproperty would be
conclusion correctness of an agent (i.e., all diagnostic output dhe agentis correct).
An environmentalpropertyis a property on the input of the component(possibly
referring to certain conditions on the output).

The primitive components can be verified usingre traditional verification methods
such as described in (Treand Willems, 1994; Leemans,Treur and Willems, 1995).
Verification of a composedcomponentis done using properties of the sub-
components iembedsandthe task control knowledge,and environmentabproperties
of the component{dependingon the restof the system,including the world). This
introducesa form of compositionalityin the verification process:given a set of
environmentalpropertiesthe proof that a certain componentadheresto a set of
behaviouralpropertiesdependson the (assumed)propertiesof its sub-components,
properties of the interactions between those sub-components, and the manner in which
they are controlled. The assumptiamglerwhich the componentunctionsproperly,
are the properties to be proven for its sub-components. This impligsrtipetrtiesat
different levels of abstraction are involved in the verification process.

Often these properties are rpven at the start of the verification process Actually,
the process of verification has two main aims:

« to find the properties
« given the properties, to prove the properties

The verification proofs that connect one abstractionlevel with the other are
compositional in the following manner: any proof relating leviel ievel i+1 canbe
combined with any proof relating level i-1 to level i, as long as the same prorties
level i are involved. This means, for example, tigtwhole compositionalstructure
beneath level canbe replacedby a completelydifferent designaslong asthe same
properties at level i arachieved After sucha modificationthe proof from level i to
level i+1 can be reused; only the proof fréemel i-1 to level i hasto be adaptedin

this sense the verification method supports reuse of verification proofs.



The compositional verification method can be formulated in more detail as follows:

A. Verifying one Abstraction Level Against the Other

For each abstraction level the following procedure for verification is followed:

1. Determine which properties are of interest (for the higher level).

2. Determine which assumptioifat the lower level) are neededo guaranteghese
properties, and which environment properties.

3. Provethe propertieson the basis of theseassumptionsand the environment
properties.

B. Verifying a Primitive Component

For primitive knowledge-based components a number of techniquesnekistature,
see for example (Treur, Willems 1994; Leemans, Treur, Willems 1995). For
primitive non-knowledge-based components, such as databases, oneéuaaks,or
optimisation algorithms, verification techniquean be usedthat are especiallytuned
for that type of component.

C. The Overall Verification Process

To verify the complete system

1. Determine the properties that are desired for the whole system.

2. Apply the above procedure iteratively until primitive components are reached.
In the iteration the desired properties of abstraction lewaet either:
* those determined in stédl, ifi = 0, or
» the assumptions made for the higher leyglif i > 0

3. Verify the primitive components accordingBo

The results of verification are:
* Properties and assumptions at the different abstraction levels.
« The logical relations between the properties of different abstraction levels.

Notes:

* both static and dynamic properties and connections between them are covered.

» reuse of verification results is supported (refining an existed verified
compositional model by further decomposititeadsto a verification of the
refined system in whickhe verification structureof the original systemcan
be reused).

« process and informationiding limits the complexity of the verification per
abstraction level.

« arequirement to apply the compositional verification mettiestribedcabove
is the availability ofan explicit specificationof how the systemdescription
at an abstractionlevel L; is composedfrom the descriptionsat the lower

abstraction level;,; the compositional modelling framework DESIREan

instance of a modelling framework that fulfils this requirement.
e in principle alternative (e.g., bottom-up or mixed) procedurescan be
formulated as well.



3.2 Semantics Behind the Compositional Verification Method

In principle, verification is alwaysrelativeto semanticsof the systemdescriptions
that are verified. For the compositional verification method, tkessanticsare based
on compositionalinformation stateswhich evolve over time. In this subsectiona
brief overview of these assumed semantics is given.

An information state m of a component is an assignmerdf truth values{re, faise,

unknown} to the setof ground atomsthat play a role within b. The compositional
structure ob is reflected in the structure of the informatistate. A formal definition

can be found in (Brazier, Treur, Wijngaardsand Willems, 1996; Brazier, Eck and
Treur, 1996). The set of all possible information statasisfdenoted bys(p).

A trace O of a componenb is a sequence of information staggg < N In I1S(D).

The set of all traces is denoted tsyo)N, or Traces(D). Givena tracedM of component
D, the information statef the input interfaceof componentc at time point + of the
componenb is denoted bytatep M, t, input(C)), wherec is eithem or a sub-component
of b. Analogously,statep(M , t, output(C)), denoteshe information stateof the output
interfaceof component at time point + of the componento. Given a trace O of
componenb, the task control information state of componeat time point of the
componenb is denoted bytatec(OM, t, tc(C)), Wherec is eitherp or a sub-component

of b.

To connectneighbouringlevels of abstractionn a verification proof for a DESIRE
specification, the following elements can be used:
» the assumptions of the sub-components specified within component
< the interactions between the sub-componentsasfd/or the interfaces of
the input / output information states of the sub-componenis of
the task control information states of the sub-componentis of
the information states of component
the task control information states of component

4 The Example Multi-Agent M odel

The example multi-agent model is composed of three components: two agedts
and a component representing thexternalworld, seeFigure 1. Eachof the agents
is able to acquire parti@hformation aboutthe externalworld (by observation)Each
agent’sown observationare insufficientto draw conclusionsof a desiredtype, but
the combinedinformation of both agentsis sufficient. Thereforecommunicationis
requiredto be able to draw conclusions.The agentscan communicatetheir own
observation resultandrequestdor observationnformation of the otheragent.This
by itself not unrealistic situation is simplified to the following materialised form. The
world situation consistsof an objectthat hasto be classified. One agentcan only
observe the bottom view of the objettie otheragentthe side view. By exchanging
and combining observation information they are able to classify the object.



( system task control )

Agent B

Agent A

External
World

Fig. 1. The example Multi-Agent System

Communication from the agentto B takes place in the following manner:
« the agent A generates at its output interface a statement of the form:
to_be_communicated_to(<type>, <atom>, <sign>, B)
« the information is transferred & thereby it translated into
communicated_by(<type>, <atom>, <sign>, A)
In the exampletype> canbe filled with a labelrequest Or world_info, <atom> iS an atom
expressing information on the world, afd@n>, is one ofpos Or neg, to indicatetruth
or falsity.
Interaction between an agenand the world takes place as follows:
« the agent A generates at its output interface a statement of the form:
to_be_observed(<atom>)
« the information is transferred tg thereby it is translated into
to_be_observed_by(<atom>, A)
« the worldw generates at its output interface a statement of the form:
observation_result_for(<atom>, <sign>, A)
« the information is transferred 10 thereby it is translated into
observation_result(<atom>, <sign>)
Part of the output of an agent are conclusions about the classificétiba object of
the formobject_type(s); these are transferred to the output of the system.

To be ableto performits tasks, eachagentis composedof four componentssee
Figure 2: three for generic agent tasks (world interaction management, agent interaction
management, own proces control), and one for an agent specific ta&keét classification).



( agent task control )

Own
Proces
Control

Agent
Interaction
Management

World
Interaction
Manaaement

Object
Classification

(AST)

Fig. 2. Composition of an agent

object classification (agent specific task)

This component is able to draw a conclusion Hasinput on the two views on the
object. The component can reason on the basis afithd knowledgerepresentedn
the table depicted in Table 1:

O A

sphere cone cylinder

A cone tetrahedron pyramid

cylinder pyramid cube

Table 1. World knowledge



world interaction management

This componentreasonsabout the mannerin which the agent interacts with the
world. Here it is decidedunder which conditions which observationsare to be
performed in the world.

agent interaction management

This component reasons abdhé agent'scommunicatiorwith otheragents.In this
component it is determined whém requestwhich information from the otheragent.
Anothertaskis to determinewhento provide which observationnformationto the
other agent and what to do with the world information received from the other agent.

own process control

This componentefinesthe agent’sown characteristic®r attitudes.Information on
these attitudes can be transferred to otloenponentsto influencethe reasoninghat
takes place there. The agentscan differ in their attitudestowards observationand
communication: an agent may or may nopbaactive, in thesensethat it takesthe
initiative with respect to one or more of:

« performing observations

e communicate its own observation results to the other agent
< ask the other agent for its observation results

< draw conclusions about the classification of the object

Moreover,it may be reactive to the other agentin the sensethat it respondsto a
request for observation information:

* by communicating its observation result as soon as they are available
* by starting to observe for the other agent

These agent attitudes are representedexplicitly as (meta-)factsin the agent's
componentown process control. By varying theseattitude facts, different variants of
agents can be defined. The impact of these explisficifiedcharacteristichasbeen
specifiedin the model.For example,if anagenthasthe attitudethatit will always
take the initiative to communicate its observation results as soon aardemguired,
then the agent’s behaviour should show this, but if the characteristic is notlieere,
this behaviour should not esent.This requiresan adequaténterplay betweenthe
componenbwn process control @andthe componentagent interaction management Within the
agent, and adequate knowledge witkyint interaction management.

The successfulness of the system depends on the attitudesagetite.For example,

if both agents are pro-active and reactive in all respects, then they can easily come to a
conclusion. However, iis also possiblethat one of the agentsis only reactive,and

still the otheragentcomesto a conclusion.Or, an agentthatis only pro-activein
reasoningandreactivein information acquisitionmay cometo a conclusiondue to
pro-activenes®f the otheragent.So, successfulnessan be achievedn many ways

and depends on subtle interactions between pro-activenessaatislenessttitudesof

both agents. The formal analysis of the exanipléhe following sectionsprovidesa
detailed picture of these possibilities.



5 Formal Analysis of the Example System: Top Level

In this sectionthe propertiesof the systemas a whole (definedin Section5.1) are
related to properties of the ageatyd the world (definedin Section5.2 and5.3), and
their interaction.

5.1 Properties for the Top Level of the System

First, it is determinedwhich propertiesthe system as a whole should satisfy.
Considering that the systesris a classification system, it is expected thatoduces
output of the formbject_type(s) for somes. A first requirement is that output generated
by the system is correct, i.e., if tligstemderivesobject_type(s) for somes, it is true

in the world situation. Let the world state (whishassumedstatic) be denotedby wm.

In Figure 4 the successfulnesgropertyof S is relatedto other propertiesof S and
assumedropertiesof the next level. In Figure 3 the correctnesgproperty of S is
similarly related to other propertieghe following propertyrelatesthe output of the
system to the current world state.

Correctness of s

The systens is calledcorrect if:
VMg Traces(s) Vt Vs

[ stateg(OM_, t, output(S)) = object_type(s) = M= object_type(s) |
O stateg(OM_, t, output(S)) = —1object_type(s) = Mk —object_type(s) ]

Output information of s is only provided by agents

As can be seen in Figure 1 the only information links connected to the outpateof
the informationlink from agenta to s andthe informationlink from agents to s.
Furthermore the output interfaceof s cannotspontaneouslychangeits contents.
Therefore, the output information of the system is only provided by agents.

correctness of S

N

conclusion output
correctness of information of
all agents S is only
provided by
the agents

Fig. 3. Correctness of s

Next, the systemis requiredto be successfulin generatingconclusions:during the
process, for eachat sometime point it shouldeither havederivedpositive output,
or negative output:

Successfulness of s

The systens is calledsuccessful if:
VOME Traces(S) V's dt stateg(OM_, t, output(S)) E  object_type(s))

O3t stategM, t, output(S)) = — object_type(s))



To guarantee the adequate information exchange between the different comploaents,
following properties are needed:

Interaction effectiveness
The interaction from agemtto the output interface of systems called effective if,
for ) eitherobject_type(s) OF - object_type(s):
VOME Traces(S) V't Vs [stateg(OM, t, output(X)) = @
= >t stateg(OM, t, output(S)) = @
The interaction from the external worldto agenk is calledeffective if:
VMg Traces(S) V't Vr,sign
[states(g\&, t, output(W)) = observation_result_for(view(X,r), sign, X)
= Jt>t stateg(OM, t, input(X)) E observation_result(view(X,r),sign)]
The interaction from the agexto the external world: is calledeffective if:
VOME Traces(S) V't Vr,sign
[ states(m, t, output(X)) E to_be_observed (view(X,r))
= Jr>t states(gvﬁ, t, input(W)) F to_be_observed_by (view(X,r), X)]

Interaction effectivenesscan be proven from the detailed specification of the
information linksinvolved andthe timely functioning of thoseinformationlinks as
specified in the task controff the componentcontainingthe information link given
in the detailedspecification.This propertyis neededto prove severalenvironment
properties of the agents and also to prevecessfulnessf s. Sometimest will not
be stated explicitly.

Agent provides output information of s
An agentx provides output information of systesrf x is conclusionsuccessfubnd
the interaction fronx to s is effective.

S is successful

/\

A provides output information of S B provides output information of S
/(\ /\
conclusion effective interaction conclusion effective interaction
successfulness, A fromAto S successfulness, B fromBto S

Fig. 4. Successfulness of s

It is undesirable (for a static world situation) thia¢ systemchangests mind during
the process.Thereforethe requirementis chosenthat once a conclusionhas been
derived, this is never revised:



Conservativity of s

The systens is calledconservative if:
VOME Traces(s) Vt Vs

[ stateg(OM_, t, output(S)) E object_type(s) =
Vst stateg(OM(, t, output(S)) E object_type(s) ]
O stateg(OM_, t, output(S)) E =1 object_type(s) =
Vit stateg(OM, t, output(S)) E — object_type(s) ] )

The property of conservativityof s can be provenin a similar way as the other
properties of. The proof has been omitted from this paper.

Communication effectiveness
The communication from agexto agent is calledeffective if:
VOME Traces(s) V't VsignV' @
[states(g\(, t, output(X)) F to_be_communicated_to(q, @, sign, Y)
= Jt>t stateg(OM, t, input(Y)) F communicated_from(q, @, sign, X) ]

Communication effectivenesscan be proven in the same way as interaction
effectiveness. This property is needed to prove environment properties of the agents.

5.2 Properties of the Agents

The required properties of the system have been proven from assumed properties of the
componentsat one level lower. During this proof processtheseassumptionshave
beendiscoveredA numberof assumptionsare quite straightforward.For example,
correctness inherits upward from the agents to the system:

Conclusion correctness of an agent

An agentx is calledconclusion correct if:
VOME Traces(X) Vt Vs

[ statex(OM_, t, output(X)) = object_type(s) = M object_type(s) ]
O statex (OM_, t, output(X)) = —1object_type(s) = M FE —1object_type(s) ]

This property logically depends on other properties of the aggntt correctnesand
conditional conclusion correctness, as can be seen foragehtgure 5.

Input correctness of an agent

ad An agentx is calledobservation input correct if
VMg Traces(x) Vt Vr

[statex M, t, input(X)) = observation_result(view(X,r),pos) = M view(X,r) ]
OVMg Traces(x) V't Vr
[statex(g\r(, t, input(X)) = observation_result(view(X,r),neg) =M = —1view(X,r) ]

b) An agentix is calledcommunication input correct if
VOME Traces(X) V't Vr

[statex(m, t, input(X)) = communicated_from(world_info,view(Y,r), pos,Y) = ME view(Y,r) ]
OVIMe Traces(X) Vt Vr
[stateX(QK, t, input(X)) = communicated_from(world_info,view(Y,r), neg,Y) = Mk —view(Y,r) ]



€ An agentx is called input correct if x is observationinput correct and
communication input correct.

Conditional conclusion correctness of an agent

An agentx is calledconditionally conclusion correct if the following holds:if input
correctness of then conclusion correctnessxof

conclusion correctness, A

&
input correctness, A conditional conclusion
correctness, A
& def
observation communication
input input
correctness, A correctness, A

Fig. 5. Conclusion correctness of A
The following property is needed to prove conservativity. of

Conclusion conservativity of an agent

The agentx is calledconclusion conservative if:
VMg Traces(X) Vt Vs

[ statex(OM_, t, output(X)) = object_type(s) =
V>t statex(OM, t, output(X)) = object_type(s) ]
O statex (M, t, output(X)) E =1 object_type(s) =
V>t statex(OM, t, output(X)) = =1 object_type(s) ])

Again, the proof has been omitted from this pafeiccessfulnessf the system(see
Figure 4) depends on successfulness of at least one of the agents.

Conclusion successfulness of an agent
The agenk is calledconclusion successful if:
VIME Traces(X) It statex (M, t, output(X)) = object_type(s))

O3t statex(OM, t, output(X)) E - object_type(s))

This property can be provenin a number of ways. However, in all proofs the
propertiesinformation saturationof the agent and conclusion pro-activenessis
required, see Figuré for the logical relationsbetweenpropertiesof agenta that are
needed to prove conclusion successfulness of agent



Information saturation of an agent

a) The agent is calledobservation info saturating if:
VOME Traces(x) At Vr dsign

statex(OM_ t, input(X)) E observation_result(view(X,r), sign)

b) The agent is calledcommunicated info saturating if:
VOME Traces(x) It Vr dsign

statex (OM_, t, input(X)) F  communicated_from(world_info, view(Y,r), sign, Y)

c) The agent is calledrequest saturating if for all agentsr different fromx:
VMg Traces(x) dt Vr

statex(m, t, input(X)) F communicated_from(request, view(X,r), pos, Y)
d) The agent is calledinformation saturating if x is observation infeaturatingand
communicated info saturating.

Conclusion pro-activeness

The agenk is calledconclusion pro-active if for all agentsr different fromx:
VIME Traces(x) Vit

[Vr,r’ 3 sign,sign’
statex(QK, t, input(X)) = observation_result(view(X,r), sign) A
statex(gV(, t, input(X)) E communicated_from(world_info, view(Y,r’), sign’, Y) ] ]
= T >, >t Vs [ statey(OM t7, output(X)) = object_type(s) 0
statex(g\&, t*, output(X)) F -1 object_type(s)]

conclusion successtulness, A

/\

information saturation, A conclusion pro-activeness, A
/g\
observation info saturation, A communicated info
saturation, A
o |or
pro-active observation spontaneous observation reactive observation
info saturation, A info saturation, A info saturation, A
m m
observation observation request strongly reactive
p i A ffecti A saturation, A information provision, A
A
weakly observation
reactive reactiveness, A
information
provision, A

Fig. 6. Conclusion successfulness of A

All properties occurring in Figure &realso propertiesof agenta. The leavesin the
tree are either environmental properties air behaviouralpropertiesof A. To prove
environmental properties of a componéehaviouralpropertiesof other components
of the samelevel (in this caseother agentsand/or the world) are neededas are
propertiesabout interactionsbetweenthese components(in this caseinteractions



betweenagentsand betweenthe world and agents). For example, the property
communicatednformation saturationof agenta (seeFigure 6) can be proved from

interaction effectivenessfrom agente to agent A and the property successful
information provision of agem, see Figure 7.

Information provision successfulness
a The agenk is calledsuccessful information providing if:

VOME Traces(X) Vr, dsign Jt

statex(‘(]K, t, output(X)) F to_be_communicated_to(world_info, view(X,r), sign, Y)

b) The agenk is calledsuccessful information providing pro-active if

x is observation effective and strongly information providing pro-active.
€) The agenk is calledsuccessful information providing reactive if

X is request saturating and reactive observation effective.

communicated info saturation, A

/\
communication effectiveness from B to A successful information provision, B

Fig. 7. Communicated info saturation of A

Similarly, the propertiesobservationinput correctnessand communicationinput
correctness of an agent depend on correct informatiaming from the otheragentor

from the world (see Section 5.3 for definitions of properties concerning the world), see
Figure 8.

observation input correctness, A communication input correctness, A
/’\ /y\
correctness of W input observation interaction information provision input communication communication
information of A is only effectiveness, correctness, B information of A is only effectiveness,

provided by W fromWto A provided by B fromBto A

Fig. 8. Information correctness of A
The propertyspontaneous observation info saturation of an agent asused

in Figure 6 is defined by the property pro-activeness of the world (see Section 5.3) and
interaction effectiveness from the world to that agent, see Figure 9.

spontaneous observation info saturation, A
& def

pro-activeness, W effective interaction from W to A

Fig. 9. Spontaneous observation info saturation of A



The propertysuccessfulnformation provision of agents, usedin Figure 7, can be
proven in several ways. The first division made in Figure 10 is between pro-active and
reactive information provision. Also the notions strong and weak are used.

Information provision correctness

The agenk is calledinformation providing correct if:
VOME Traces(x) Vr V't

[statex(g\r(, t, output(X)) E to_be_communicated_to(world_info, view(X,r), pos, Y)

= MFE view(X,r) ]
A VMg Traces(X) V'r V't

[stateX(QV(, t, output(X)) = to_be_communicated_to(world_info, view(X,r), neg, Y)
= ME —view(X,n]

Information providing pro-activeness
a) The agent is calledweakly information providing pro-active if:
VOME Traces(X) Vt, r, sign
[statex(g\&, t, input(X)) = observation_result(view(X,r), sign)
=dr stateX(QK, t', output(X)) = to_be_communicated_to(world_info, view(X,r), sign, Y) ]
b) The agent is calledstrongly information providing pro-active if
x iIs weakly information providing pro-active and observation pro-active.

Information providing reactiveness
a) The agent is calledweakly information providing reactive if:
VOME Traces(X) Vt, t, r, sign
[statex(m, t, input(X)) & observation_result(view(X,r), sign) A
statex(%, t, input(X)) F communicated_from(request,view(X,r), pos,Y) ]
= di>t, >t statex (M, t, output(X)) =
to_be_communicated_to(world_info, view(X,r), sign, Y)
b) The agent is calledstrongly information providing reactive if
x is weakly information providing reactive and observation reactive.
c) The agent is calledreactive observation info saturating if
x IS request saturating and strongly information providing reactive.

The tree in Figure 10 consisté logical relationsbetweenpropertiesof the agents.
Some of them have been defined above, the others are defined as follows.

Information acquisition pro-activeness of an agent
a) The agent is calledobservation pro-active if:
VOME Traces(X) Vr Tt statex (DM, t, output(X)) = to_be_observed (view(X,r)) |

b) The agent is calledrequest pro-active if for all agentsr different fromx:
VOMe Traces(X) Vr It statex(OM, t, output(X)) F

to_be_communicated_to(request, view(Y,r), pos, Y)]
c) Theagentx is calledinformation acquisition pro-active if x is observationpro-
active and request pro-active.

Observation reactiveness of an agent
The agenk is calledobservation reactive if:
% Traces(X)Vt Y'r [statex(m, t, input(X)) E communicated_from(request, view(X,r), pos, Y)
= 3t statex(M, t, output(X)) = to_be_observed (view(X,r)) |



successful information provision, B

or

successful information  successful information
provision pro-active, B provision reactive, B

& def

request reactive
saturation, B observation
effectiveness, B

successful information reactive observation
provision pro-active, B effectiveness, B
def or
slqngly informapon obs.ervation & &
providing pro-active, B effectiveness, B
% def observation info weakly strongly reactive observation
saturation, B reactive information effectiveness, B
information provision, B
observation weakly arovision, B
pro-activeness, B pro-active
information & def
provision, B
weakly observation
reactive reactiveness, B
information
provision, B
observation info reactive observation
saturation, B info saturation, B
or or
& def
reactive spontaneous pro-active request strongly reactive
observation observation observation saturation, B information
info saturation, B info saturation, B info saturation, B provision, B
& def & def
observation observation weakly reactive observation
pro-activeness, B effectiveness, B information reactiveness, B
provision, B

Fig. 10. Successful information provision of B



Information acquisition effectiveness of an agent

a) The agent is calledobservation effective if:
VOME Traces(X) V't Vr [statex(OM, t, output(X)) F to_be_observed (view(X,r))

= Jr>t dsign statex(OM(, t, input(X)) E observation_result(view(X,r), sign) ]
b) The agent is calledrequest effective if:
VIMe Traces(X) Vt Vr
[statex(QV(, t, output(X))  to_be_communicated_to(request,view(Y,r),pos,Y)
= dr>t, sign statex(%, t, input(X)) E communicated_from(world_info, view(Y,r), sign, Y) ]
c) The agent is calledinformation acquisition effective if
x is observation effective and request effective.

d) The agent is calledreactive observation effective if:
VOME Traces(X) V't Vr

[statex(gv(, t, input(X)) = communicated_from(request, view(Y,r), pos, Y)
= dtst, sign statex(QV(, t, input(X)) = observation_result(view(X,r), sign)]
e) The agent is calledpro-active observation info saturating if
x Is observation pro-active and observation effective.

The relationsbetweenthe environmentabropertiesrequestsaturationof agenta and
observatioreffectivenes®f agenta, andpropertiesof the world, of agents, and of
interactions between agents and world can be found in Figure 11.

observation effectiveness, A request saturation, A
/\ /\
observation interaction effectiveness interaction effectiveness request pro-activeness, B
effectiveness, W between A and W from B to A
A
interaction effectiveness interaction effectiveness
from Ato W from W to A

Fig. 11. Observation effectiveness and request saturation of A

5.3 Properties of the World
For the component World assumptions on correctness and conservativity are made.

Correctness of the world
The worldw is calledcorrect if:
VOME Traces(w) V't Vv, X
[statew(m, t, output(W)) = observation_result_for(view(X, r), pos, X) = MFE view(X,r) ]
A YOME Traces(w) Vit Vv, X
[ stateyy(OMQ, t, output(W)) = observation_result_for(view(X, r), neg, X) = M E —view(X, r) ]

Conservativity of the world
The world w is calledconservative if:
V{NE Traces(W) Yt Vr, sign, X
[stateW(QV{, t, output(W)) = observation_result_for(view(X, r), sign, X)
= Vst stateW(QV(, t', output(W)) = observation_result_for(view(X, r), sign, X) ]



Moreover, the world should be effective in providing observation results for
observations initiated by the agents.

Observation effectiveness of the world

The component is calledobservation effective if:
VOME Traces(w) V't Vr, X

[ statey (M t, input(W)) = to_be_observed_by(view(X, 1), X) ]
= [Tt>tsign  stateyw (M, t, output(W)) k= observation_result_for(view(X, r), sign, X) ]

It is also possible that the world provides observationinformation without an
initiative from the agent(e.qg., by automatedsensors)In this casethe world shows
pro-activeness:

Observation pro-activeness of the world

The componeny is calledobservation pro-active if:
VOME Traces(w) Vr, X Tt,sign

stateW(QV(, t, output(W)) = observation_result_for(view(X, r), sign, X)

6 Properties of Agent Components

The propertiesof the agentsneededo prove the propertiesof the top level of the
system were discussed in Section 5.2. The assynmugertiesof the sub-components
of an agent, needdd provethe behaviouralpropertiesof that agent,andthe logical
structure of those proofs in thierm of treesarediscussedn this section.Properties
of the componeniwn process control play arole in the proof of eachbehaviouralagent
property.

6.1 Properties of Own Process Control

In the component Own Process Control the agent’s attitudes are explicitly represented.
The attitudes are represented in the following manner:

attitude representation within opc
pro-active observation observation_attitude(pro-active)

weakly pro-active information provision info_provision_attitude(weakly_pro-active)
strongly pro-active information provision info_provision_attitude(strongly_pro-active)

pro-active requesting requesting_attitude(pro-active)
pro—active reasoning reasoning_attitude(weakly_pro-active)
reactive observation observation_attitude(reactive)

weakly reactive information provision info_provision_attitude(weakly_reactive)

strongly reactive information provision  info_provision_attitude(strongly_reactive)

Attitude determination successfulness of orc
The componenbrc is called attitude determination successful for the attitude pro-

activeness of observation if:
VOME Traces(oPc) t Vit

stateopc(OM, t', output(OPC)) = observation_attitude(pro-active)



In a similar mannerattitude determinationsuccessfulnesfor the other attitudesis
defined.

In the exampldhe attitudesare assumedo be definedin a static manner,as general
factsin opc. However,it is not difficult to define them dynamically, (i.e., that an
agent may change its attitude on tresisof experiencespy specifyinga knowledge
base that takes into account (dynamic) inpubfar.

Attitude conservativity of orc
The componenbrc is calledattitude conservative for the attitudegoro-activeness of

observation if:
VOME Traces(OPC) V't

stateopc(OM, t, output(OPC)) = observation_attitude(pro-active)
= Vst stategpcM t, output(OPC)) = observation_attitude(pro-active)

In a similar manner attitude conservativity for the other attitudes is defined.
In order to prove observation pro-activeness of agemt only propertiesof opc are

needed, but also of the component. The logical relationbetweentheseproperties
can be found in Figure 12.

observation pro-activeness, A

& & &
successful attitude interaction pro-active observation interaction
determination: effectiveness from generating effectiveness from
observation pro-active, OPC to WIM effectiveness, WIM WIM to A

OPC

Fig. 12. Observation pro-activeness of A

The properties concerning interaction effectiveness used on this level correspond to the
same properties on the top level. Explicit definitions have been omitted in this paper.

6.2 Properties of World Interaction Management

If the agentis pro-activefor observationseeFigure 12, thenthe agentmakessure
that every observationis performedat least once. The componentworid interaction
management initiates these observations.

Pro-active observation generation effectiveness of wim
The componentim of agentx is calledpro-actively observation generation effective
if:
VOME Traces(WiM) V't Vr
[stateW|M(QV(, t, input(WIM)) = observation_attitude(pro-active)
= 3t stateyy M, t, output(WIM)) = to_be_observed (view(X,r)]



Note that no temporalrestrictionsare put on v: either the observationhas been
generated in the past (in which case no new observiasisto be initiated), or it has
to be done now or in the future.

In the reactive case, also the presence of a request is of importance:

Reactive observation generation effectiveness of wim
The componentvim of agent x is calledreactively observation generation effective
if:
VOME Traces(WiM) V't V'r
1 stateW|M(9K, t, input(WIM)) = observation_attitude(reactive) A
stateW|M(gK, t, input(WIM)) £ requested(view(X,r)) ]
=3r stateW|M(9K, t', output(WIM)) = to_be_observed (view(X,r))]

Given this property and the ability sfv to passon requestinformationto wim it is
possible to prove observation reativeness of agesdge Figure 13.

observation reactiveness, A

/I\

indirect interaction interaction observation
effectiveness from effectiveness from reactiveness, WIM
Ato WIM WIMto A
13
& def & def
interaction request transfer, interaction reactive observation reactive observation
effectiveness from AlM effectiveness from attitude information generation effectiveness,
Ato AIM AIM to WIM saturation, WIM wWIiM
A\
successful attitude interaction effectiveness
determination: from OPC to WIM

reactive observation,

Fig. 13. Observation reactiveness of A

Observation result transfer of wim
The componenwim of agentx is calledobservation result transferring if:
VOME Traces(wiM) V't V', sign
[stateW|M(9V(, t, input(WIM)) = observation_result (view(X,r), sign)
=dr ot stateW|M(g\r(, t, output(WIM)) = observation_result (view(X,r), sign) ]

This property is used in Figure 14, 15, and 17.

In order to prove weakly pro-active or weakly reactive information provisfon the
properties of the componesent interaction management are of importance.



6.3 Properties of Agent Interaction Management

Pro-active information provision effectiveness of aim
The componentaim of agent x is calledweakly pro-actively information provision
effective if for every agenty different fromx:
VOME Traces(AIM) V't Vr, sign
[stateA|M(9\(, t, input(AIM)) = info_provision_attitude(weakly_pro-active) A
stateA|M(gV(, t, input(AIM)) = observation_result (view(X,r), sign)
=dr stateA|M(m, t, output(AIM)) = to_be_communicated_to(world_info, view(X,r), pos, Y)]

Figure 14 shows how the agentproperty weakly pro-active information provision
depends on other propertiesasd. The componentim needs observation information,
therefore, the observation result transfer propertynafand effective interactiofrom
the input of the agent t@im, and fromwim to aim shouldhold. The correctnecessary
attitude information is provided hypc.

weakly pro-active information provision, A

/l\

indirect interaction interaction effectiveness information provision
effectiveness from from AIM to A effectiveness, AIM
Ato AIM

&
&def |&def

interaction effectiveness observation interaction effectiveness weakly pro-active weakly pro-active
from A to WIM result transfer, from WIM to AIM information provision information provision
WIM attitude information effectiveness, AIM

saturation, AIM

/de'\

successful attitude interaction effectiveness
determination: from OPC to AIM
weakly pro-active
information provision,
OoPC

Fig. 14. Weakly pro-active information provision of A

Reactive information provision effectiveness of Aim
The componentaim of agent x is called weakly reactively information provision
effective if for every agenty different fromx:
VOMe Traces(AIM) Vit Vr, sign
[stateA|M(QV(, t, input(AIM)) = info_provision_attitude(weakly_reactive) A
stateA|M(gV(, t, input(AIM)) = observation_result (view(X,r), sign) A
stateA|M(gV(, t, input(AIM)) E  requested(view(X,r))

=t statep (M t, output(AIM)) =
to_be_communicated_to(world_info, view(X,r), pos, Y)]

Similarly, the reactive information provision effectiveness properiyofs needed to
prove the agent property weakly reactive information provision, see Figure 15.



weakly reactive information provision, A

T

indirect interaction interaction reactive information
effectiveness from effectiveness provision
Ato AIM between A and AIM effectiveness, AIM
indirect interaction interaction effectiveness
effectiveness from between A and AIM
Ato AIM
adef | def %\
interaction effectiveness observation interaction effectiveness interaction effectiveness interaction effectiveness
from A to WIM result transfer, from WIM to AIM from AIM to A from A to AIM
WIM

reactive information
provision
effectiveness, AIM

/\

weakly reactive weakly reactive
information provision information provision
attitude information effectiveness, AIM

saturation, AIM

m

successful attitude interaction effectiveness
determination: from OPC to AIM
weakly reactive
information provision,
OPC

Fig. 15. Weakly reactive information provision of A

Request transfer of aim
The componentaim of agent x is called request transferring if for every agent v

different fromx:
VOME Traces(AIM) V't V'r

[stateA|M(9V(, t, input(AIM)) = communicated_by (request, view(X,r), pos, Y)

= Jt >t statep (M t, output(AIM)) E requested(view(X,r))]
This property is useth Figure 13 andin Figure 17. The following propertycanbe
used to prove request pro-activeness of agesdge Figure 16.



Pro-active request generation effectiveness of Aim
The componentim of agentx is calledpro-actively request generation effective if for

every agenty different fromx:
VOME Traces(AIM) V't V'r

[ statep (MG t, input(AIM)) = requesting_attitude(pro-active)
=3r stateA|M(QV(, t, output(AIM)) E to_be_communicated_to(request, view(Y,r), pos, Y)]

request pro-activeness, A

&l &

interaction effectiveness pro-active request pro-active request
from AIM to A generating attitude information
offectiveness, AIM saturation, AIM

& def

successful attitude interaction effectiveness
determination: from OPC to AIM
pro-active request,
OPC

Fig. 16. Request pro-activeness of A

Communicated information transfer of aim
The componentim of agentx is calledcommunicated information transferring if for

every agenty different fromx:
VOMe Traces(AIM) V't V', sign [ statep ;M t, input(AIM)) =
communicated_by (world_info, view(Y,r), sign, Y)
=3t =t stateA|M(QK, t, output(AIM)) = received_world_info(view(Y,r), sign)]

6.4 Properties of the Agent Specific Task: oc

The required propertiesof the component oc are the following. Conclusiveness
defines that the componeist able to draw decisiveconclusionsf sufficientinput is
provided.

Conclusiveness of oc
The componentc is called conclusive if, underthe conditionthat all requiredinput
information has been acquired, for every output atom a conclusion is derived.
VOME Traces(OC) [VY Trt stategc(OM, t, input(OC)) = view(Y,r) ]
= Vs [t stategc(OM, t', output(OC)) E object_type(s) [
dt stategc(OM, t, output(OC)) E = object_type(s) |

To allow that opc controlsthe reasoningon the basisof its reasoningattitude, the
following conditional variant of conclusivenesss needed.This meansthat only
conclusionsaredrawnif oc hasbeeninput (transferredfrom orc) the right targets.
Conditionalconclusivenesss usedto prove conclusionpro-activenessf agenta in
Figure 17.



conclusion pro-activeness, A

& &
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effectiveness from effectiveness from ocC
AtoOC OCto A

indirect interaction
effectiveness from

AtoOC
& def
indirect communication info interaction indirect observation info interaction
effectiveness from A to OC effectiveness from A to OC
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interaction communication info interaction interaction observation interaction
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&
conditional target information
conclusiveness, OC saturation, WIM
& def
successful attitude interaction effectiveness
determination: from OPC to OC
pro-active reasoning,

OPC

Fig. 17. Conclusion pro-activeness of A



Conditional conclusiveness of oc
The componentoc is called conditionally conclusive if, underthe conditionthat all
required input information has been acquired, for every output atom which is
associated to its focus (as a target), a conclusion is derived:
VMg Traces(OC) V's
[VY 3rt stateoc(OML t, input(OC)) F view(Y,n ] A
[stateoc(m, t, input(OC)) E target(OC_focus, object_type(s), determine)
=[3t stategc(OM,, t', output(OC)) E object_type(s) [
dt stategc(OM t, output(OC)) = 1 object_type(s)]

Conclusion correctnessmeans:if a conclusionis derived, then this conclusion
corresponds to the world situation.

Conclusion correctness of oc

The component OC is callednclusion correct if:
VOME Traces(OC) Vit V's
[ stateoc(OM t, output(OC)) = object_type(s) => M object_type(s) |

O [stategcM, t, output(OC)) E — object_type(s) = M -1 object_type(s) |
Conservation can be defined by:

Conclusion conservativity of oc
The component OC is callednclusion conservative if:
VIME Traces(X) Vt Vs
[ stateoc(OM, t, output(OC)) = object_type(s) =
Vst statex(M, t, output(OC)) = object_type(s) |
O stategc(OM, t, output(OC)) E =1 object_type(s) =
V>t stategc(OM t, output(OC)) = 1 object_type(s) |

6.5 Domain Assumptions

The propertiesalso needassumptionson the domain knowledgeto be usedin the
model.

Static world
The world state is static during the processing of the system

Empirically foundedness

The possible conclusions cée uniquely characterisedy meansof observationsin
other words: if two worldsituationssatisfy exactly the sameobservationsthen they
also satisfy exactly the same conclusions (see Treur and Willems, 1994).

7 Verification of Primitive Components

In Sections5 and6 verification of the multi-agent model was described basedon
assumedpropertiesof the primitive componentsThe primitive componentscan be
verified makinguse of the more standardmethodsintroducedin (Treur and Willems,
1994; Leemans,Treur and Willems, 1993). For example,the componentObiject
Classificationshouldsatisfy conclusioncorrectnessand conditional conclusiveness.



Actually, thesetwo propertiesreduceto static propertiesdescribedin (Treur and
Willems, 1994). In fact all propertiesrequiredfor primitive componentseduceto
static propertiesthat define a constrainton the combinedinput-output statesof the
componentSuch propertiescan be verified by the (static) methodsdescribedin the
references mentioned.

8 Conclusions

The modelling approachDESIRE is basedon compositionality of processesand
knowledgeat different levels of abstraction.The compositionalverification method
describedn this paperfits well to DESIRE, but can also be useful to any other
compositional modelling approach.Two main advantagesof a compositional
approach to modelling are the transparent structure of the dagigupportfor reuse
of componentsand genericmodels. The compositionalverification method extends
these main advantagedo (1) a well-structuredverification process,and (2) the
reusability of proofs for properties of components that are reused.

The first advantage entails that both conceptually and computatidhalbpmplexity
of the verification processcan be handledby compositionalityat different levels of
abstraction. Apart from the work reported here, a generic model for diadpasdieen
verified (CornelissenJonkerand Treur, 1997) and a multi-agentsystemwith agents
negotiating about load-balancing of electriditye. The secondadvantageentails: if a
modified component satisfies the same properties as the previous one, the greof of
propertiesat the higher levels of abstractioncan be reusedto show that the new
systemhasthe samepropertiesas the original. This hashigh valuefor a library of
reusablegenericmodelsand components.The verification of generic modelsforces
one to find the assumptions under whichtfoe considereddomainthe genericmodel
is applicable, as is alstiscussedn (Fensel,1995; Fenseland Benjamins,1996). A
library of reusable components and task models caagistof both specificationsof
the components and models, and their design rationale. As part of the rd¢isigale,
at least the properties of the componentsand their logical relations can be
documented.

Also due to the compositional nature of the verification method, a distributed
approach to verificatiois facilitated. This implies that severalpersonscanwork on

the verification of the same system at the same time, once the properties to be verified
have been determined. Since the proof of properties of a composed contspesds

on the properties of its sub-componentssibnly necessaryo know or to agreeon

the properties of these sub-components.

The formal analysis of variants reactivenessnd pro-activenesgropertiesdeepened
our insight in these notions and their logical relationships and interactions.
Semantical formalisationf different variantsof reactivenesand pro-activenesfave
been found in the form of conditional temporal statements. The natioriormation
and processhiding, in DESIRE modelled in terms of componentsat different
abstractionlevels, madeit possible to distinguish in a natural manner between
observable and non-observable variants of pro-activeness and reactittengasants
of behaviourthat canbe observedrom outsidethe agent(at its interface),and the
variants of internal behavioiin its sub-componentandinteractionsbetweenthem)
that cannot be@bservedrom outside.This formal analysiscould be a starting point



for a more general mathematiaal logical theory on pro-activenessandreactiveness,
and their interaction. Actually, the logical relations, in this paper depictéae form
of AND/OR graphs in thdigures, canbe viewed aslemmasandtheoremsn sucha
theory.

A main difference in comparisonto (Fisher and Wooldridge, 1997) is that our
approachexploits compositionality.An advantageof their approachis that they can
make use of a temporal belief logic. It would be a challenge to exterapproachas
referredto a compositionalvariant of temporalbelief logic. A first step in this
direction can be found in (Engelfriet, Jonker dmdur, 1997). Also a main difference
of the current paperin comparisonto the work in (Fensel, 1995, Fensel and
Benjamins, 1996; Fensel et al, 1996) is timabur approachcompositionalityof the
verification is addressedn the work as referredonly domainassumptionsare taken
into account, and no hierarchical relations between properties are defined.

A future continuation of this work will considerthe developmentof tools for
verification. At the moment only tools exist for the verification of primitive
componentsno tools for the verification of composedcomponentsexist yet. To
support the handwork of verification it would heefulto havetools to assistin the
creation of theproof. This could be doneby formalising the proofs of a verification
process using a first order logic in which time and states are represented explicitly, and
an interactivetheoremprover to supportthe proofs. Another option that will be
explored is to extend Fisher and Wooldridge’s approach to the compositionafegse.
another option to be explored is whether the tool KIV (based on dynamic logic) can be
used. Some first, positive experiences with KIV Verification of an examplemodel

of a knowledge-based system are reported in (Fensel et al, 1996).
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