Presented on Feb . 2 6 (Monday) , 2001 at 3:30 P M in room1027 SEO

F ROM O BJECT TO A GENT : A N A PPROACH TO U SING F ORMAL

M ETHODS IN S OFTWARE D ESIGN AND A NALYSIS

BY

HAIPING XU

B.S., Zhej iang University, Hangzhou, China, 1989

M.S., Zhej iang University, Hangzhou, China, 1992

M.S., Wright State University, Dayton, O H, 1998

PH.D. THESIS PROPOSA L

Submitted as partial fulfillment of the requirements

For the degree of Doctor of Philosophy in Computer Science

In the Graduate College of the

University of Illinois at Chicago, 2001

Chicago, Illinois

T ABLE O F C ONTE NTS

CHAPTER

1. INT RODUCT ION

1.1 Background

1.2 Related Work

1.2.1 Formal Methods in Object - Oriented Design

1.2.2 Agent - Oriented Methodologyand Formal Approaches

1.3 Contributions of Our Work

2. INHERIT ANCE MODELING IN OBJECT - ORIENT ED DESIGN

2.1 Introduction

2.2 G - net Model Background

2.3 Exten ding G - nets for Class Modeling

2.4 Extending G - net Models to Support Inheritance

2.5 Modeling Different Forms of Inheritance

2.6 Modeling Inheritance AnomalyProblem

2.7 Discussion

3. AN AGENT - BASED G - NET MODEL

3.1 Introduction

3.2 Agent - based G - net Model

3.3 Selling and Buying Agent D esign

3.4 Verifying Agent - Based G - net Models

3.5 Discussion

4. A FRAMEWORK FOR MODELING AGENT - ORIENT ED SOFT WARE

4.1 Introduction

4.2 An Agent - Oriented Model

4.2.1 An Architecture for Agent - Oriented Modeling

4.2.2 Inheritance Modeling in Agent - Oriented Design

4.3 Examples of Agent - Oriented Design

4.3.1 A Hierarchyof Agents in an Electronic Marketplace

4.3.2 Modeling Agents in an Electronic Marketplace

4.4 Handling Multiple Inheritance in Agent - Oriented Models

4.5 Discussion

5. ANALYSIS OF AGENT - ORIENT ED MODELS

5.1 Introduction

5.2 A Simplified Petri Net Model for a Buy ing Agent and T wo Selling Agents

5.3 Deadlock Detection and Redesign of Agent - Oriented Models

5.4 PropertyVerification byUsing Model Checking

5.5 Discussion

6. FUT URE RESEARCH PLANS

6.1 Introduction

6.2 A Unified Model for Object - Oriented and Agent - Oriented Design

6.3 Extending A gent - Oriented G - net Model for Mobile Agent Design

6.4 SecurityIssues in Mobile Agent Design

BIBLIOGRAPHY

PUBLICAT IONS OF T HE AUT HOR

CURRICULUM VIT AE

Chapter 1

Introduction

1.1 Background

T he development of software systems starts with two main activities , namelysoftware requirements analysis and software design [Sommervile 1995][Pressman 1997]. T he purpose of software requirements analysis is to understand the problemthoroughlyand reduce potential errors caused fromincomplete or ambiguous requirements . T he product of the requirements analysis activityis a software requirements specification, which serves as a contract between the customers and the software designers. T he purpose of the software design is to followthe software requirements specificati on and to depict the overall structure of a systembydecomposing the systeminto its logical components. T he design activitytranslates requirements into a representation of the software that can be assessed for qualitybefore coding begins.

Like software requirements, the product of the design activityis a design specification, which serves as a contract between the software designers and the programmers.

T here are two ways to achieve the purposes of these two activities. One is to specifyand analyze s ystems formally, and the other is to describe and model systems naturally. When specifying, modeling and analyzing the behavior of a critical and complex system, we usuallychoose a specification language that can formallydepict the properties of the syst em. T his is because formal languages can be used to describe systemproperties clearly, preciselyand in detail, and to enable design and analysis techniques to evolve and operate in a systematic manner. Since the 1960´s, researchers have been working on f ormal modeling of critical and complex systems such as concurrent and distributed systems. Among these formal methods,

Petri nets [Murata 1989], as a graphical and mathematical modeling tool, are well recognized and widely used in various application domai ns because of its simplicityand flexibilityto depict the dynamic system behaviors, and its strong expressive and analytic power for system modeling. Although Petri nets have been successfullyused for system modeling and analysis in various domains, form al methods are still not a popular wayfor most of the industry/commercial software development. T herefore, manyPetri net researchers have devoted efforts to enhance/extend the theoryand techniques of Petri nets, including high - level Petri nets such as C PN (Colored Petri Nets) [Jensen 1992], and tried to build a bridge between formal methods and industry/commercial software development.

Meanwhile, in the industry, there are several transitions of software engineering paradigms during the last fewdecades . In the seventies, structured programming was the dominant approach to software development. Along with it, software engineering technologies were developed in order to ease and formalize the systemdevelopment life cycle: fromplanning, through analysis and design, and finallyto systemconstruction, transition and maintenance. In the eighties, object - oriented (OO) languages experienced a rise in popularity, bring with it newconcepts such as data encapsulation, inheritance, messaging and polymorphism. By the end of the eighties and beginning of the nineties, a jungle of modeling approaches grewto support the OO market. For instance, the Unified Modeling Language (UML)

[Rational 1997], which unifies three popular approaches to OO modeling: the Booch metho d [Booch 1994],

OMT [Rumbaugh et al. 1991] and OOSE [Jacobson et al. 1992], becomes the most popular modeling language for object - oriented software systems. Although the object - oriented paradigmhas achieved a considerable degree of maturity, researchers c ontinuallystrive for more efficient and powerful software engineering techniques, especiallyas solutions for even more demanding applications. T he emergence of agent techniques is one of the examples of such efforts. In the last fewyears, the agent rese arch community has made substantial progress in proving a theoretical and practical understanding of manyaspects of agents and multi - agent systems [Green et al. 1997][Jennings et al. 1998]. Agents are being advocated as a next generation model for enginee ring complex, distributed systems [Jennings 2000]. Yet despite of this intense interest, the concepts of agent - oriented paradigmare still not matured, and the methodology, especiallythe techniques for agent modeling in practical use, is yet to be researc hed.

Although there have been manyefforts on object and agent modeling, to provide a framework for object - oriented design and agent - oriented design is still a big challenge. Due to the lack of formalisms for practical complex software design, we aimto u se and extend a type of high - level Petri nets, called G - nets

[Perkusich and de Figueiredo 1997], to model objects and agents in object - oriented design and agent - oriented design respectively. Our proposed formalismhas the advantage of being easyto underst and, easy to use, and practicallyit is helpful for designers to design complex software systems, and to use existing

Petri net tools to analyze its correctness and to verifyits behavior properties such as liveness. In addition, since we viewan agent as an extension of an object, i.e., an active object [Shoham1993], our object models and agent models maybe combined to provide a unified framework for complex software design, especiallyfor Internet applications such as electronic commerce.

1.2 Related Wo rk

1.2.1 Formal Methods in Object - Oriented Design

T he concepts of object - oriented paradigm, such as encapsulation and inheritance, have been widelyused in system modeling because theyallowus to describe a systemeasily, intuitivelyand naturally[Rumb augh et al. 1991][Booch 1994][Jacobson et al. 1992][Eliens 1995]. With the increasing complexityof nowadays software systems, object - oriented software designers began to understand the usefulness of formal methods. Along with this trend, object - oriented f ormal methods became one of hot research issues for the last fewyears. Manyresearchers have suggested object - oriented formal methods, such as OPN (Object

Petri Nets) [Bastide 1995], VDM++ [Lano 1995] and Object - Z [Stepney et al. 1992]. Among them, the re search on the OPN methods have been activelystudied to extend the Petri nets formalismto various forms of object Petri nets, such as OBJSA [Battiston et al. 1988], LOOPN++ [Lakos and Keen 1994], CO -

OPN/2 [Biberstein et al. 1997] and G - nets [Perkusich and de Figueiredo 1997]. Although the results of such studies are promising, these formalisms do not fullysupport all the major concepts of object - oriented methodology. We nowgive a brief description of these formalisms.

OBJSA nets, suggested byE. Battist on, define a class of algebraic nets that are extended with modularity features. T heir name reflects that theyintegrate Superposed Automata nets and the algebraic specification language OBJ [Battiston et al. 1988][Battiston et al. 1995]. OBJSA nets corres pond to the semantics model described byalgebraic notations, and CLOWN (CLass Orientation With Nets) is a notation developed on the top of OBJSA nets with object - oriented features added [Battiston et al. 1996]. CLOWN attributes can be declared as constant ( const ) or variable ( var ), and all the actions that an object can execute are specified bythe ^method~ clauses. In addition, the ^interface~ clause defines the interaction between a CLOWN object and some other objects, and the inheritance features are ex tended bythe ^inherits~ clause.

In CLOWN, the data structure of a class is defined byalgebraic notations, and the control structure of the class is defined bya class net. Objects in CLOWN are represented as distinguished individual tokens flowing in th e corresponding class net. CLOWN does not take the full advantage of this formalismbecause onlythe control structure of a systemis modeled byPetri nets. Since object - oriented features in CLOWN are not captured at the net level, there are limitations in using existing Petri net tools for systemanalysis.

O. Biberstein suggests the specification language, called CO - OPN/2 (Concurrent Object - Oriented Petri

Nets) [Biberstein et al. 1996, Biberstein et al. 1997], which is designed to specifyand model large scale concurrent systems. T he class definition in CO - OPN/2 consists of two parts: ^Signature~ part is to describe the interface with other classes, and ^Body~ part is to describe the internal behaviors and operations of a class. T he specification method of CO - OPN/2 is similar with that of CLOWN, but the differences are that

CO - OPN/2 supports abstract data type in order to reuse its type defined in other classes, and the methods declared in ^Signature~ part is used as interface transition. T he problemof CO - OPN/2 is that the unfolding mechanismfor a CO - OPN/2 specification is not provided, therefore the analysis and simulation method of

CO - OPN/2 is unclear.

C. Lakos proposes a class of object - oriented Petri nets, called LOOPN++ (Language for Object - Oriented

Petri Nets) [Lakos and Keen 1994, Lakos 1995a, Lakos 1995b]. LOOPN++ uses the text - based grammar to specifysystems. In the specification of LOOPN++, the class definition consists of three parts: ^Fields~ to define data, ^Function~ to describe expression with parameters and operation, and ^Actions~ to represent the behavior of a system. T he ^Fields~ part is a declaration of a token in Petri nets, and is used to represent the states of places. T he ^Functions~ and ^Actions~ part together represent the transi tions of Petri nets.

One of the major characteristics of LOOPN++ is the feature for ^super places~ and ^super transitions~, used to represent the nesting structure of nets. It becomes a base to support the abstraction of nets. T he super place and super t ransition can be defined bylabeling at the corresponding place and transition of nets with the name of an external object. With this feature, ^Parent~ phrases can be used to represent (multiple) inheritance of classes. Regardless of continuous research on LOOPN++, it has some deficiencies in fully supporting the object - oriented concepts. First, LOOPN++ does not fullyreflect the actual concepts of objects because the nets include the global control structure of systems, and tokens are onlypassive data typ es [Lakos 1997]. Second, LOOPN++ tries to represent the abstraction bythe feature of fusion only, but is not sufficient for abstraction of functional behavior and states. T hird, LOOPN++ provides the ^Export~ phrase, but the message passing mechanismfor t he interaction among objects is not supported. Finally,

LOOPN++ is well applied in the object - oriented software development methodologyof Shlaer - Mellor

[Lakos and Keen 1994], but not in the methodologyof OMT /UML, which is one of the most popular approach es nowadays.

G - nets [Perkusich and de Figueiredo1997][Deng et al. 1993] support the concepts of objects better than in

CO - OPN/2 or LOOPN++, at least in our concerns. As one formof high - level Petri nets, G - nets are based on the concept of modules correspo nding to objects. T here are two separate parts to describe the net structure of an object in G - nets. One is called GSP (Generic Switch Place), which contains the name of an object, the definition of attributes and methods, and initial marking of the net. T he other one is called the IS

(Internal Structure), which describes the behaviors of methods with a variant of Petri nets. T here are special places in the nets, such as ISP (Instantiated Switching Place) to make a method call and GP (Goal Place) to end a m ethod execution. T hese features can be unfolded into Pr/T nets.

A fascinating feature of G - nets is its support for encapsulation of objects, message passing for object interactions, and lowcoupling between objects. T he use of the unique identifier for an object makes it possible to represent recursive method calls. Also, the mechanismfor method call in G - nets is quite suitable for modeling client - server systems. Although G - nets are useful for object modeling and the structure of a G - net is similar with t hat of an object in OMT /UML, it does not support inheritance mechanism. In addition, it is difficult to represent the abstraction hierarchywith net elements of G - nets.

T he above object models are widelyreferenced and compared among high - level object - ori ented Petri nets.

Other similar research includes: OPNets byLee [Lee and Park 1993], which are focused on the decoupling of inter - object communication knowledge and the seperation of synchronization constraints fromthe internal structure of objects; OCoN s (Object Coordination Nets) byGiese [Giese et al. 1998] are to describe the coordination of the behavior of a class on a service. Although these formalisms support sufficientlythe basic concepts of objects such as encapsulation and modularization, they do not incorporate the concepts of abstraction and/or inheritance, and theydo not clearlysuggest the analysis or simulation methods.

1.2.2 Agent - Oriented Methodologies and Formal Approaches

Agent technologyhas received a great deal of attention in the past fewyears and, as a result, the industryis beginning to get interested in using this technologyto develop its own products. In spite of the different developed agent theories, languages, architectures and the successful agent - based applications, ve rylittle work for specifying and design techniques to develop agent - based applications using agent technologyhas been done [Iglesias et al. 1998]. T he role of agent - oriented methodologies is to assist all the phases of the life cycle of an agent - based ap plication, including its management. A number of groups have reported on methodologies for agent design, touching on representational mechanisms as theysupport the methodology. Examples of such work are D. Kinnyand his colleagues´ BDI agent model [Kinny et al.

1996] and the Gaia methodologysuggested byM. Wooldridge [Wooldridge et al. 2000].

Formal methods for agent modeling are mostlyconcerning about agent specification and agent design.

Several formal approaches have tried to bridge the gap between f ormal theories and implementations.

T hough formal methods are not so easilyscalable in practice, theyare especiallyuseful for verifying and analyzing critical applications, prototypes and complex cooperating systems. T raditional formal languages such as Z have been used [Luck et al. 1997], providing an elegant framework for describing an agent systemat different levels of abstractions. Since there is no notion of time in Z, it is not quite suitable to specifyagent interactions. Another approach has bee n the use of temporal modal logic [Wooldridge 1998] that allows the representation of dynamic aspects of the agents and a basis for specifying, implementing and verifying agent - based systems. T he implementation of the specification can be done bydirectly executing the agent specification with a language such as Concurrent Metatem [Fisher and Wooldridge

1997] or bycompiling the agent specification. T he usage of formal methods for multi - agent specification such as DESIRE [Brazier et al. 1997] is an interest ing alternative to be used as a detailed design language in agent - oriented methodology. DESIRE (framework for Design and Specification of Interacting Reasoning components) proposes a component - based perspective based on task decomposition.

During the last fewyears, manyefforts have been put on developing multi - agent systems, however there is a lack of research on formal specification and design of such systems [Iglesias et al. 1998][Rogers et al.

2000]. As the multi - agent technologybegins to emerge as a viable solution for large - scale industrial and commercial applications, there is an increasing need to ensure that the systems being developed are robust, reliable and fit for purpose. T he concept of agent - oriented methodologyis still new, and there are different views on this issue [Iglesias et al. 1998][Jennings 2000]. In this proposal, we take the viewthat an agent is an extension of an object. T hus, based on the concepts of object - oriented methodology, we propose our agent - oriented design model, whic h is a nature approach for most of the object - oriented designers.

1.3 Contributions of Our Work

T he work reported in this Ph.D. thesis proposal is aimed at proposing a technique for modeling and analyzing object - oriented and agent - oriented software syste ms. T he concepts of agent - orientation are based on the concepts of object - orientation, but need to be extended with additional features, such as mechanisms for decision - making and asynchronous message passing. T he major contributions of our work are listed as follows:

· Extended the original G - net model to support class modeling and inheritance modeling.

· Designed an agent - based G - net model, and proved properties related to liveness , concurrency and effectiveness for agent communication.

· Extended the agent - ba sed G - net model to support inheritance modeling in agent - oriented design.

· Performed experiments with an existing Petri net tool to model and analyze agent - oriented software systems.

Chapter 2

Inheritance Modeling in Object - Oriented Design

2.1 Introduction

One of the keyissues in object - oriented (OO) approach is inheritance. T he inheritance mechanismallows users to specifya subclass that inherits features fromsome other class, i.e., its superclass. A subclass has the similar structure and behavior as t he superclass, but in addition it mayhave some other features. As an essential concept of the OO approach, inheritance is both a cognitive tool to ease the understanding of complex systems and a technical support for software reuse and change. With the em ergence of formalisms integrating the OO approach and the Petri net (PN) theory, the question arises howinheritance maybe supported bysuch formalism, in order that theybenefit fromthe advantages of this concept and existing

Petri net tools. Inheritanc e has been originallyintroduced within the framework of data processing and sequential languages, while PNs are mainlyconcerned with the behavior of concurrent processes.

Moreover, it has been pointed out that inheritance within concurrent OO languages e ntails the occurrence of manydifficult problems such as the inheritance anomalyproblem[Matsuoka and Yonezawa 1993].

T hus, to incorporate inheritance mechanisminto Object Petri Net (OPN) has been viewed as a challenging task.

T he concepts of inheritanc e define both the static features and dynamic behavior of a subclass object. T he static feature specifies the structure of a subclass object, i.e., its methods and attributes; while the dynamic behavior of a subclass object refers to its state and its dyna mic features such as overriding, dynamic binding and polymorphism[Drake 1998]. Most of the existing object - oriented Petri nets (OOPN) formalism, such as CLOWN, LOOPN++ and CO - OPN/2, fail to provide a uniformframework for class modeling and inheritance mo deling in terms of these two features, and theyusuallyuse text - based formalismto incorporate inheritance into Petri nets. T he problems of these approaches are that theydo not take full advantage of the Petri net formalism, and therefore, we cannot use existing Petri net tools to verify the behavior properties of a subclass object in terms of inheritance. Little work has been done to model inheritance of dynamic behavior. Examples of such work are the concept of life - cycle inheritance proposed byvan der Aalst and Basten [Aalst and Basten 1997][Basten and Aalst 2000] and the SBOPN formalism with additional inheritance features suggested byXie [Xie 2000]. However, these formliasms are either too theoretical to be used in practical software design, or too preliminaryto cover all forms of inheritance, such as refinement inheritance [Drake 1998].

In this chapter, we propose a Petri net formalism, called extended G - nets, to model inheritance in concurrent object - oriented design. Based on the original G - net f ormalism[Perkusich and de Figueiredo

1997], we first extend G - nets into the so - called standard G - nets for class modeling, then we introduce new mechanisms to incorporate inheritance into standard G - net models. T hese newmechanisms are net - based, therefore it would be possible for us to translate our net models into other forms of Petri nets, such as Pr/T net, and use existing Petri net tools for behavior propertyanalysis, e.g., to analyze the inheritance anomaly problem.

2.2 G - net Model Background

A widely accepted software engineering principle is that a systemshould be composed of a set of independent modules, where each module hides the internal details of its processing activities and modules communicate through well - defined interfaces. T he G - net model provides strong support for this principle

[Perkusich and de Figueiredo 1997][Deng et al. 1993]. G - nets are an object - based extension of Petri nets, which is a graphicallydefined model for concurrent systems. Petri nets have the strength of being visually appealing, while also being theoreticallymature and supported byrobust tools. We assume that the reader has a basic understanding of Petri nets [Murata 1989]. But, as a general reminder, we note that Petri nets include three basic entities: place nodes (represented graphicallybycircles), transition nodes (represented graphicallybysolid bars), and directed arcs that can connect places to transitions or transitions to places.

Furthermore, places can contain markers, called tokens, and tokens maymove b etween place nodes bythe

^firing~ of the associated transitions. T he state of a Petri net refers to the distribution of tokens to place nodes at anyparticular point in time (this is sometimes called the marking of the net). We nowproceed to discuss the basics of standard G - net models.

A G - net systemis composed of a number of G - nets, each of themrepresenting a self - contained module or object. A G - net is composed of two parts: a special place called Generic Switch Place (GSP) and an

Internal Structure ( IS) . T he GSP provides the abstraction of the module, and serves as the onlyinterface between the G - net and other modules. T he IS , a modified Petri net, represents the detailed design of the module. An example of G - nets is shown in Figure 1. Here the G - net models represent two objects ˘ a Buyer and a Seller . T he generic switch places are represented by GSP(Buyer) and GSP(Seller) enclosed by ellipses, and the internal structures of these models are represented byround - cornered rectangles that contain the de tailed design of four methods: buyGoods() , askPrice() , returnPrice() and sellGoods() . T he functionalityof these methods are defined as follows: buyGoods() invokes the method sellGoods() defined in G - net Seller to buysome goods; askPrice() invokes the met hod returnPrice() defined in G - net Seller to get the price of some goods ; returnPrice() is defined in G - net Seller to calculate the latest price for some goods and sellGoods() is defined in G - net Seller to wait for the payment, ship the goods and generate the invoice. A GSP of a G - net G contains a set of methods G.MS specifying the services or interfaces provided bythe module, and a set of attributes, G.AS , which are state variables. In G.IS , the internal structure of G - net G , Petri net places represent p rimitives, while transitions, together with arcs, represent connections or relations among those primitives. T he primitives maydefine local actions or method calls. Method calls are represented byspecial places called Instantiated Switch Places (ISP) . A primitive becomes enabled if it receives a token, and an enabled primitive can be executed. Given a G - net G , an ISP of G is a 2 - tuple

(G´.Nid, mtd) , where G´ could be the same G - net G or some other G - net, Nid is a unique identifier of G - net

G´ , and mtd Î G ´.MS . Each ISP(G´.Nid, mtd) denotes a method call mtd() to G - net G´ . An example ISP

(denoted as an ellipsis in Figure 1) is shown in the method askPrice() defined in G - net Buyer , where the method askPrice() makes a method call returnPrice() to the G - net Se ller to queryabout the price for some goods. Note that we have highlighted this call in Figure 1 bythe dashed - arc, but such an arc is not actually a part of the static structure of G - net models. In addition, we have omitted all function parameters for si mplicity.

GSP( Buyer )

ISP(Seller, sellGoods())

buyGoods()

Figure 1. G - Net model of buyer and seller obj ects

askPrice() t1 t2

ISP(Selle r, returnPrice())

t3 t4

returnPrice() calculate_ price

sell_ goods

sellGoods()

GSP( Seller ) t8

t7 t6

t5

2.3 Extending G - nets for Class Modeling

Fromthe above description, we can see that a G - net model essentiallyrepresents a module or an object rather than an abstraction of a s et of similar objects. In a recent paper [Xu and Shatz 2000], we have extended the G - net model to support class modeling. T he idea of this extension is to generate a unique object identifier, G.Oid , and initialize the state variables when a G - net object is instantiated froma G - net G .

An ISP method invocation is no longer represented as the 2 - tuple (G´.Nid, mtd) , instead it is the 2 - tuple

(G´.Oid, mtd) , where different object identifiers could be associated with the same G - net class model.

T he token moveme nt in a G - net object is similar to that of original G - nets [Perkusich and de Figueiredo

1997]. A token tkn is a triple (seq, sc, mtd) , where seq is the propagation sequence of the token, sc Î

{ before , after } is the status color of the token and mtd is a tr iple (mtd_name, para_list, result) . For ordinaryplaces, tokens are removed frominput places and deposited into output places byfiring transitions. However, for the special ISP places, the output transitions do not fire in the usual way. Recall that mark ing an ISP place corresponds to making a method call. So, whenever a method call is made to a

G - net object, the token deposited in the ISP has the status of before . T his prevents the enabling of associated output transitions. Instead the token is ^processe d~ (byattaching information for the method call), and then removed fromthe ISP . T hen an identical token is deposited into the GSP of the called G - net object. So, for example, in Figure 1, when the Buyer object calls the returnPrice() method of the Seller object, the token in place ISP(Seller, returnPrice()) is removed and a token is deposited into the GSP place

GSP(Seller) . T hrough the GSP of the called G - net object, the token is then dispatched into an entry place of the appropriate called method, for th e token contains the information to identifythe called method. During

^execution~ of the method, the token will reach a return place (denoted bydouble circles) with the result attached to the token. As soon as this happens, the token will return to the I SP of the caller, and have the status changed from before to after . T he information related to this completed method call is then detached. At this time, output transitions (e.g., t4 in Figure 1) can become enabled and fire.

More specifically, when a G - ne t object G_obj with G.Oid makes a method call ISP(G´.Oid, mtd(para_list)) in its thread/process with G.Pid , the procedure for updating a G - net token gTkn is as follows:

1. Call_before: gTkn.seq ¬ gTkn.seq + <G.Oid, G.Pid, mtd> ; gTkn.msg ¬ (mtd, para_list, NU LL) ;

gTkn.sc ¬ before .

2. T ransfer the gTkn token to the GSP place of the called G - net object with G´.Oid .

3. Wait for the result to be stored in gTkn.msg.result , and the gTkn token to be returned.

4. Call_after: gTkn.seq ¬ gTkn.seq ˘ LAST(gTkn.seq) ; gTkn.sc ¬ aft er .

We call a G - net model that supports class modeling a standard G - net model. We nowprovide a fewkey definitions for our standard G - net models.

Definition 2.1 G - net system

A G - net system (GNS) is a triple GNS = (INS, GC, GO), where INS is a set of ini tialization statements used to instantiate G - nets as G - net objects; GC is a set of G - nets which are used to define classes; and GO is a set of G - net objects which are instances of G - nets.

Definition 2.2 G - net

A G - net is a 2 - tuple G = (GSP, IS), where GSP is a Generic Switch Place (GSP) providing an abstraction for the G - net; and IS is the Internal Structure , which is a set of modified Pr/T nets. A G - net is an abstract of a set of similarlyG - net objects, and it can be used to model a class.

Definition 2.3 G - net object

A G - net object is an instantiated G - net with a unique object identifier. It can be represented as (G, OID,

ST ), where G is a G - net, OID is the unique object identifier and ST is the state of the object.

Definition 2.4 Generic Switching Place (GSP)

A Generic Switch Place (GSP) is a triple of (NID, MS, AS), where NID is a unique identifier (class identifier) of a G - net G; MS is a set of methods defined as the interface of G - net G; and AS is a set of attributes defined as a set of instance varia bles.

Definition 2.5 Internal Structure (IS)

T he internal structure of G - net G (representing a class), G.IS , is a net structure, i.e., a modified Pr/T net.

G.IS consists of a set of methods .

Definition 2.6 Method

A method is a triple (P, T , A), where P i s a set of places with three special places called entry place , ISP place and goal place . Each method can have onlyone entry place and one goal place , but it maycontain multiple ISP places . T is a set of transitions, and each transition can be associated with a set of guards. A is a set of arcs defined as: ((P - { goal place }) x T ) È ((T x (P - { entry place }).

2.4 Extending G - nets to Support Inheritance

An example of G - nets is shown in Figure 2. Here the G - net model represents an unbounded buffer class.

T he generic switch place is represented by GSP(UB) enclosed byan ellipsis, and the internal structure of this model is represented bya rounded box which contains the detailed design of four methods: isEmpty() , put(e) , get() and who() . T he functionalityof t hese methods are defined as follows: isEmpty() checks if the buffer is emptyand return a boolean value, put(e) stores an item e into the buffer, get() removes an item fromthe buffer and returns that item, and who() prints the object identifier of the unb ounded buffer. For clarity, in Figure 2, we put the signatures of these four methods in a rectangle on the right side of the GSP place as the interface of G - net UB. An example of ISP is shown in the method get() (denoted as an ellipsis), where the method g et() makes a method call isEmpty() to the G - net module/object itself to check if the buffer is empty. Note that we have extended G - nets to allowthe use of the keyword self to refer to the module/object itself.

GSP( UB ) check

_empty

isEmpty()

Figure 2. G - net model of unbounded buffer class (UB)

bool isEmpty();

void put(e);

Item get();

int who( );

who() pri nt_Oid

ISP ( sel f , isEmpty())

get() t1 t2

syn

put(e) ret urn

_false

ret urn

_true remove

pri nt

_error

store

t3 t4

t5 t6 t7 t8 t9

t10 t11

T o deal with the concurrencyissue in our G - net models, we extended our model byintroducing a synchronization module to synchronize methods defined in the internal structure of the G - net. For instance, in the unbounded buffer class model we introduced a synchronization module syn to synchronize the methods get() and put(e) . T his mechanismis necessarybecause these methods need to access the same unbounded buffer and theyshould be mutuallyexclusive. Generally, to design the s ynchronization module, we can either fulfill all synchronization requirements in one synchronization module or distribute themin several synchronization modules. T o simplifyour model, we followthe second option. T herefore, each class model maycontain a s manysynchronization modules as necessary, and each synchronization module can be used to synchronize among a group of methods. As we will see, the synchronization module can not onlybe used to synchronize methods defined in a class model, but also can be used to synchronize methods defined in a subclass model and methods defined in its superclass (ancestor) model.

With inheritance, when we instantiate a G - net Sub_G (a subclass), it is not enough to just associate an Oid with Sub_G and initialize the s tate variables defined in Sub_G class. We must associate the same Oid with all of Sub_G ´s superclasses (ancestors) and initialize all state variables defined in those classes. T he initialized part corresponding to the subclass and each of the superclasses (ancestors) is called primary subobject and subobject respectively[Rossie et al. 1996][Drake 1998]. When a method call is made to the object Sub_G_obj (i.e., an instantiation of class Sub_G ), it is always the case that onlythe GSP place of the primarysu bobject is marked. T he subobjects corresponding to the superclasses (ancestors) of Sub_G are not activated unless the method call to Sub_G_obj is not defined in the subclass model Sub_G .

GSP( BB ) print

_error

who()

Figure 3. G - net model of bounded buffer class (BB)

BB extends UB int who( ); // restricted void put(e); // redefined bool isFull( );

default

SSP( UB )

ISP ( self , isFull())

isFull() t1 t2

syn

put(e)

SSP( UB )

check

_full print

_error

return

_true

return

_false

t5 t6 t7 t8 t9

t3 t4

t10 t11

When a method call is not found in a subclass model, we need to resolve the problembysearching the methods defined in the superclass models. T o do this, we define a newmechanismcalled a default place . A default place is a default entry place define d in the internal structure of a subclass model and is drawn as a dash - lined circle, as shown in Figure 3. When a method is dispatched in a subclass model, the methods defined in the subclass model are searched first. If there is a match, one of the entry places of those methods is marked; otherwise, the default place is marked instead. After the dispatching, necessary synchronization constraints are established bythe synchronization modules . If the default place is marked, the method call is then forwarde d to a named superclass model. At first, it mayseemthat we can use the

ISP method invocation mechanismto forward an existing method call. However this is not quite proper.

Note that the initial method call will attach information associated with the cal l to the gTkn token. Nowthe subsequent call to the superclass would again attach the same information to the token, and the method call will actuallybe invoked more than once. T o solve this problem, we introduce a newmechanismcalled a

Superclass Switch Place (SSP) .

An SSP (denoted as an ellipsis in Figure 3) is similar to an ISP , but with the difference that the SSP is used to forward an existing method call to a subobject (corresponding to a superclass model) of the object itself rather than to make a newmethod call. Essentially, an SSP does not update the gTkn token because all the information for the method call has alreadybeen attached bythe original ISP method call. In the context of multiple inheritance, we represent an SSP mechanismin subcla ss Sub_G as SSP(G´), where G´ is one of the superclasses of Sub_G . Note that the object identifier is not necessary, as in the case of ISP method invocation, because the method call will be forwarded to the object itself (i.e., its subobject). When the met hod call is forwarded to the subobject corresponding to the superclass model G´ , the GSP place of the superclass model G´ is marked, and the methods defined in the superclass model are searched. If a method defined in the superclass model is matched, as in the case of ISP method invocation, the matched method is executed, and the result is stored in gTkn.msg.result and the gTkn token returns to the SSP place.

Otherwise, the default place (if any) in the superclass is marked, and the methods defined in the g randparent class model are searched. T his procedure can be repeated until the called method is found. If the method searching ends up in a class with no methods matched and no default place defined, a ^method undefined~ exception should be raised. T his sit uation can be avoided bystatic type checking.

Nowconsider a bounded buffer class example as shown in Figure 3. We define a bounded buffer class BB as a subclass of an unbounded buffer class UB. Since the buffer has a limited size of MAX_SIZE , when there is a put (e) method call, the size of the buffer needs to be checked to make sure that the buffer capacityis not exceeded. In this case, the method put (e) defined in the class model UB is no longer correct, and it needs to be redefined in the subclass m odel BB. A simple wayto redefine the method put (e) in subclass BB is to first make an ISP method call isFull() to the bounded buffer object itself. T he method isFull() is used to check if the bounded buffer is full and it is added to the BB class model a s shown in

Figure 3. If it returns true, i.e., the bounded buffer has alreadybeen full, an error or exception will be generated; otherwise, the method call put(e) will be forwarded to its superclass UB byusing an SSP mechanism. Here we use an SSP to allo wreuse of the original method put(e) defined in class UB. As we will explain later, we call this situation refinement inheritance. Note that if we use ISP( self , put(e)) in this situation, a dead loop will occur. T his is because the methods defined in the subclass will always be searched first; and consequently, the method put(e) defined in subclass BB will be called recursively. Again we see the value of introducing the SSP mechanism.

It is also important to notice that a synchronization module can be use d to synchronize methods defined in a subclass model and methods defined in the superclass model. However, in this case, all methods defined in superclass (ancestor) models must be synchronized as a whole. For instance, in Figure 3, the refined method put( e) defined in subclass BB is synchronized with all methods defined in the superclass UB, yet the synchronization between the method put(e) and the inherited method isEmpty() is unnecessary.

T o formallydefine extended G - nets with inheritance, we need to r edefine the internal structure and define the concept of Synchronization Module and Abstract Superclass Module . Based on the formal definitions of standard G - net model in Section 2.2, we nowprovide a fewkeydefinitions for our extended G - net models with inheritance features.

Definition 2.7 Internal Structure (IS) // to replace definition 2.5

T he internal structure of G - net G is a triple (M, S, A), where M is a set of methods , S is a set of synchronization modules , and A is an optional Abstract Superclass Module . T he arcs connecting M and S, or connecting S and A belong to S. T here are no direct arcs between M and A.

Definition 2.8 Synchronization Module

A synchronization module is 4 - tuples (P, A, I, O), where P is a si ngle place used to hold an sTkn token, which is a colorless token, and A is a set of arcs defined as: (P x IS.M.T ) È (IS.M.T x P); I is a set of arc inscriptions on place incoming arcs, and O is a set of arc inscriptions on place outgoing arcs.

Definition 2.9 Abstract Superclass Module

An Abstract Superclass Module is a triple (P, T , A), where P is a set of places includes three special places:

default place , goal place and Superclass Switch Place (SSP) . T is a set of transitions with optional guards.

A is a set of arcs defined as: ((P ˘ { goal place }) x T ) È (T x (P ˘ { default place })).

2.5 Modeling Different Forms of Inheritance

T ypically, to create a subclass model, we specialize a superclass byadding newprotocols. We call this augment inheritance [Dr ake 1998]. Alternatively, we can restrict or refine a superclass byoverriding one or more of its methods. T his happens in three cases: method restriction, method replacement and method refinement. We call each of them restrictive inheritance , replacement inheritance and refinement inheritance [Drake 1998].

Augment inheritance is straightforward - newprotocols, which are not defined in the superclass model, are added to a subclass model. For instance, consider the design of the subclass BB as shown in Fi gure 3. We require a service to check if the buffer is alreadyfull. T his can be done byadding a newmethod isFull() to the subclass BB. Since the method isFull() does not override anymethods in class UB, we have used augment inheritance.

In some cases , we regard a class as a specialization of another class, with some superclass methods absent fromthe protocol of the subclass. We call this type of inheritance restrictive inheritance . Restrictive inheritance actuallyruns counter to the semantics and in tentions of inheritance, because the ^IS - A~ relationship between superclass and subclass is broken. However, restrictive inheritance maybe necessary when using an existing class hierarchythat cannot be modified. Usually, restrictive inheritance is implem ented in the subclass byoverriding the disallowed superclass methods to produce error messages or signal exceptions. Here we use a trivial example to illustrate howto model restrictive inheritance. Suppose we need to disallowthe inherited method who() i n our subclass BB. T his can be simplydone byredefining method who() in class BB; the redefined method who() does nothing but prints an error message to indicate that the method call for who() is disallowed in subclass model BB.

A subclass can completely redefine the behavior of its superclass for a particular method defined in the superclass. Inheritance in this case is called replacement inheritance . With this formof method overriding, we saythat the method in the subclass replaces the method defined in the superclass. Replacing a superclass method generallyoccurs when the subclass can define a more efficient method or needs to define a method in a different way. An example of replacement inheritance would be possible in the bounded buffer example, if we redesign the method get() in subclass BB to make the ^remove~ action more efficient.

More frequently, the semantics of a subclass demand that the subclass respond to a method call bya method that includes the behavior of its superclass, but extends it in some way. In this case, we saythat the subclass method refines the superclass method, i.e., there is a refinement inheritance . Practically, method refinement is more common than method replacement because it provides a semantic consistence with spec ialization. When implementing method refinement, we maysimplyrefine the method by copying the relevant superclass method into the subclass model. However, we would like our extended G - net formalism to provide a mechanismthat supports automatic sharing o f the superclass method. T his capabilityis supported bythe SSP mechanismand it has been illustrated bythe method refinement of put(e) in bounded buffer BB as shown in Figure 3.

2.6 Modeling Inheritance Anomaly Problem

Inheritance anomaly refers to t he phenomenon that synchronization code cannot be effectivelyinherited without non - trivial re - definitions of some inherited methods [Matsuoka and Yonezawa 1993][T homas

1994]. As a consequence, some well - known proposals for concurrent object - based languag es, such as families of Actor languages, POOL/T , Procol and ABCL/1, chose to not support inheritance as a fundamental language feature [Matsuoka and Yonezawa 1993]. Also some languages like Concurrent

Smalltalk or Orient84/K do provide inheritance but do n ot support intra - object concurrency - that is there is onlya single thread of control within an object [T homas 1994].

T here have been previous efforts to solve the inheritance anomalyproblem[Mitchell and Wellings 1996], but most of the proposals are ba sed on quasi concurrency, where onlyone thread at a time is allowed to execute. As stated in [T homas 1994], this type of inheritance anomalyseems to be almost solved. ^T rue~ concurrencyrefers to cases that more than one thread can be executed in an obje ct at the same time.

Reference [T homas 1994] talked about solutions in this context. T he inheritance anomalyproblemhas usuallybeen approached in terms of analyzing the causes. T he causes have been classified as partitioning of acceptable states, history - onlysensitiveness of acceptable states, and modification of acceptable states

[Matsuoka and Yonezawa 1993]. Here, we analyze the inheritance anomalyproblembased on clarifying the terminologyof ^synchronization constraints~, and we always viewa concur rent systemas a ^true~ one.

As we will see, synchronization constraints among methods can be specified explicitlyor implicitly. An explicit synchronization constraint refers to the concurrent/mutual exclusive execution between two methods in an object. For instance, in the unbounded buffer example, method get() and method who() can be executed concurrently, however the execution of method get() and method put(e) must be mutually exclusive. T his type of synchronization constraint creates the inheritance anomalyproblemwhen a method m1 defined in a subclass module needs to be mutuallyexclusive with a particular inherited method m2 that is defined in its superclass (ancestor) module. A simple wayto deal with this situation is to refine the method m2 (e.g ., to use the SSP mechanismin our extended G - net model) and to establish mutual exclusion between m1 and m2 in the subclass module. In this case the method defined in the superclass

(ancestor) module can be reused bya refinement inheritance.

An implicit synchronization constraint refers to cases where acceptance of a method in an object is based on that object´s state. T he state of an object can be changed byexecuting a method in that object. For instance, when a buffer is in a state of ^empty~, the met hod get() is not allowed to execute; however, after executing the method put(e) , the state of the buffer is changed from^empty~ to ^partial,~ and at this time, the method call of get() becomes acceptable. Since the methods get() and put(e) are indirectly synchronized through the state of the buffer, we called this type of synchronization constraint an implicit synchronization constraint. T he implicit constraints can be further classified in terms of two different views of an object´s state, namelyintern al viewand external view. Under an internal view, the state of an object can be captured bythe evaluation of state variables of the object [Matsuoka and Yonezawa 1993]. For example, the state ^empty~ of a buffer can be captured bychecking if the state v ariable of buffer_size evaluates to ^0~. T his type of synchronization can always be added to a subclass module without redefining inherited methods because it can be easilymaintained bychecking state variables before allowing the execution of a method.

Another viewis the external view, where the state is captured indirectlybythe externallyobservable behavior of the object [Matsuoka and Yonezawa 1993]. For example, a state under external viewcould be the state of a buffer object when the last execu ted method is put(e) . When synchronization constraints with respect to the external viewof an object´s state are added to a subclass module, some methods defined in a superclass (ancestor) module must be redefined. Fortunately, in most cases, as long as n o deadlocks are introduced, we can again use refinement inheritance to reuse the original method defined in the superclass

(ancestor) module. We use the classic example of gget() to illustrate this situation. Consider a newbounded buffer class BB1, define d as a subclass of bounded buffer class BB, and add a newmethod called gget() .

T he behavior of gget() is almost identical to that of get() , with the sole exception that it can not be executed immediatelyafter the invocation of put(e) [Matsuoka and Yoneza wa 1993]. T he design of the newbounded buffer BB1 is illustrated in Figure 4. T o establish the synchronization between methods gget() and put(e) , the method put(e) must be redefined in the subclass module BB1. Suppose we have an object bb1 , an instance of class BB1. Initially, the token in the synchronization module syn is ^0~. Whenever there is a method call other than put(e) to object bb1, the token will be removed and deposited back to the synchronization module with the same value of ^0~. However, if t here is a method call for put(e) , the token in the synchronization module syn will be removed first, and then the method call put(e) will be forwarded to its superclass BB byusing the SSP(BB) mechanism. After the method call of put(e) , a token with value

^1~ will be deposited into the synchronization module syn . At this time, if there is a method call for gget() , the call must wait because a token with value ^0~ is necessaryto enable the transition t1 . T hus the synchronization between methods gget() and p ut(e) is correctlyestablished. Note that we cannot reuse the method get() when designing the method gget() byusing the SSP(BB) mechanism. T his is inapplicable because gget() and get() are two different methods. In addition, we need to redefine the method s isEmpty() and isFull() to avoid deadlocks.

GSP( BB1 ) print

_error

Figure 4. G - net model of bounded buffer class (BB1)

BB1 extends BB bool isEmpty( ); // redefined bool isFull( ); // redefined void put(e); // redefined

Item gget( );

isFull()

SSP( BB )

SSP( BB )

put(e) t1 t4

syn

gget()

0

<0>

<0>

<n>

<0>

<n>

<1>

return

_false

return

_true

ISP( self , isEmpty() ) remove

<0>

isEmpty()

SSP( BB ) t2 t3 t5

t6 t7

t8 t9

t10 t11 t13

t12

default

SSP( BB )

2.7 Discussion

Inheritance has been introduced into several object - oriented net models, such as LOOPN++ [Lakos and

Keen 1994] and CO - OPN /2 [Biberstein et al. 1997]. However, those methods do not use net - based extensions to capture inheritance properties. Our approach explicitlymodels inheritance at the net level to maintain an underlying Petri net model that can be exploited during design simulation or analysis. In future work, we will explore an algorithmic basis for synthesis of subclass models as well as investigate howto analyze extended G - nets at an abstract level, with consideration for the state explosion problem. Issues like desig n consistencyand deadlock avoidance will be of primaryconcern.

Chapter 3

An Agent - based G - net Model

3.1 Introduction

Agents are becoming one of the most important topics in distributed and autonomous decentralized systems

(ADS) [Mendes et al. 1997] [Arai et al. 1999]. With the increasing importance of electronic commerce across the Internet, the need for agents to support both customers and suppliers in buying and selling goods or services is growing rapidly. Most of the technologies supporting today ´s agent - based electronic commerce systems stemfromdistributed artificial intelligence (DAI) research [Guttman et al. 1998][Green et al. 1997]. Applications developed with multi - agent systems (MAS) in electronic commerce are examples of such efforts. A m ulti - agent system(MAS) is a concurrent systembased on the notion of autonomous, reactive, and internally - motivated agents in a decentralized environment. T he increasing interest in MAS research is due to the significant advantages inherent in such system s, including their abilityto solve problems that maybe too large for a centralized single agent, to provide enhanced speed and reliability, and to tolerate uncertain data and knowledge [Green et al. 1997]. T he notable systems developed with MAS in electr onic commerce are Kasbah [Chavez and Maes 1996] and MAGMA [T svetovatyy et al. 1997]. Kasbah is meant to represent a marketplace where Kasbah agents, acting on behalf of their owners, can filter through ads and find those that their users might be intereste d in. T he agents then proceed to negotiate to buyand sell items. MAGMA moves the marketplace metaphor to an open marketplace involving agents buying/selling physical goods, investments and forming competitive/cooperative alliances. T hese agents negotiate with each other through a global blackboard.

Notice that the example we provide in Figure 1 (Chapter 2) follows the Client - Server paradigm, in which a

Seller object works as a server and a Buyer object is a client. Although the standard G - net model works well in object - based design, it is not sufficient in agent - based design for the following reasons:

1. Agents in multi - agent systems are usuallydeveloped bydifferent vendors independently, and those agents will be widelydistributed across large - scale netw orks such as the Internet. T o make it possible for those agents to communicate with each other, it is essential for themto have a common communication language and to followcommon protocols. However the standard G - net model does not directlysupport prot ocol - based language communication between agents.

2. T he underlying agent communication model is usuallyasynchronous, and an agent maydecide whether to performactions requested bysome other agents. T he standard G - net model does not directlysupport asynch ronous message passing and decision - making, but onlysupports synchronous method invocations in the formof ISP places.

3. Agents are commonlydesigned to determine their behavior based on individual goals, their knowledge and the environment. T heymayautono mouslyand spontaneouslyinitiate internal or external behavior at anytime. Standard G - net models can onlydirectlysupport a predefined flowof control.

3.2 Agent - based G - net Model

T o support agent - based design, we first need to extend a G - net to suppo rt modeling an agent class 1 . T he basic idea is similar to extending a G - net to support class modeling for object - based design [Xu and Shatz

2000]. When we instantiate an agent - based G - net (an agent class model) G , an agent identifier G.Aid is generated and the mental state of the resulting agent object (an active object [Shoham1993]) is initialized.

In addition, at the class level, five special modules are introduced to make an agent autonomous and internally - motivated. T heyare the Goal module, the Plan m odule, the Knowledge - base module, the

Environment module and the Planner module. T he template for an agent - based G - net model is shown in

Figure 5. We describe each of the additional modules as follows:

· A Goal module is an abstraction of a goal model [Kinn y et al. 1996], which describes the goals that an agent maypossiblyadopt, and the events to which it can respond. It consists of a goal set which specifies the goal domain and one or more goal states.

· A Plan module is an abstraction of a plan model [Kin ny et al. 1996] that consists of a set of plans, known as a plan set. A plan maybe intended or committed, and onlycommitted plans will be achieved.

· A Knowledge - base module is an abstraction of a belief model [Kinny et al. 1996], which describes the info rmation about the environment and internal state that an agent of that class mayhold. T he possible beliefs of an agent are described bya belief set.

· An Environment module is an abstract model of the environment, i.e., the model of the outside world of a n agent. T he Environment module onlymodels elements in the outside world that are of interest to the agent and that can be sensed bythe agent.

· A Planner module is the heart of an agent that maydecide to ignore an incoming message, to start a newconver sation, or to continue with the current conversation. In the Planner module, committed

1 We viewthe abstract of a set of similar agents as an agent class, and we call an instance of an agent class an agent or an agent object.

plans are achieved, and the Goal , Plan and Knowledge - base modules of an agent are updated after each communicative act [Finin et al. 1997][Odell 2000] or if the environm ent changes.

GSP( G ) message_ processing

incoming message

Figure 5. A generic agent - based G - Net model

Goal outgoing message action_1 action_m

Knowledge - base

Planner

MSP ( self ) MSP( self ) MSP(G´.Aid) MSP(G´.Aid)

action_1 action_n message_ processing

message_ processing

message_ processing return return

private utility utility_1 utility_p

�

�

�

�

�

�

utility_1 utility_p

Plan Environment

Notes: G´. Aid = mTkn.body.msg.receiver as defined later in this section

T he internal structure (IS) of an agent - based G - net consists of three sections: incoming message , outgoing message , and private utility . T he incoming/outgoing message sect ion defines a set of message processing units (MPU) , which correspond to a subset of communicative acts. Each MPU , labeled as action_i in

Figure 5, is used to process incoming/outgoing messages, and mayuse ISP - type modeling for calls to methods defined in its private utility section. Unlike with the methods defined in a standard G - net model, the private utilityfunctions or methods defined in the private utility section can onlybe called bythe agent itself.

Although both objects (passive objects) and ag ents use message - passing to communicate with each other, message - passing for objects is a unique formof method invocation, while agents distinguish different types of messages and model these messages frequentlyas speech - acts and use complex protocols to negotiate

[Iglesias et al. 1998]. In particular, these messages must satisfystandardized communicative (speech) acts, which define the type and the content of the message (e.g., the FIPA agent communication language, or

KQML) [FIPA 2000][Finin et al. 199 7]. Note that in Figure 5, each named MPU action_i refers to a communicative act, thus our agent - based model supports an agent communication interface. In addition, agents analyze these messages and can decide whether to execute the requested action. As we stated before, agent communications are typicallybased on asynchronous message passing. Since asynchronous message passing is more fundamental than synchronous message passing, it is useful for us to introduce a new mechanism, called Message - passing Swit ch Place (MSP) , to directlysupport asynchronous message passing. When a token reaches an MSP (we represent it as an ellipsis in Figure 5), the token is removed and deposited into the GSP of the called agent. But, unlike with the standard G - net ISP mechani sm, the calling agent does not wait for the token to return before it can continue to execute its next step. Since we usually do not think of agents as invoking methods of one - another, but rather as requesting actions to be performed

[Jennings et al. 1998] , in our agent - based model, we restrict the usage of ISP mechanisms, so theyare only used to refer to an agent itself. T hus, in our models, one agent maynot directlyinvoke a method defined in another agent. All communications between agents must be carr ied out through asynchronous message passing as provided bythe MSP mechanism.

A template of the Planner module is shown in Figure 6. Since the modules Goal, Plan and Knowledge - base have the same interface with the Planner module, for brevity, we represe nt themas a single special place

(denoted bydouble ellipses in Figure 6), which contains a token Goal/Plan/KB that represents a set of goals, a set of plans and a set of beliefs. T he Environment module is also represented as a special place that contains a token Environment as a model of the outside world of the agent. T he Planner module is goal - driven because the transition start_a_conversation mayfire whenever an attempt is made to achieve a committed goal. In addition, the Planner module is also messa ge - triggered because certain actions may initiate whenever a message arrives (either fromsome other agent or the agent itself). If the message comes fromsome other agent, it will be dispatched to a MPU defined in the incoming messages section of the agen t - based G - net´s internal structure. After the message is processed, the MPU will transfer the processed message as a token to the GSP place of the agent itself. T his is done bysending a message MSP( self ) to the agent itself. Upon arrival of this internal message, the transition internal mayfire, and the next action will be determined based on the agent´s current mental state. Alternatively, the next action could be to ignore the message or to continue with the current conversation. In either case, a token will be deposited in place update_goal/plan/kb , and the transition update mayfire. As a consequence, the agent´s mental state may change. If the next action is to continue the conversation, the tag of the token will be changed from internal to external , and the token will be deposited in place dispatch_outgoing_message . In this case, the corresponding MPU will be called before the message is sent to some other agent byusing the MSP mechanism. In addition, an agent mayprovide a set of private utilityfu nctions for itself and allowother functional units to make synchronous method calls to it. Whenever there is a method call, the token deposited in the GSP place will be moved to place dispatch_utilities and then will be dispatched to a method defined in t he private utilities section.

GSP( G )

Figure 6. A template of Planner module

Goal/Plan/KB

Environment ignore

start_a_ conversation

�

�

�

�

�

continue

external internal update to place ^goal~ to place ^knowledge base~

from transition

^update~ update_ goalplan/kb

next_ action dispatch_ utilities

dispatch_ outgoing_ message

dis patch_ incoming_ message

�

private_ utilities incoming messages outgoing mes sages private utilities

As a result of this extension to G - nets, the structure of tokens in the agent - based G - net model should be redefined. In addition to the ordinarytoken int roduced in place syn , essentiallythere are five types of colored tokens, namelythe message token mTkn , the goal token gTkn , the plan token pTkn , the knowledge token kTkn and the environment token eTkn . One wayto construct the gTkn , pTkn , kTkn and eTkn i s as linked lists. In other words, a gTkn represents a list of goals, pTkn represents a list of plans, a kTkn represents a list of facts, and an eTkn represents a list of events that are of the agent´s interests. Since these four types of tokens confine th emselves to those special places of their corresponding modules, we do not describe themfurther in this paper.

A mTkn is a 2 - tuple (tag, body) , where tag Î { internal , external , private } and body is a variant, which is determined bythe tag. According to the tag, the token deposited in a GSP will finallybe dispatched into a

MPU or a method defined in the internal structure of the agent - based G - net. T hen the body of the token mTkn will be interpreted differently. More specifically, we define the mTkn body as follows:

struct Message{ int sender; // the identifier of the message sender int receiver; // the identifier of the message receiver string protocol_type; // the type of contract net prot ocol string name; // the name of incoming/outgoing messages string content; // the content of this message

};

enum Tag { internal , external };

struct MtdInvocation {

Triple (seq, sc, mtd); // as defined in Section 2.1

} if ( mTkn.tag Î { internal , external }) then mTkn.body = struct {

Message msg; // message body

} else mTkn.body = struct {

Message msg; // message body

Tag old_tag; // to record the old tag: internal/external

MtdInvocation miv; // to trace method invocations

}

When mTkn.tag Î { internal , external }, and an ISP method call occurs, the following steps will take place:

1. T he two variables old_tag and miv are attached to the mTkn to define mTkn.body.old_tag and mTkn.body.miv , respectively. T hen, mTkn.tag (the current tag, one of internal or external ) is recorded into mTkn.body.old_tag , and mTkn.tag is set to private .

2. Further method calls are traced bythe variable mTkn.body.miv , which is a triple of (seq, sc, mtd) . T he tracing algorithmis defined as in the original G - net definitions [9].

3. After all the ISP method calls are finished and the mTkn token returns to the original ISP , the mTkn.tag is set back as mTkn.body.old_tag , and both the variables old_tag and miv are detached.

We nowprovide a fewkeydefinitions giving the formal structure of our agent - based G - net models.

Definition 3.1 Agent - based G - net

An agent - based G - net is a 7 - tuple AG = (GSP, GL, PL, KB, EN, PN, IS) , where G SP is a Generic Switch

Place providing an abstract for the agent - based G - net, GL is a Goal module, PL is a Plan module, KB is a

Knowledge - base module, EN is an Environment module, PN is a Planner module, and IS is an internal structure of AG .

Definition 3.2 Planner Module

A Planner module of an agent - based G - net AG is a colored sub - net defined as a 7 - tuple (IGS, IGO, IPL,

IKB, IEN, IIS, DMU) , where IGS , IGO , IPL , IKB, IEN and IIS are interfaces with GSP , Goal module, Plan module, Knowledge - base module, En vironment module and internal structure of AG, respectively. DMU is a set of decision - making unit, and it contains three abstract transitions: make_decision , sensor and update .

Definition 3.3 Internal Structure (IS)

An internal structure (IS) of an agen t - based G - net AG is a triple (IM, OM, PU) , where IM/OM is the incoming/outgoing message section, which defines a set of message processing units (MPU) ; and PU is the private utility section, which defines a set of methods .

Definition 3.4 Message Processin g Unit (MPU)

A message processing unit (MPU) is a triple (P, T, A) , where P is a set of places consisting of three special places: entry place, ISP and MSP . Each MPU has onlyone entry place and one MSP , but it maycontain multiple ISP s. T is a set of tran sitions, and each transition can be associated with a set of guards. A is a set of arcs defined as: ((P - { MSP }) x T ) È ((T x (P - { entry }).

Definition 3.5 Method

A method is a triple (P, T, A) , where P is a set of places with three special places: entry pla ce, ISP and return place. Each method has onlyone entry place and one return place, but it maycontain multiple ISP s.

T is a set of transitions, and each transition can be associated with a set of guards. A is a set of arcs defined as: ((P - { return }) x T ) È ((T x (P - { entry }).

3.3 Selling and Buying Agent Design

T o illustrate howto design a selling/buying agent byusing our agent - based G - net model, we use an example derived from[Odell 2000]. Figure 7 (a) is a modified example of an FIPA contract net prot ocol, which depicts a template of protocol expressed as a UML sequence diagramfor a price - negotiation protocol between a buying agent and a selling agent. T o correctlydrawthe sequence diagramfor this template, we need to introduce two newnotations, i. e., the end of protocol operation ^ · ~ and the iteration of communicative acts operation ^ * ~. Examples of using these two notations are as follows. In Figure 7 (a), we put a mark of ^ · ~ in front of the message name ^ refuse ~ to indicate that this message en ds the protocol.

In the same figure, a mark ^ * ~ is put on the right corner of the narrowrectangle for the message ^ propose ~ to indicate that the communicative actions in this section can be repeated zero or more times.

When a conversation based on this contract net protocol begins, the buying agent sends a request for price to a selling agent. T he selling agent can then choose to response to the buying agent byrefusing to provide price or submitting a proposal. Here the ^x~ in the decision diamond indic ates an exclusive - or decision. If a proposal is offered, the buying agent has a choice of either accepting or rejecting the proposal. If a selling agent receives a reject - proposal message, it maysend the buying agent a newproposal or replies the buying a gent with a confirmation message. If the selling agent receives an accept - proposal message, it will simplysend a confirmation message to the buying agent. Whenever a confirmation message is sent, the protocol ends. Figure 7 (b) and 7 (c) shows two actual cases of this protocol template. In Figure 7 (b), the selling agent´s proposal is accepted bythe buying agent in one round; while Figure 7 (c) shows the case that the proposal is accepted bythe buying agent in the second round.

Buyer Buyer Buyer

Seller Seller Seller request - price x

· refuse propose x

accept - proposal reject - proposal

· confirm

request - price propose accept - proposal

· confirm

request - price propose reject - proposal propose accept - proposal

· confirm

(a) (b) (c)

Figure 7. A contract net protocol between buying and selling agent

propose x

accept - proposal reject - proposal

*

GSP( G ) mesg_pr - ocessing

incoming messages

Figure 8. An Agent - based G - net model for buyingagent class

Plan outgoing messages propose refuse t4

Environment

Planner

MSP( self ) MSP( self ) MSP( self ) MSP(G´.Aid)

confirm request - price accept - proposal re ject - proposal mesg_pr - ocessing

mesg_pr - ocessing

mesg_pr - ocessing return return

private utilities utility_1 utility_p

�

�

utili - ty_1

utili - ty_p

mesg_pr - ocessing

MSP(G´.Aid) MSP(G´.Aid)

mesg_pr - ocessing

Notes: G´.Aid = mTkn.body.msg.receiver as defined later in this section

Goal Knowl edge - base

Based on the communicative acts (e.g., request - price, propose etc.) needed for this contract net protocol, we maydesign the buying agent as in Figure 8. In Figure 8, the Goal and Knowledge - base modules remain as abstract units and can be refined in further detailed design. T he Planner module mayuse Figure 6 as a template, with the transition start_a_conversation and the place next_action lef t to be refined in further detailed design too. In the private utilities section, we maydefine some necessaryfunctions that can be called bythe buying agent itself. Examples of such private utilityfunctions could be: compare_price , update_know - ledge_ba se etc. T he design of the selling agent is similar. We define MPUs of request - price , accept - proposal and reject - propose in the incoming messages section of the selling agent, and define

MPUs of propose , refuse and confirm in the outgoing messages section o f the selling agent.

3.4 Verifying Agent - based G - net models

One of the advantages of building a formal model for agents in agent - based design is to ensure a correct design that meets certain specifications. A correct design of agents at least has the fo llowing properties:

· L3 - live : anycommunicative act can be performed as manytimes as needed.

· Concurrent : a number of conversations among agents can happen at the same time.

· Effective : an agent communication protocol can be correctlytraced in the agent m odels.

T o verifythe correctness of agent - based G - net models for selling/buying agents with respect to the above properties, we first reduce our agent - based G - net models to an ordinaryPetri net as follows: (1) simplify the Goal module and Knowledge - base module as ordinaryplaces with ordinarytokens; (2) omit the public services and private utilities sections; (3) simplify mTkn tokens as ordinarytokens; (4) use net reduction to simplifythe Petri net corresponding to an MPU/Method as a single place; and (5) use the close world assumption and make our systemonlycontains two agents, i.e., a buying agent and a selling agent.

T he resulting ordinaryPetri net is illustrated in Figure 9. T o verifythe correctness of our agent - based G - net model for agent com munication, we utilize some keydefinitions and theorems as adapted from

[Murata 1989].

Definition 3.6 Incidence Matrix

For a Petri net N with n transitions and m places, the incidence matrix A = [ a ij ] is an n x m matrix of integers and its typical entry is given by a ij = a ij

+ - a ij

- where a ij

+ = w(i,j) is the weight of the arc fromtransition i to output place j and a ij

- = w(j,i) is the weight of the arc frominput place j to transition i .

Definition 3.7 Firing Count Vector

For some sequence of transitio n firings in a Petri net N , a firing count vector x is defined as an n - vector of nonnegative integers, where the i th entryof x denotes the number of times that transition i must fire in that firing sequence.

GSP( G )

Figure 9. A transformed model of buyingand selling agents

(goa/plan/kb)

(env)

(ignore) (continue)

(external) (internal)

(next_ action)

GSP( G )

Buyer Seller

(dispatch_ incoming_ message)

(dispatch_ incoming_ message)

(dispatch_ outgoing_ message)

(dispatch_ outgoing_ message)

(next_ action)

(external) (internal)

(start_a_ conversation)

(start_a_ conversation)

(env)

(continue)

(ignore)

a1 b1 c1 a2 b2 c2 d1 d2 e1 e2 f1 g1 h1 f2 g 2 h2 i1 i2 j1 j2 k1 l1 m1 k2 l2 m2

t1 t2 t4 t5 t6 t7 t8 t9 t10 t11 t12 t13 t14 t15 t16 t17 t18

t19 t20

t21 t3 t22 t23 t24 t25 t26 t27 t28 t29 t30 t31 t34

t32 t35

t33 t36

(update) (update)

(propose, refuse, confirm)

(request_price, accept_proposal, reject_proposal)

(request_price, accept_proposal, reject_proposal)

(propose, refuse, confirm)

(goa/plan/kb)

Definition 3.8 T - invariant

For a Petri net N , an n - vector x of integers ( x ¹ 0) is called a T - invariant if x is an integer solution of homogeneous equation A

T x = 0, where A is the incidence matrix of Petri net N .

Definition 3.9 Sup port and minimal - support T - invariant

T he set of transitions corresponding to non - zero entries in a T - invariant x ³ 0 is called the support of a T - invariant and is denoted as || x ||. A support is said to be minimal if no proper non - emptysubset of the suppor t is also a support. Given a minimal support of a T - invariant, there is a unique minimal T - invariant corresponding to the minimal support. Such a T - invariant is called the minimal - support T - invariant .

Definition 3.10 L3 - live Petri net

A Petri net N with initial marking M 0 , denoted as (N, M 0 ) , is said to be L3 - live if for everytransition t in the net, t appears infinitelyoften in some firing sequence L(N, M 0 ) , where L(N, M 0 ) is the set of all possible firing sequences fromM 0 in the net (N, M 0 ) .

Theorem 3.1 An n - vector x is a T - invariant of a Petri net N iff there exists a marking M 0 and a firing sequence s that reproduces the marking M 0 , and x defines the firing count vector for s .

Theorem3.2 A Petri net N with initial marking M 0 is L3 - live if there e xists a set of minimal - support T - invariants that covers all the transitions in the net, and for each minimal - support T - invariant there exists a firing sequence that reproduces the initial marking M 0 .

Proof: Let T be the set of transitions in Petri net (N, M 0 ) , G be the set of minimal - support T - invariants that covers all the transitions in T . Fromthe given condition, we knowthat for " t Î T , $ c Î G , which covers transition t . Since for the minimal - support T - invariant c , there exists a finite firing sequenc e r that reproduces the initial marking M 0 , t appears in r . Let the infinite firing sequence s = r · r · r · r �, where ^ · ~ is the concatenation operator between finite sequences, t appears in s infinitelyoften. By definition 4.5, Petri net (N, M 0 ) is L3 - live . à a

1

b

1

c

1

d

1

e

1

f

1

g

1

h

1

i

1

j

1

k

1

l

1

m

1

a

2

b

2

c

2

d

2

e

2

f

2

g

2

h

2

i

2

j

2

k

2

l

2

m

2 t1 - 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t2 - 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t4 0 0 0 - 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t5 0 0 0 - 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t6 0 0 0 - 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t7 0 0 0 0 - 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t8 0 0 0 0 - 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t9 1 0 0 0 0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t10 1 0 0 0 0 0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t11 1 0 0 0 0 0 0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t12 0 0 0 0 0 0 0 0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t13 0 0 0 0 0 0 0 0 0 - 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t14 0 0 0 0 0 0 0 0 0 - 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t15 0 0 0 0 0 0 0 0 0 - 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 t16 0 0 0 0 0 0 0 0 0 0 - 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 t17 0 0 0 0 0 0 0 0 0 0 0 - 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 t18 0 0 0 0 0 0 0 0 0 0 0 0 - 1 1 0 0 0 0 0 0 0 0 0 0 0 0 t19 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 1 0 0 0 0 0 0 0 0 0 t20 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 0 1 0 0 0 0 0 0 0 0 t21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 t22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 1 0 0 0 0 0 0 0 t23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 1 0 0 0 0 0 0 t24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 0 1 0 0 0 0 0 t25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 0 1 0 0 0 0 t26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 0 1 1 0 0 0 t27 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 - 1 0 0 0 0 0 0 0 t28 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 - 1 0 0 0 0 0 0 t29 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 - 1 0 0 0 0 0 t30 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 0 0 t31 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 1 0 0 t32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 1 0 t33 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 1 t34 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 0 t35 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1 0 t36 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - 1

Table 1. The incidence matrix A of the Petri net in Figure 9

T he incidence matrix A of the Petri net in Figure 9 is listed in T able 1 . Byusing Definition 3.6 and 3.9, we can calculate a set of minimal - support T - invariants as follows:

x 1 = [1 1 0 1 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0] x 2 = [0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 1 0 1 0 0 1 0 1 0 0 1 0 0 0 0 0 0] x 3 = [1 1 1 1 0 0 1 0 1 0 0 1 1 0 0 1 0 0 1 1 0 1 0 0 0 1 1 0 0 1 1 0 0 1 0 0] x 4 = [1 1 1 0 0 1 1 0 0 0 1 1 0 1 0 0 1 0 1 1 0 0 1 0 0 1 0 1 0 1 0 0 1 0 0 1] x 5 = [1 1 0 0 1 0 0 1 0 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 1 0 0 0 1 1 0 1 0 0 1 0]

FromT heorem3.1, for each minimal - support T - invariant x i in our example, there exists a marking M 0 and a firing sequence s i , which reproduces the marking M 0, and x i defines the firing count vector for s i .

Obviously, the following firing sequences s

1 , s

2 , � s

5 reproduce the initial marking M 0 = [0 1 1 0 0 0 0

0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0], and x 1 , x 2 , � x 5 define the firing count vectors for s

1 , s

2 , � s

5 respectively:

s

1 = < t21, t31, t34, t1, t4, t9, t2, t7, t12> s

2 = < t3, t13, t16, t19, t22, t27, t20, t25, t30> s

3 = < t3, t13, t16, t19, t22, t27, t20, t26, t30, t31, t34, t1, t4, t9, t2, t7, t12> s

4 = < t3, t14, t17, t19, t23, t28, t20, t26, t30, t33, t36, t1, t6, t11, t2,t7,t12> s

5 = < t21, t32, t35, t1, t5, t10, t2, t8, t12, t15, t18, t19, t24,t 29,t20,t25,t30>

Since the above minimal - support T - invariants cover all the transitions in the net, and for each minimal - support T - invariant, there exists a firing sequence that reproduces the initial marking M 0 , fromT heorem

3.2, we conclude that our Petr i net model with initial marking M 0 is L3 - live , i.e., for anytransition t in our net model, we can find an infinite firing sequence that t appears infinitelyoften. Consequently, any communicative act can be performed as manytimes as needed 2 .

In Figure 9, it is obvious to see that our net model is unbounded. T his is because transitions t3 and t21 can fire as manytimes as needed. T his behavior shows that both the buying and selling agent mayinitiate conversations autonomouslyand concurrently(as we st ated before, the initiation of a newconversation is goal driven). T here can be as manyconversations as necessarybetween the buying agent and the selling agent. As an example, a buying agent mayrequest prices of several goods froma selling agent at the same time, and several buying agents mayrequest price of the same goods froma selling agent concurrently.

In addition, we maytrace an agent communication protocol p in our net model with a firing sequence s .

For a protocol p , a corresponding firing se quence s in our net model has more semantics than the protocol itself because when we actuallyexecute a protocol in our net, we need to do additional work, such as updating the goal or knowledge base after each communicative act. Since a marking M that is reachable fromM 0 , but M ¹ M 0 , represents that there are still some ongoing conversations in the net, to correctly

2 One of the limitations for invariant approach is that it is not sufficient to prove a Petri net is L4 - live or live , i.e., from anymarking M that is reachable from M 0 , it is possible to ultimatelyfire anytransition o f the net.

trace a protocol p in our net model, it is essential for us to find a firing sequence s that reproduces the initial marking M 0 . In other wor ds, we need to make sure that there will be no residual tokens for a conversation left in the net after that conversation completes. In this case, we saythat the protocol p can be effectively traced as a firing sequence s in our net model. T o showthat a protocol p can be effectively traced, we use the contract net protocol examples in Figure 7 (b) and Figure 7 (c). T hese two protocols can be traced in our net model as follows:

s b = <t3, t13, t16, t19, t22, t27, t20, t26, t30, t31, t34, t1, t4, t9, t2, t8 , t12, t14, t17, t19, t23, t28, t20, t26, t30, t33, t36, t1, t6, t11, t2, t7, t12> s c = <t3, t13, t16, t19, t22, t27, t20, t26, t30, t31, t34, t1, t4, t9, t2, t8, t12, t15, t18, t19, t24, t29, t20, t26, t30, t31, t34, t1, t4, t9, t2, t8, t12, t14, t17, t1 9, t23, t28, t20, t26, t30, t33, t36, t1, t6, t11, t2, t7, t12>

ByDefinition 3.7, we calculate their corresponding firing count vectors x b and x c as follows:

x b = [2 2 1 1 0 1 1 1 1 0 1 2 1 1 0 1 1 0 2 2 0 1 1 0 0 2 1 1 0 2 1 0 1 1 0 1] x c = [3 3 1 2 0 1 1 2 2 0 1 3 1 1 1 1 1 1 3 3 0 1 1 1 0 3 1 1 1 3 2 0 1 2 0 1]

ByDefinition 3.8, it is easyto verifythat both x b and x c are T - invariants because both of the equations

A T x b = 0 and A T x c = 0 are satisfied. T his shows that both firing sequences s b and s c can reproduce the initial marking M 0 . In other words, we prove that both protocols in Figure 7 (b) and 7 (c) can be effectively traced in our agent - based model.

3.5 Discussion

One of the most rapidlygrowing areas of interest for Internet technologyis that of electronic commerce.

Consumers are looking for suppliers selling products and services on the Internet, while suppliers are looking for buyers to increase their market share. For convenience and efficiency, we believe that multi - agent system(MAS) is an effective wayto automate the time consuming process of looking for buyers or sellers and negotiate in order to obtain the best deal. Although there are several implementations of agent - based electronic marketplaces available [Chavez and Maes 1996][T svetovatyy et al. 1997], formal framework for such systems are few. It is an increasing need to provide formal methods in MAS specification and design to ensure robust and reliable products.

Chapter 4

A Framework for Modeling Agent - Oriented

Software

4.1 Introduction

T o avoid building a methodologyfromscratch, the researchers on agent - oriented methodologies have followed the approach of extending existing methodologies to include the relevant aspects of agents. T hese extensions have been carried ou t mainlyin two areas: objected - oriented (OO) methodologies and know engineering (KE) methodologies [Iglesias et al. 1998]. Now we give a brief introduction to these two ways of extensions.

T o extend object - oriented methodologies for agent modeling is a n ature wayfor most of the software engineers. T his is because there are similarities between the object - oriented paradigmand the agent - oriented paradigm[Kinny et al. 1996]. Since the earlytimes of distributed artificial intelligence (DAI), the close rel ationship between DAI and Object - Based Concurrent Programming (OBCP) was established

[Gasser and Briot 1992]. As stated byShoham, the agents can be considered as active objects , i.e., objects with a mental state [Shoham1993]. Both paradigms use message p assing for communication and can use inheritance and aggregation for defining its architecture. T he main difference is the constrained type of messages in the AO paradigmand the definition of a state of an agent in terms of its beliefs, desires and intent ions [Iglesias et al. 1998].

T he popularityof object - oriented methodologies is another potential advantage for this approach. Many object - oriented methodologies are being used in the industrywith success. Examples of such methodologies are Object Modeli ng T echnique (OMT ) [Rumbaugh et al. 1991], Object - Oriented Software

Engineering (OOSE) [Jacobson et al. 1992], Object - Oriented Design [Booch 1994] and Unified Modeling

Language (UML) [Rational 1997]. T his experience can be a keyto facilitate the integrati on of agent technologyinto OO methodologies. T his is because, on the one hand, the software engineers can be reluctant to use and learn a complete newmethodology, and on the other hand, the managers would prefer to followmethodologies that have been suc cessfullytested.

Previous work based on this approach includes: agent modeling technique for systems of BDI agents

[Kinny et al. 1996], agent - oriented analysis and design [Burmeister 1996] and agent unified modeling language (AUML) [Odell 2000].

For th e second approach, knowledge engineering methodologies can provide a good basis for multi - agent systems modeling since theydeal with the development of knowledge based systems. Since the agents have cognitive characteristics, these methodologies are quite helpful to modeling agent knowledge. T he extension of current knowledge methodologies can take advantage of the acquired experience in these methodologies. In addition, both the existing tools and the developed problemsolving method libraries can be reus ed. An example of this approach is the Gaia methodologyfor agent - oriented analysis and design suggested byWooldridge and his colleagues [Wooldridge et al. 2000].

In this proposal, we adopt the first approach, however unlike previous work, our approach u ses the principle of ^separation of concerns~ in agent - oriented design. We separate the traditional object - oriented features and reasoning mechanisms in our agent - oriented software model as much as possible, and we discuss howreuse can be achieved in term s of functional units, such as message processing units ( MPU s) and private functions, in agent - oriented design. While some people advocated that inheritance has limited value in conceptual models of agent behavior [Jennings 2000][Wooldridge et al. 2000], w e illustrate a useful role for inheritance in our agent - oriented models. Our agent - based model is derived fromthe general agent model given in [Xu and Shatz 2001a], and the extensions that create an agent - oriented model are derived fromthe framework pres ented in [Xu and Shatz 2001b].

4.2 An Agent - Oriented Model

4.2.1 An Architecture f or Agent - Oriented Modeling

T o reuse the design of agent - based G - net model shown in Figure 5 (Chapter 3), we keep our agent - oriented

G - net model to have the same structure as an agent - based G - net model. However, to deal with inheritance, we must revise our Planner module. In our new Planner module, we introduce newmechanisms such as synchronous Superclass switch Place (ASP) , and decision - making units such as abstract transi tions. T he template of the Planner module is shown as in Figure 10 3 . Similarlyas before, the modules Goal , Plan ,

Knowledge - base and Environment are represented as four special places (denoted bydouble ellipses in

Figure 10), each of which contains a toke n that represents a set of goals, a set of plans, a set of beliefs and a model of the environment, respectively. T hese four modules connect with the Planner module through abstract transitions, denoted byshaded rectangles in Figure 10 (e.g., the abstract transition make_decision ).

Abstract transitions represent abstract units of decision - making or mental - state - updating. At a more detailed level of design, abstract transitions would be refined into sub - nets; however howto make decisions and howto update a n agent´s mental state is beyond the scope of this paper, and will be considered in our future work. In the Planner module, there is a unit called autonomous unit that makes an agent autonomous and internally - motivated. An autonomous unit contains a sensor (represented as an abstract transition), which mayfire whenever the pre - conditions of some committed plan are satisfied or when newevents are captured fromthe environment. If the abstract transition sensor fires, based on an agent´s current mental stat e (goal, plan and knowledge - base), the autonomous unit will then decide whether to start a conversation or simplyupdate its mental state. T his is done byfiring either the transition start_a_conversation or the transition automatic_update after executing anynecessaryactions associated with place new_action .

GSP( G )

Fig ure 10. A template for the Planner module (initial design)

Goal Knowledge - base make_ decision start_a_ conver_ sation

�

�

�

�

� continue

external internal to place ^Goal~ to place ^Plan~ to place ^Knowledge base~

from transition

^update~ update_ goal/plan/kb

check_ primary dispatch_ outgoing_ message

dispatch_ incoming_ message

�

dispatch_ private_ utility

private

Plan bypass

ASP( super ) ignore

next_ action

sensor automatic_ update

new_ action

ASP( super )

A SP( super ) update outgoing messages

private utilities

incoming mes sages

autonomous unit

Environment syn

<e>

<e>

<e>

Note that the Planner module is both goal - driven and event - driven because the transition sensor mayfire when anycommitted pla n is readyto be achieved or anynewevent happens. In addition, the Planner module is also message - triggered because certain actions mayinitiate whenever a message arrives (either fromsome other agent or fromthe agent itself). A message is represented as a message token with a tag of

3 Actually, this module purposelycontains a somewhat subtle design error that is used to demonstrate the value of automated verification in Chapter 5.

internal / external / private . A message token with a tag of external represents an incoming message which comes fromsome other agent, or a newlygenerated outgoing message before sending to some other agent;

while a message t oken with a tag of internal is a message forwarded byan agent to itself with the MSP mechanism. In either case, the message token with the tag of internal / external should not be involved in an invocation of a method call. On the contrary, a message token with a tag of private indicates that the token is currentlyinvolved in an invocation of some method call. When an incoming message/method arrives, with a tag of external / private in its corresponding token, it will be dispatched to the appropriate

MPU/meth od defined in the internal structure of the agent. If it is a method invocation, the method defined in the private utility section of the internal structure will be executed, and after the execution, the token will return to the calling unit, i.e., an ISP of the calling agent. However, if it is an incoming message, the message will be first processed bya MPU defined in the incoming message section in the internal structure of the agent. T hen the tag of the token will be changed from external to internal be fore it is transferred back to the GSP of the receiver agent byusing MSP( self ) . Note that we have extended G - nets to allowthe use of the keyword self to refer to the agent object itself. Upon the arrival of a token tagged as internal in a

GSP , the transi tion internal mayfire, followed bythe firing of the abstract transition make_decision . Note that at this point of time, there would exist tokens in those special places Goal , Plan and Knowledge - base , so the transition bypass is disabled (due to the ^inhi bitor arc~ 4 ) and maynot fire (the purpose of the transition bypass is for inheritance modeling, which will be addressed in Section 4.2.2). Anynecessary actions maybe executed in place next_action before the conversation is either ignored or continued. I f the current conversation is ignored, the transition ignore fires; otherwise, the transition continue fires. If the transition continue fires, a newlyconstructed outgoing message, in the formof a token with a tag of external , will be dispatched into the appropriate MPU in the outgoing message section of the internal structure of the agent. After the message is processed bythe MPU , the message will be sent to a receiver agent byusing the MSP(Receiver) mechanism. In either case, a token will be deposited into place update_goal/plan/kb , allowing the abstract transition update to fire. As a consequence, the Goal , Plan and

Knowledge - base modules are updated if needed, and the agent´s mental state maychange.

T o ensure that all decisions are made upon the la test mental state of the agent, i.e., the latest values in the goal, plan, and knowledge - base modules, and similarlyto ensure that the sensor always captures the latest mental state of the agent, we introduce a synchronization unit syn , modeled as a place marked with an ordinarytoken (black token). T he token in place syn will be removed when the abstract transition make_decision or sensor fires, thus delaying further firing of these two abstract transitions until completion of actions that update the valu es in the goal, plan and knowledge - base modules. T his mechanismis intended to guarantee the mutual exclusive execution of decision - making, capturing the latest mental state and events, and updating the mental state. Note that we have used the label <e> on each of the arcs

4 An inhibitor arc connects a place to a transition and defines the propertythat the transit ion associated with the inhibitor arc is enabled onlywhen there are no tokens in the input place.

connecting with the place syn to indicate that onlyordinarytokens maybe removed fromor deposited into the place syn .

4.2.2 Inheritance Modeling in Agent - Oriented Design

Although there are different views with respect to the concept of agent - oriented design [Iglesias et al. 1998]

[Jennings 2000], we consider an agent as an extension of an object, and we believe that agent - oriented design should keep most of the keyfeatures in object - oriented design. T hus, to progress froman agent - ba sed model to an agent - oriented model, we need to incorporate some inheritance modeling capabilities.

But inheritance in agent - oriented design is more complicated than in object - oriented design. Unlike an object (passive object), an agent object has mental states and reasoning mechanisms. T herefore, inheritance in agent - oriented design invokes two issues: an agent subclass mayinherit an agent superclass´s knowledge, goals, plans, the model of its environment and its reasoning mechanisms; on the other hand, as in the case of object - oriented design, an agent subclass mayinherit all the services that an agent superclass mayprovide, such as private utilityfunctions. T here is existing work on agent inheritance with respect to knowledge, goals and plans [Kinny and Georgeff 1997][Crnogorac et al. 1997]. However, we believe that since inheritance happens at the class level, an agent subclass maybe initialized with an agent superclass´s initial mental state, but newknowledge acquired, newplans made, and newgoal s generated in a individual agent object (as an instance of an agent superclass), can not be inherited byan agent object when creating an instance of an agent subclass. A superclass´s reasoning mechanismcan be inherited, however it is beyond the scope of this paper. For simplicity, we assume that an instance of an agent subclass (i.e., an subclass agent) always uses its own reasoning mechanisms, and thus the reasoning mechanisms in the agent superclass should be disabled in some way. T his is necessarybec ause different reasoning mechanisms may deduce different results for an agent, and to resolve this type of conflict maybe time - consuming and make an agent´s reasoning mechanisminefficient. T herefore, in this paper we onlyconsider howto initialize a sub class agent´s mental state while an agent subclass is instantiated; meanwhile, we concentrate on the inheritance of services that are provided byan agent superclass, i.e., the MPUs and methods defined in the internal structure of an agent class. Before pr esenting our inheritance scheme, we need the following definition:

Definition 4.1 Subagent and Primary Subagent

When an agent subclass A is instantiated as an agent object AO , a unique agent identifier is generated, and all superclasses and ancestor class es of the agent subclass A , in addition to the agent subclass A itself, are initialized. Each of those initialized classes then becomes a part of the resulting agent object AO . We call an initialized superclass or ancestor class of agent subclass A a suba gent , and the initialized agent subclass

A the primary subagent .

T he result of initializing an agent class is to take the agent class as a template and create a concrete structure of the agent class and initialize its state variables. Since we represent an agent class as an agent - oriented G - net, an initialized agent class is modeled byan agent - oriented G - net with initialized state variables. In particular, the four tokens in the special places of an agent - oriented G - net, i.e., gTkn , pTkn , kTkn and eTkn , are set to their initial states. Since different subagents of AO mayhave goals, plans, knowledge and environment models that conflict with those of the primarysubagent of AO , it is desirable to resolve themin an earlystage. In our case, we deal with th ose conflicts in the instantiation stage in the following way. All the tokens gTkn , pTkn , kTkn and eTkn in each subagent of AO are removed fromtheir associated special places, and the tokens are combined with the gTkn , pTkn , kTkn and eTkn in the primary s ubagent of AO . 5 T he resulting tokens gTkn , pTkn , kTkn and eTkn (newlygenerated byunifying those tokens for each type), are put back into the special places of the primarysubagent of AO . Consequently, all subagents of AO lose their abilities for reasonin g, and onlythe primarysubagent of AO can make necessary decisions for the whole agent object. More specifically, in the Planner module (as shown in Figure 10) that belongs to a subagent, the abstract transitions make_decision , sensor and update can never be enabled because there are no tokens in the following special places: Goal , Plan and Knowledge - base . If a message tagged as internal arrives, the transition bypass mayfire and a message token can directlygo to a MPU defined in the internal structure o f the subagent if it is defined there. T his is made possible byconnecting the transition bypass with inhibitor arcs (denoted bydashed lines terminated with a small circle in Figure

10) fromthe special places Goal , Plan and Knowledge - base . So the transit ion bypass can onlybe enabled when there are no tokens in these places. In contrast to this behavior, in the Planner module of a primary subagent, tokens do exist in the special places Goal , Plan and Knowledge - base . T hus, the transition bypass will never be enabled. Instead, the transition make_decision must fire before an outgoing message is dispatched.

T o reuse the services (i.e., MPUs and methods ) defined in a subagent, we need to introduce a new mechanismcalled Asynchronous Superclass switch Place (A SP) . An ASP (denoted byan ellipsis in Figure

10) is similar to a MSP , but with the difference that an ASP is used to forward a message or a method call to a subagent rather than to send a message to an agent object. For the MSP mechanism, the receiver cou ld be some other agent object or the agent object itself. In the case of MSP( self ) , a message token is always sent to the GSP of the primarysubagent. However, for ASP( super ) , a message token is forwarded to the

GSP of a subagent that is referred to by su per . In the case of single inheritance, super refers to a unique superclass G - net, however with multiple inheritance, the reference of super must be resolved bysearching the class hierarchydiagram.

5 T he process of generating the newtoken values would involve actions such as conflict resolution among goals, plans or knowledge - bases, which is a topic ou tside the scope of our model and this paper.

When a message/method is not defined in an agent subcl ass model, the dispatching mechanismwill deposit the message token into a corresponding ASP( super ) . Consequently, the message token will be forwarded to the GSP of a subagent, and it will be again dispatched. T his process can be repeated until the root su bagent is reached. In this case, if the message is still not defined at the root, an exception occurs. In this paper, we do not provide exception handling for our agent - oriented G - net models, and we assume that all incoming messages have been correctlydef ined in the primarysubagent or some other subagents.

4.3 Examples of Agent - Oriented Design

4.3.1 A Hierarchy of Agents in an Electronic Marketplace

Consider an agent familyin an electronic marketplace domain. Figure 11 shows the agents in a UML class hierarchynotation. A shopping agent class is defined as an abstract agent class that has the abilityto register in a marketplace through a facilitator, which serves as a well - known agent in the marketplace. A shopping agent class cannot be instantiated as an agent object, however, the functionalityof a shopping agent class can be inherited byan agent subclass, such as a buying agent class or a selling agent class. Both the buying agent and selling agent mayreuse the functionalityof a shopping agent c lass byregistering themselves as a buying agent or a selling agent through a facilitator. Furthermore, a retailer agent is an agent that can sell goods to a customer, but it also needs to buygoods fromsome selling agents. T hus a retailer agent class is designed as a subclass of both the buying agent class and the selling agent class. In addition, a customer agent class maybe defined as a subclass of a buying agent class, and an auctioneer agent class maybe defined as a subclass of a selling agent class . In this paper, we onlyconsider four types of agent class, i.e., the shopping agent class, the buying agent class, the selling agent class and the retailer agent class. T he modeling of the customer agent class and auctioneer agent class can be done in a similar way.

Shopping agent

Customer agent

Buying agent Selling agent

Retailer agent Auctioneer agent

Figure 11. The class hierarchy diagram of agents in an electronic mar ketplace

4.3.2 Modeling Agents in an Electronic Marketplace

As in Chapter 3, to design an agent, we first need to define the necessarycommunicative acts of that agent.

T he commun icative acts for a shopping agent, facilitator agent, buying agent and selling agent are shown as agent UML (AUML) sequence diagramin Figure 12. Figure 12 (a) depicts a template of a contract net protocol for a registration - negotiation protocol between a shopping agent and a facilitator agent. Figure 12

(b) is the same example of a contract net protocol as in Figure 7 (a), which depicts a template of a price - negotiation protocol between a buying agent and a selling agent. Figure 12 (c) shows an example of price - negotiation contract net protocol that is instantiated fromthe protocol template in Figure 12 (b).

Consider Figure 12 (a). When a conversation based on a contract net protocol begins, the shopping agent sends a request for registration to a facili tator agent. T he facilitator agent can then choose to respond to the shopping agent byrefusing its registration or requesting agent information. Here the ^x~ in the decision diamond indicates an exclusive - or decision. If the facilitator refuses the regist ration based on the marketplace´s size, the protocol ends; otherwise, the facilitator agent waits for agent information to be supplied. If the agent information is correctlyprovided, the facilitator agent then still has a choice of either accepting or rej ecting the registration based on the shopping agent´s reputation and the marketplace´s functionality. Again, if the facilitator agent refuses the registration, the protocol ends; otherwise, a confirmation message will be provided afterwards. Similarly, the price - negotiation between a buying agent and a selling agent is clearlyillustrated in Figure 12 (b).

shopping agent facilitator agent request - registration

· refuse request - info x

· confirm

(a) (b)

Figure 12. Contract net protocols (a) A template for the reg istration protocol (b) A template for the price - negotiation protocol (c) An example of the price - negotiation protocol

supply - info x accept - info *

buying agent selling agent request - price

· refuse x accept - proposal reject - proposal x

propose propose accept - proposal reject - proposal

x

· confirm

· refuse

buying agent selling agent request - pric e propose reject - proposal propose accept - proposal

· confirm

(c)

GSP( SC ) mesg_pr - ocessing

incoming messages

Figure 13. An agent - based G - Net model for shopping agent class (SC)

Goal outgoing messages request - info refuse t4

Knowledge - base

Planner

MSP( s elf ) MSP( self ) MSP( self ) MSP( self )

accept_info confirm request - registration supply - info mesg_pr - ocessing

mesg_pr - ocessing

mesg_pr - ocessing return return

private utilities utility_1 utility_p

�

�

utili - ty_1

utili - ty_p

mesg_pr - ocessing

MSP(G´.Aid) MSP(G´.Aid)

mesg_pr - ocessing

Plan Environment

Based on the communicativ e acts (e.g., request - registration, refuse, etc.) needed for the contract net protocol in Figure 12 (a), we maydesign the shopping agent class as in Figure 13. T he Goal , Plan ,

Knowledge - base and Environment modules remain as abstract units and can be refi ned in a further detailed design stage. T he Planner module mayreuse the template shown in Figure 10. T he design of the facilitator agent class is similar, however it maysupport more protocols and should define more MPUs and methods in its internal struct ure.

GSP( BC )

BC extends SC message_ processing

incoming messages

Fi gure 14. An agent - based G - Net model for buying agent class (BC)

Goal outgoing messages propose request - price

Knowledge - base

Planner

MSP( self ) MSP(G´.Aid) MSP(G´.Aid) MSP(G´.Aid)

accept - proposal rej ect - proposal message_ processing

message_ processing

message_ p rocessi ng return return

privat e utili ties utility_1 utility_p

�

�

utility_1 utility_p

Plan Environment

With inheritance, a buying agent class, as a subclass of a shopping agent class, mayreuse MPUs/methods defined in a shopping agent class´s internal structure. Similarly, based o n the communicative acts (e.g., request - price, refuse, etc.) needed for the contract net protocol in Figure 12 (b), we maydesign the buying agent class as in Figure 14. Note that we do not define the MPUs of refuse and confirm in the internal structure of the buying agent class, for theycan be inherited fromthe shopping agent class. A selling agent class or a retailer agent class can be designed in the same way. In addition to their own MPU/methods , a selling agent class inherits all MPU/methods of the s hopping agent class, and a retailer agent class inherits all MPU/methods of both the buying agent class and the selling agent class.

Now we discuss an example to showhowthe reuse of MPU/methods works. Consider a buying agent object BO , which receives a message of request - info froma facilitator agent object FO . A mTkn token will be deposited in the GSP of the primarysubagent of BO , i.e., the GSP of the corresponding buying agent class ( BC ). T he transition external in BC ´s Planner module mayfire, and th e mTkn will be moved to the place dispatch_incoming_message . Since there is no MPU for request - info defined in the internal structure of BC , the mTkn will be moved to the ASP( super ) place. Since super here refers to a unique superclass ˘ the shopping agent class ( SC ) ˘ the mTkn will be transferred to the GSP of SC . Nowthe mTkn can be correctlydispatched to the MPU for request - info . After the message is processed, MSP( self ) changes the tag of the mTkn from external to internal , and sends the processed mTkn token back into the GSP of BC .

Note that MSP( self ) always sends a mTkn back to the GSP of the primarysubagent. Upon the arrival of this message token, the transition internal in the Planner module of BC mayfire, and the mTkn token will be moved to the p lace check_primary . Since BC corresponds to the primarysubagent of BO , there are tokens in the special places Goal , Plan , Knowledge - base and Environment . T herefore the abstract transition make_decision mayfire, and anynecessaryactions are executed in p lace next_action . T hen the current conversation is either ignored or continued based on the decision made in the abstract transition make_decision . If the current conversation is ignored, the goals, plans and knowledge - base are updated as needed; otherwise , in addition to the updating of goals, plans and knowledge - base, a newlyconstructed mTkn with a tag of external is deposited into place dispatch_outgoing_message . T he new mTkn token has the message name supply - info , following the protocol defined in Figu re 12 (a). Again, there is no MPU for supply - info defined in BC , so the new mTkn token will be dispatched into the GSP of SC . Upon the arrival of the mTkn in the GSP of SC , the transition external in the Planner module of SC mayfire. However at this time, SC does not correspond to the primarysubagent of BO , so all the tokens in the special places of

Goal , Plan , Knowledge - base have been removed. T herefore, the transition bypass is enabled. When the transition bypass fires, the mTkn token will be directlyd eposited into the place dispatch_outgoing_message , and nowthe mTkn token can be correctlydispatched into the MPU for supply - info defined in SC . After the message is processed, the mTkn token will be transferred to the GSP of the receiver mTkn.body.msg.re ceiver , and in this case, it is a facilitator agent object.

For the reuse of private utilityfunctions defined in a superclass, the situation is the same as in the case of object - oriented design. In addition, there are four different forms of inheritance that are commonlyused, namelyaugment inheritance, restrictive inheritance, replacement inheritance and refinement inheritance.

T he usage of these four forms of inheritance in agent - oriented design is also similar to that in object - oriented design. Examp les concerning reuse of private utilityfunctions and different forms of inheritance can be found in Section 2.5 or [Xu and Shatz 2000].

4.4 Handling Multiple Inheritance in Agent - Oriented Models

With single inheritance, the super in ASP( super ) in an age nt object AO , as an instance of an agent class A , refers to the subagent of AO , which corresponds to the unique superclass of A . However, with multiple inheritance, super mayrefer to anyone of the subagents, which corresponds to a superclass or an ances tor classes of A . T he reference of super then needs to be resolved. In this section, we propose a modified breadth - first - search algorithmto find the appropriate reference of super . T he algorilthmis based on the hierarchyof inheritance diagramand the MP U/Methods defined in each agent - oriented G - net. Before presenting our algorithm, we need the following definitions:

Definition 4.2 Parent Set P(s)

Let s be an agent - oriented G - net, the parent set , P(s), is a set of agent - oriented G - nets, where each of the elements is a superclass of s .

Definition 4.3 Interface Set Interface(s)

Let s be an agent - oriented G - net, the interface set , Interface(s), is a set of MPU/methods defined in G - net s .

Definition 4.4 Class Hierarchy Graph G

A class hierarchy graph G=(V, E) is a formal description of the hierarchyof inheritance diagram. T he class hierarchygraph G is a directed acyclic graph G=(V, E), where V is a set of nodes of agent - oriented G - nets, and E is a set of arcs denotes the inheritance relationship.

T he brea dth - first - search algorithmis so named because it discovers all the vertices at distance k from s before processing anyvertices at distance k +1. T o keep track of progress, the breadth - first - search algorithm colors each vertex white, gray, or black. All ve rtices start out white and maylater become grayand then black. A vertex is processed the first time it is encountered during the search, at which time it becomes nonwhite. Grayand black vertices, therefore, have been processed, but breadth - first search distinguishes between themto ensure that the search proceeds in a breadth - first manner. In addition, we assume that we have the following data structures: the color of each vertex u Î V is stored in the variable color [ u ], and a first - in, first - out queue Q is used to manage the set of grayvertices. T he algorithmis presented as follows:

1. for each vertex u Î V ˘ { s }

2. do color [ u ] ¬ WHITE

3. color [ s ] ¬ GRAY

4. Q ¬ { s }

5. while Q ¹ f

6. do u ¬ head [ Q ]

7. for each v Î P ( u )

8. do if color [ v ] =

WHITE

9. then if mTkn.body.msg.name Î Interface ( v )

10. then super ¬ v ; return true

11. else color [ v ] ¬ GRAY ; E NQUEUE

( Q , v )

12. D

EQUEUE

( Q )

13. color [ u ] ¬ BLACK

14. return false

If a true value returns, a MPU/Method is discovered, and the mTkn can be directlydeposited into the GSP of super ; otherwise, the MPU/Method can not be found and an exception occurs. As stated before, we do not consider such excep tions in this paper. Note that this algorithmworks correctlyfor both single and multi - level inheritance, and it has the advantage that the message token can be deposited directlyto the appropriate GSP of a subagent without going through possible interme diate subagents.

Since a class can have more than one superclass (with multiple inheritance), the inheritance hierarchyhas the structure of a directed acyclic graph rather than a tree or forest. In this case, ambiguous or conflicting inheritance can occu r. T he three issues that must be dealt with are as follows:

· Name conflict : two or more ancestors of a class might have messages with the same name, or state variables with the same name and type.

· Repeated inheritance : When a class A inherits fromtwo sup erclasses that share a common ancestor, there are two copies of the same ancestor class. In class A , the usage of state variables and

MPUs/methods defined in the common ancestor class is ambiguous.

· Dominance problem : When a class A inherits fromtwo superc lasses that share a common ancestor, and if a MPU/method defined in the common ancestor class is redefined byone of its superclasses, the reference of this MPU/method in the subclass A is ambiguous.

For the name conflict problem, we usuallyuse a qualifi ed name to solve the problem. For instance, if both a selling agent class SAC and a buying agent class BAC defines MPU/method m_1 , the intended message/method called in a retailer agent class RAC must be referred to as SAC::m_1 or BAC::m_1 , unless m_1 is r edefined in RAC . For the repeated inheritance problem, we assume that onlyone copyof the common ancestor class is maintained. T herefore, if a state variable or MPU/method defined in a common ancestor of superclasses of class A is referenced, it is always meant to the unique one. Finally, for the dominance problem, we assume that a redefined MPU/method has a dominance over the original one.

Obviously, our modified breadth - first - search algorithmcorrectlyenforces this rule of dominance.

4.5 Discussion

Mu lti - agent systems (MAS) have become one of the most rapidlygrowing areas of interest for distributed computing. Although there are several implementations of MAS available, formal frameworks for such systems are few[Brazier et al. 1998][Rogers et al. 200 0]. In this chapter, we introduced an agent - oriented model rooted in the Petri net formalism, which provides a foundation that is mature in terms of both existing theoryand tool support. An example of an agent familyin electronic commerce was used to ill ustrate the modeling approach. Models for a shopping agent, selling agent, buying agent and retailer agent were presented, with emphasis on the characteristics of being autonomous, reactive and internally - motivated. Our agent - oriented models also provide a clean interface between agents, and agents may communicate with each other byusing contract net protocols. Bythe example of registration - negotiation protocol between shopping agents and facilitator agents, and the example of a price - negotiation protocol between shopping agents and buying agents, we illustrated howto create agent models and howto reuse functional units defined in an agent superclass.

For our future work, we will consider the refinements of the Goal , Plan , Knowledge - base and Environmen t modules. Also, the abstract transitions defined in the Planner module, i.e., make_decision , sensor and update , can be refined into correct sub - nets that capture action sequences specific to those activities. T his work will provide a bridge to other work concerned with such agent activities [Deng and Chang

1990][Murata et al. 1991a][Murata et al. 1991b]. We will also look further into issues like deadlock avoidance and state exploration problems in the agent - oriented design and verification processes.

Chapter 5

Analysis of Agent - Oriented Models

5.1 Introduction

One of the advantages of building a formal model for agents in agent - oriented design is to help ensure a correct design that meets certain specifications. A correct design of agent should meet certain key requirements, such as liveness, deadlock freeness and concurrency. Also certain properties, such as the inheritance mechanism, need to be verified to ensure its correct functionality. Petri nets offer a promising, tool - supported technique for checking the logic correctness of a design. In this section, we use a Petri tool, called INA (Integrated Net Analyzer) [Roch and Starke 1999], to analyze and verifyour agent models. We use an example of a simplified Petri net model for the interaction bet ween a single buying agent and two selling agents.

T he INA tool is an interactive analysis tool that incorporates a large number of powerful methods for analysis of P/T nets [Roch and Starke 1999]. T hese methods include analysis of: (1) structural proper ties, such as structural boundedness, T - and P - invariant analysis; (2) behavioral properties, such as boundedness, safeness, liveness, deadlock - freeness; and (3) model checking, such as checking

Computation T ree Logic (CT L) formulas. T hese analyses employ various techniques, such as linear - algebraic methods (for invariants), reachabilityand coverabilitygraph traversals. Here we focus on behavioral properties verification and model checking.

5.2 A Simplified Petri net Model for a Buying Agent and Two Sell ing Agents

T he interaction between a buying agent and two selling agents can be modeled as a net as in Figure 15. T o derive this net model, we use a GSP place to represent each selling agent. T his is practical because an agent - oriented G - net model can be abstracted as a single GSP place, and agent models can onlyinteract with each other through GSP places. Meanwhile, for the buying agent, whose class is a subclass of a shopping agent class, we simplifyit as follows:

1. Since the special places of Goal , Pla n , Knowledge - base have the same interfaces with the planner module in an agent class, we fuse theminto one single place goal/plan/kb . Furthermore, we simplify this fused place goal/plan/kb and the place of environment as ordinaryplaces with ordinarytoke ns.

2. We omit the private utilities sections in both the shopping subagent model and the buying primary subagent model. T hus, to obtain our simplified model, we do not need to translate the ISP mechanism, although such a translation to a Petri net formcan be found in [Deng et al. 1993].

GSP( Shopping )

Figure 15. A transformed model of one buying agent and two selling agents

(g oal/pla n/kb_1)

(make_ deci sion_1)

(st art_a_ conv ersatio n_1)

(co ntinue_1)

(ex ternal_1)

(inte rnal_1)

(up date_ goal/p lan/kb_1)

(ch eck_ primary_1 )

(dispatch_ outgo ing_ me ssage_ 1)

(dispatch_ incoming_ me ssage_ 1)

GSP( Se lling_2 )

(by pass_1)

(ign ore_1)

(ne xt_ action _1)

(se nsor_1 )

(au tomatic _ updat e_1)

( new _ action _1)

(up date_1) outgo ing messa ges

incoming messages

(en vironment_1)

(dispatch_ incoming_ me ssage_ 1)

GSP( Se lling_1 )

GSP( Buying )

ASP( Super )

(ign ore_2)

(co ntinue_2)

(go al/plan/kb_ 2) (en vironment_2)

(by pass_2) (se nsor_2 )

(inte rnal_2)

(ex ternal_2)

(au tomatic _ u pdate _2)

(ne w_ action _2)

(st art_a_ conv ersatio n_2)

(make_ deci sion_2)

(up date_ goal/p lan/kb_2)

(up date_2)

(ne xt_ action _2)

Shopping : Shopping Subagent

Buying : Buying Primary S ubagent

(B uying Agent Class ext ends

Shopping agent Class)

Selling_1 : Selling Agent_1

Selling_2 : Selling Agent_2

Lis t of message proces sing units

=========================

P8: request _info

P9: refuse

P10: acc ept_info

P11: confirm

P16: request - registration

P17: supply_info

P25: prop ose

P31: request - price

P32: acc ept - proposal

P33: reject - proposal outgo ing messa ges

incoming messages to superclass

ASP( Super ) to superclass

(dispatch_ outgo ing_ me ssage_ 2)

(ch eck_ primary_2 )

P1 P2

P3 P4

P5

P6

P8 P9 P10 P11

P12

P13

P1 4

P15

P16 P17

P18 P19

P20 P21

P22

P23

P25 P26

P27

P28

P29

P30

P31 P33

P32

P34

P36

P35

t1 t2 t3 t4 t5 t6 t7 t8 t9 t10 t16

t12 t13 t14 t15

t11 t17 t18 t19 t20 t21

t22 t23 t24 t25 t26 t27

t28 t29 t30 t31

t3 2 t33 t34 t35 t36

t37 t38 t40 t41

t42 t43 t44

t46

t45

(sy n_1)

(sy n_2)

P7

P24 t39

(inh ib_arc_1 )

(inh ib_arc_2 )

3. We simplify mTkn tokens as ordinarytokens. Although this simplification will cause the reachability graph of our transformed Petri net to become larger, this simplifies the message tokens, allowing us to ignore message details, which is appropriate for the purpose in this paper (we will explain it further in

Section 5.4).

4. We use net reduction (i.e., net transformation rules [Shatz et al. 1996]) to simpli fythe Petri net corresponding to an MPU/Method as a single place. For instance, the MPU identified as propose in

Figure 14 is represented as place P25 in Figure 15.

5. We use the closed - world assumption and consider a systemthat onlycontains three agents, i.e., a buying agent and two selling agents. A systemcontains more than three agents can be verified in the same way.

5.3 Deadlock Detection and Redesign of Agent - Oriented Models

Now we use the INA tool to analyze the simplified agent model illustrated in Figure 15. T o reduce the state space, we further reduce the net byfusing the MPU s in the same incoming/outgoing message section.

For instance, in Figure 8, we fuse the places P8 , P9 , P10 and P11 into one single places. Obviously, this type of net redu ction [Shatz et al. 1996] does not affect the properties of liveness, deadlock - freeness and the correctness of inheritance mechanism. In addition, we set the capacityof each place in our net model as

1, which means at anytime, some processing units, such as MPU s, can onlyprocess one message.

However, the propertyof concurrencyis still preserved because different transitions can be simultaneously enabled (and not in conflict); providing the standard Petri net notion of concurrencybased on the interleav ed semantics. For example, transitions t25 and t27 can be simultaneouslyenabled, representing that message processing for a conversation and decision - making for another conversation can happen at the same time.

T o verifythe correctness of our agent mode l, we utilize some keydefinitions for Petri net behavior properties as adapted from[Murata 1989].

Definition 5.1 Reachability

In a Petri net N with initial marking M 0 , denoted as (N, M 0 ) , a marking M n is said to be reachable froma marking M 0 if there e xists a sequence of firings that transforms M 0 to M n . A firing or occurrence sequence is denoted by s = M 0 t1 M 1 t2 M 2 � tn M n or simply s = t1 t2 � tn . In this case, M n is reachable from M 0 by s and we write M 0 [ s > M n .

Definition 5.2 Boundedness

A Petri net (N, M 0 ) , is said to be k - bounded or simply bounded if the number of tokens in each place does not exceed a finite number k for anymarking reachable from M 0 . A Petri net (N, M 0 ) is said to be safe if it is 1 - bounded.

Definition 5.3 Liveness

A Petri n et (N, M 0 ) , is said to be live if for anymarking M that is reachable from M 0 , it is possible to ultimatelyfire anytransition of the net byprogressing some further firing sequence.

Definition 5.4 Reversibility

A Petri net (N, M 0 ) is said to be reversib le if, for each marking M that is reachable fromthe initial marking

M 0 , M 0 is reachable from M .

With our net model in Figure 8 as input, the INA tool produces the following results:

Computation of the reachability graph

States generated: 8193

Arcs gener ated: 29701

Dead states:

484, 485,8189

Number of dead states found: 3

The net has dead reachable states.

The net is not live.

The net is not live and safe.

The net is not reversible (resetable).

The net is bounded.

The net is safe.

The following tra nsitions are dead at the initial marking:

7, 9, 14, 15, 16, 17, 20, 27, 28, 32, 33

The net has dead transitions at the initial marking.

T he analysis shows that our net model is not live, and the dead reachable states indicate a deadlock. By tracing the firing sequence for those dead reachable states, we find that when there is a token in place P29 , both the transitions t34 and t35 are enabled. At this time, if the transition t35 fires, a token will be deposited into place P30 . After firing transitio n t40 , the token removed fromplace P24 , byfiring transition t29 , will return to place P24 , and this makes it possible to fire either transition t27 or t29 in a future state. However if the transition t34 fires, instead of firing transition t35 , there wil l be no tokens returned to place P24 . So, transition t27 and t29 will be disabled forever, and a deadlock situation occurs.

GSP( G )

Fi gure 16. A template for the Planner module (revised design)

Goal Knowledge - base make_ decision start_a_ conver_ sation

�

�

�

�

� continue

external internal to place ^Goal~ to place ^Plan~ to place ^Knowledge base~

from transition

^update~ update_ goal/plan/kb

check_ primary dispatch_ outgoing_ message

dispatch_ incoming_ message

�

dispatch_ private_ utility

private

Plan bypass

ASP( super ) ignore

next_ action

sensor automatic_ update

new_ action

ASP( super )

ASP( super ) update outgoing messages

private utilities

incoming me ssages

autonomous unit

Environment syn

<e>

<e>

<e>

T o correct this error, we need to modifythe design of th e Planner module in Figure 10. T he model modification is to add a newarc fromtransition start_a_conversation to place syn , and the correct version of our Planner module design is shown as in Figure 16. Correspondingly, we add two newarcs in Figure

15: a n arc fromtransition t16 to place P7 , and another arc fromtransition t34 to place P24 . After this correction, we can again evaluate the revised net model byusing the INA tool. Now we obtain the following results:

Computation of the reachability graph

S tates generated: 262143

Arcs generated: 1540095

The net has no dead reachable states.

The net is bounded.

The net is safe.

The following transitions are dead at the initial marking:

7, 9, 14, 15, 16, 17, 20, 28

The net has dead transitions at the i nitial marking.

Liveness test:

Warning: Liveness analysis refers to the net where all dead transitions are ignored.

The net is live, if dead transitions are ignored.

The computed graph is strongly connected.

The net is reversible (resetable).

T his automa ted analysis shows that our modified net model is live , ignoring, of course, anytransitions that are dead in the initial marking. T hus, for anymarking M that is reachable from M 0 , it is possible to ultimatelyfire anytransition (except those dead transi tions) of the net. Since the initial marking M 0 represents that there is no ongoing (active) conversations in the net, a marking M that is reachable from M 0 , but where M ¹ M 0 , implies that there must be some conversations active in the net. Byshowing that our net model is live, we prove that under all circumstances (no matter if there are, or are not, anyactive conversations), it is possible to eventuallyperformanyneeded future communicative act. Consider the dead transitions t7 , t9 , t14 , t15 , t16 , t17 and t20 . T hese implythat the decision - making units in the shopping subagent are disabled. T he remaining dead transition, t28 , implies that the primarysubagent always makes decisions for the whole buying agent.

Our net model is safe because we have set the capacityof each place in our model to 1. A net model with capacity k ( k > 1) for each place can be proved to be k - bounded in the same way. However, the state space mayincrease dramatically.

In addition, the analysis tells us that our net model is r eversible , indicating that the initial marking M 0 can be reproduced (recall definition 4.4, given earlier). Since the initial marking M 0 represents that there are no ongoing (active) conversations in the net, the reversible propertyproves that everyconve rsation in the net can be eventuallycompleted.

5.4 Property Verification by Using Model Checking

T o further prove additional behavioral properties of our revised net model, we use some model checking capabilities provided bythe INA tool. Model checkin g is a technique in which the verification of a system is carried out byusing a finite representation of its state space. Basic properties, such as an absence of deadlock or satisfaction of a state invariant (e.g., mutual exclusion), can be verified bych ecking individual states. More subtle properties, such as guarantee of progress, require checking for specific cycles in a graph representing the states and possible transitions between them. Properties to be checked are typically described byformulae in a branching time or linear time temporal logic [Clarke et al. 1986] [Clark and

Wing 1996].

T he INA tool allows us to state properties in the formof CT L formulae [Roch and Starke 1999][Clarke et al. 1986]. Using this notation, we can specifyand verifyso me keyproperties of our revised net model, such as concurrency, mutual exclusion, and proper inheritance behavior:

· Concurrency

T he following formula says that, in the reachabilitygraph of our revised net model, there exists a path that leads to a state in which all the places P5 , P13 , P22 and P28 are marked.

EF(P5 &(P13 &(P22 &P28))) Result: The formula is TRUE

Result explanation: A T RUE result indicates that all the places P5 , P13 , P22 and P28 can be marked at the same time. FromFigure 8, w e see that incoming/outgoing messages are dispatched in these places. So the result implies that different messages can be dispatched in our net model concurrently.

· Mutual Exclusion

T he following formula says that, in the reachabilitygraph of our revis ed net model, there exists a path that leads to a state in which both places P27 and P30 (or both places P29 and P30 ) are marked.

EF(P27 &P30) V (P29 &P30)) Result: The formula is FALSE

Result explanation: A FALSE result indicates that it is imp ossible to mark both places P27 and P30 (or both places P29 and P30 ) at the same time. FromFigure 8, we see that place P27 represents anyactions executed after decision - making, and place P30 is used for updating the plan, goal and knowledge - base.

T hus, t his result guarantees that decisions can onlybe made upon the latest mental state, i.e., the latest values in plan, goal and knowledge - base modules. Similarly, the fact that P29 and P30 cannot be marked at the same time guarantees the requirement that the sensor can always capture the latest mental state.

· Inheritance Mechanism (decision - making in subagent)

T he following formula says that, in the reachabilitygraph of our revised net model, P12 , P14 and P15 are not marked in anystate on all paths.

AG( - P12 &( - P14 & - P15)) Result: The formula is TRUE

Result explanation: A T RUE result indicates that places P12 , P14 and P15 are not marked under any circumstance. FromFigure 8, we see that P12 , P14 and P15 belong to decision - making units in the s hopping subagent. As we stated earlier, all decision - making mechanisms in subagents should be disabled, with all decision - makings for an agent being achieved bythe primarysubagent. So, the result implies a desirable feature of the inheritance mechanismi n our net model.

· Inheritance Mechanism (ASP message forwarding I)

T he following formula says that, in the reachabilitygraph of our revised net model, P26 or P34 are always marked before P5 or P6 is marked.

A[(P26 VP34)B(P5 VP6)] Result: Th e formula is TRUE

Result explanation: A T RUE result indicates that neither place P5 nor P6 can become marked before the place P26 or P34 is marked. FromFigure 8, we see that place P26 and P34 represent ASP places, and P5 and P6 represent the message disp atching units. T he result implies that messages will never be dispatched in a shopping subagent unless a MPU is not found in the primarybuying subagent, in which case, either the

ASP place P26 or P34 will be marked.

· Inheritance Mechanism (ASP message for warding II)

T he following formula says that, in the reachabilitygraph of our revised net model, P26 ( P34 ) is always marked before P5 ( P6 ) is marked.

A[P26 BP5]VA[P34 BP6] Result: The formula is FALSE

Result explanation: We expect that for everyincoming (outgoing) message, if it is not found in the primary buying subagent, it will be forwarded to the shopping agent, and dispatched into a MPU of the incoming

(outgoing) message section. However, the FALSE result indicates that our net model does not work as we have expected. Bylooking into the generic agent model, we can observe that when we created the net model in Figure 8, we simplified all message tokens as ordinarytokens, i.e., black tokens. T his simplification makes it possible for an incoming (outgoing) message to be dispatched into an outgoing

(incoming) message section. T herefore, a message might be processed bya MPU that is not the desired one. T o solve this problem, we mayuse colored tokens, instead of ordinarytokens, to repres ent message tokens, and attach guards to transitions. However, in this paper, byusing ordinaryplace/transition net (not a colored net), we obtain a simplified model that is sufficient to illustrate our keyconcepts.

5.5 Discussion

In this Chapter, we d iscussed howto verifyliveness properties of our net model byusing an existing Petri net tool, the INA tool. T he value of such an automated analysis capabilitywas demonstrated bydetection of a deadlock situation due to a design error. T he revised model was then proved to be both live and reversible . In addition, some model checking techniques were used to prove some additional behavioral properties for our agent model, such as concurrency, mutual exclusion, and correctness of the inheritance mechanism. Although we proved some keybehavioral properties of our agent model, our formal method approach is also of value in creating a clear understanding of the structure of an agent, which can increase confidence in the correctness of a particular multi - agent s ystemdesign. Also, in producing a detailed design, where the abstract transitions in the planner module are refined, we mayagain use Petri net tools to capture further design errors.

Chapter 6

Future Research Plans

6.1 Introduction

Communication a mong distributed processes is an essential requisite in nowadays computing systems. A communication paradigmrepresents the set of rules to be followed in exchanging data and synchronizing the execution of processes. T he nature of currentlyavailable compu ting systems is pushing a lot towards a distributed approach which assumes that computing resources and data are no longer located on the same machine, and migration of code and data is executed in order to speed up the whole execution process. T he classic client - server paradigmassumes that the client functionalities are somehowdisjoint fromthe execution power of the server. Since a server usuallyprovides service to a large number of clients, the amount of data exchanged maybe considerable. T herefore, the work of the server is usuallylimited to the mere execution of some basic procedures for the data retrieval and storage, while the data processing mainlytakes place on the client host. T his type of scheme is used when we want to create a verysimple s ystemfromthe management point of view, or structures with a high level of security. An advantage of this architecture is the possibilityof controlling the type of message and the ways of communication between clients and servers. In other words, the ser ver onlydeal with what is expected during the design phase.

Consequently, the level of securityis veryhigh. Since clients and servers can be viewed as passive objects, the object - oriented paradig mprovides the best framework for developing a client - server ap plication.

Unlike the client - server paradigm, a multi - agent systemconsists of a set of agents, i.e., active objects

[Shoham1993]. Agents usuallydo not communicate with each other in a wayof method invocation, instead, an agent can send meaningful mes sages, possiblyattached with a piece of code, to another agent.

T he receiver agent mayanalyze the received message, execute the attached code and decide whether to performthe requested actions. T herefore, an agent must be able to deal with messages that might not be expected during the design phase, and the communication mechanismamong agents should be in a wayof asynchronous message passing. T his wayof communication is similar to the remote evaluation (REV) paradigm[Stamos and Gifford 1990], which i mplies that server receives not onlythe processing requests fromthe client, but also the whole code needed for performing operations on the data. However, agent communication in a multi - agent systemis more flexible and more complicated than the server - client interactions in REV paradigm. Although we mayuse object - oriented approach to design a multi - agent system, it maycomplicate the design process while we dealing with asynchronous message passing mechanismand those mental decisions of agents. T hus an agent - oriented approach, such as the one we proposed, is necessaryto be used to design a multi - agent system.

A third communication paradigmis the mobile agent paradigm. As one of the newagent techniques, mobile agent is becoming a promising paradigmpertinent to the highlydistributed, dynamic, heteroge neous and open environment, such as Internet. Mobile agents are autonomous agents that can migrate around a computer network, and execute at different locations during their life spans. A mobile agent consumes fewer network resources in that theytransfer the computation to the data rather than the data to the computation, which is adopted bytraditional distributed computing. As one of our future plans, we will try to extend our agent - oriented G - net models for mobile agent modeling.

6.2 A Unified Model fo r Object - Oriented and Agent - Oriented Design

Internet is becoming the most complex environment that provides an open, dynamic and heterogeneous environment for large distributed systems. An Internet application, such as an electronic commerce application, usuallyconsists of a set of both objects and agents. In those situations, an object usuallyworks as a server and provides services to various clients (including agents) , while agents maycommunicate with each other and negotiate to achieve their own goals. T herefore, a uni fied model for both object modeling and agent modeling might be useful for this type of applications. Based on our previous work, we will try to unifyour objec t model and agent model, and provide a uniformframework for Internet application designs.

T he basic idea behind this unified model is to provide both synchronous and asynchronous message passing mechanism s for a distributed system . In a complex software systemwith both objects and agents, objects usuallyuse synchronous message passing to communicate with each other, while agents communicated with each other byusing asynchronous message passing. Moreover, an agent could be a client of an object server, and it mayalso use synchronous message passing to get service s froman object. Synchronous message passing in a formof me thod invocation is more efficient than asynchronous message passing, however it is not flexible enough for agent communications . T herefore, to provide both mechanisms for a complex software systemdesign is not onlya research issue, but also could be a practical attempt.

6.3 Extending Agent - Oriented G - net Model for Mobile Agent Design

In a broad sense, a software agent is anyprogramthat acts on behalf of a (human) user, just as different types of agents (e.g., travel agents, insurance agents, secr etaries) represent other people in day - to - day transactions in the real world. A mobile agent then is a programwhich represents a user in a computer network, and is capable of migrating autonomously(under its own control) fromnode to node in the network, to performsome computation on behalf of the user. Its tasks are determined bythe agent application, and can range fromonline shopping to real - time device control to distributed scientific computing. Applications can inject mobile agents into a network, allowing themto roamthe network either on a predetermined path, or one that the agents themselves determine based on dynamicallygathered information. Having accomplished their goals, the agents mayeither terminate or return to their ^home site~ in ord er to report their results to the user.

Harrison et al. identified several advantages of the mobile agent paradigm, in comparison with remote procedure calls (RPC) [T ayand Ananda 1990] and message - passing. T hese advantages include: reduce network usage, increase asynchronybetween clients and servers, add client - specified functionalityto servers, dynamicallyupdate server interfaces and introduce concurrency[Harrison et al. 1995].

T he mobile agent paradigmcan be exploited in a varietyof ways, rangin g fromlow - level system administration to middleware to user - level applications. An example of such application could be an electronic marketplace. Vendors can set up online shops with products, services or information for sale. A customer´s agent would ca rrya shopping list along with a set of preferences, visit various sellers, find the best deal based on the preferences, and purchase the product using digital forms of cash. T his application imposes a broad spectrumof requirements on mobile agent systems . Apart from mobility, it needs mechanisms for restricted resource access, secure electronic commerce, protection of agent data, robustness and user control over roving agents. For our future work, we will tryto extend our agent - oriented model for agent m obilitymodeling. T his work will be based on previous work [Picco et al. 1999][Roman et al.

1997][Asperti and Busi 1996][Fan and Xu 2000].

6.4 Security Issues in Mobile Agent Design

Messages sent across an open network like the Internet are inherentlyin secure. As a mobile agent traverses the network, its code and data are vulnerable to various types of securitythreats. We consider the following types of attacks on communication links that the systemneeds to protect against [Ford 1994]:

Passive attack s: In passive attacks, the adversarydoes not interfere with the message traffic, but only attempts to extract useful information fromit. T he simplest formof such attack is eavesdropping , which can result in the leakage of sensitive information stored in the message (agent) being transmitted. Even if the adversaryis unable to decipher the message contents (because of encryption, for example), useful information maybe gleaned fromthe sizes and frequencyof message exchanged, or merelythe fact that two principles are in communication. T his type of passive attack is usuallycalled traffic analysis in the securityliterature. T o counter passive attacks, a confidentiality (i.e., privacy) mechanismis therefore necessary.

Active attacks: In the case of open networks like the Internet, we must assume a verygeneral threat model in which the adversarycan arbitrarilyintercept and modifynetwork - level message, or even delete them altogether and insert forged ones. T hese are termed as active attacks, since they involve active interference bythe adversary. Another type of attack in this categoryinvolves impersonation , T he adversary impersonates one of the legitimate principals in the systemand can attempt to intercept messages intended for that principal. Acti ve attacks require greater sophistication on the part of the adversary, but can also be more dangerous than passive attacks. While we can not always prevent all such attacks, the damage caused bythemcan be minimized if the communication link provides ass urances of data integrity and authentication . Here data integrity means that data is either delivered unmodified or a flag is raised to signal if it has been tampered with, and authentication requires that the source and destination of the message is unamb iguouslyidentified.

If time permitted, we will tryto model mobile agents and hostile agents with our agent framework. Our purpose is to studythe different forms of attack and to verifythat some mobile agent design might be vulnerable to some types of attack. T he advantages of this research will be the automated verification of an agent design byusing existing Petri net tools.

Bibliography

[Aalst and Basten 1997] W.M.P. van der Aalst and T . Basten, ^Life - cycle Inheritance: A Petri - net - based approa ch,~ In P. Azema and G. Balbo , editors, Application and Theory of Petri Nets 1997 , volume

1248 of Lecture Notes in Computer Science, pages 62 -- 81. Springer - Verlag, Berlin, 1997.

[Arai et al. 1999] S. Arai, K. Miyazaki, and S. Kobayashi, ^Multi - agent Rein forcement Learning for Crane

Control Problem: Designing Rewards for Conflict Resolution,~ Proceedings of 4th International

Symposium on Autonomous Decentralized Systems (ISADS ’99) , T okyo, Japan, 20 - 23 March 1999.

[Asperti and Busi 1996] Andrea Asperti and Nadi Busi, ^Mobile Petri Nets,~ T echnical Report UBLCS - 96 -

10, Universityof Bologna, 1996.

[Bastide 1995] R. Bastide, ^Approaches in Unifying Petri Nets and the Object - Oriented Approach,~

Proceedings of the International Workshop on Object - Oriented Progra mming and Models of

Concurrency , T urin, Italy, June 1995.

[Basten and Aalst 2000] T . Basten and W.M.P. van der Aalst, ^Inheritance of Dynamic Behavior:

Development of a Groupware Editor,~ In G. Agha, F. De Cindo, and G. Rozenberg, editors,

Concurrent Objec t - Oriented Programming and Petri Nets , Lecture Notes in Computer Science,

Advances in Petri Nets, Springer - Verlag, Berlin, 2000.

[Battiston et al. 1988] E. Battiston, F. De Cindio and G. Mauri, ^OBJSA Nets: a Class of High Level Nets

Having Objects as Doma ins~, in Advances in Petri Nets 88 , G. Rozenberg (ed.), LNCS 340, Springer

Verlag, 1988.

[Battiston et al. 1995] E. Battiston, A. Chizzoni and F. De Cindio, ^Inheritance and Concurrencyin

CLOWN,~ 16 th International Conference on Application and Theory of Petri nets, 1 st Workshop on

Object - Oriented Programming and Models of Concurrency , T urin, Italy, June 1995.

[Battiston et al. 1996] E. Battiston, A.Chizzoni and F. De Cindio, ^Modeling a Cooperative Development

Environment with CLOWN,~ 17 th Int´l Conferenc e on Application and Theory of Petri nets, 2 nd

Workshop on Object - Oriented Programming and Models of Concurrency , Osaka, Japan, June 1996.

[Biberstein et al. 1996] O. Biberstein, D. Buchs and N. Guelfi, ^Modeling of Cooperative Editors Using

CO - OPN/2,~ 17 t h International Conference on Application and Theory of Petri nets, 2 nd Workshop on

Object - Oriented Programming and Models of Concurrency , Osaka, Japan, June 1996.

[Biberstein et al. 1997] O. Biberstein, D. Buchs and N. Guelfi, ^CO - OPN/2: A Concurrent Obje ct - Oriented

Formalism,~ Proceedings of the Second IFIP Conference on Formal Methods for Open Object - Based

Distributed Systems (FMOODS) , Canterbury, UK, July1997, pp. 57 - 72.

[Booch 1994]G. Booch, Object - Oriented Analysis and Design, with Applications (2 nd ed.),

Benjamin/Cummings, San Mateo, California, 1994.

[Brazier et al. 1997] Brazier, F.M.T ., Dunin Keplicz, B., Jennings, N., and T reur, J., ^DESIRE: Modeling

Multi - Agent Systems in a Compositional Formal Framework~, International Journal of Cooperative

In formation Systems , vol. 6, Special Issue on Formal Methods in Cooperative Information Systems:

Multi - Agent Systems, (M. Huhns and M. Singh, eds.), 1997, pp. 67 - 94.

[Brazier et al. 1998] F. Brazier, F. Cornelissen, R. Gustavsson, C. Jonker, O. Lindeberg, B. Polak, and J.

T reur, ^Agents Negotiating for Load Balancing of ElectricityUse,~ In: M.P. Papazoglou, M.

T akizawa, B. Krämer, S. Chanson (eds.), Proceedings of the 18th International Conference on

Distributed Computing Systems , ICDCS’98, IEEE Computer Soc ietyPress, 1998, pp. 622 - 629.

[Burmeister 1996] Birgit Burmeister, ^Models and Methodologyfor Agent - Oriented Analysis and Design,~

In K. Fischer, editor, Working Notes of the KI´96 Workshop on Agent - Oriented Programming and

Distributed Systems , DFKI Docu ment D - 96 - 06, 1996.

[Chavez and Maes 1996] AnthonyChavez, Pattie Maes, ^Kasbah: An Agent Marketplace for Buying and

Selling Goods,~ Proceedings of the First International Conference on the Practical Application of

Intelligent Agents and Multi - Agent Techno logy , London, UK, April 1996.

[Clark and Wing 1996] E. M. Clarke and J. M. Wing, ^Formal Methods: State of the Art and Future

Directions,~ ACM Computing Surveys , vol. 28, no. 4, December 1996, pp. 626 - 643.

[Clarke et al. 1986] E. M. Clarke, E. A. Emerson a nd A. P. Sistla. ^Automatic verification of finite - state concurrent systems using temporal logic specifications,~ ACM Transactions on Programming

Languages and Systems , 8(2), 1986, pp. 244 - 263.

[Crnogorac et al. 1997] Lobel Crnogorac, Anand S. Rao, Kotagir i Ramamohanarao, ^Analysis of

Inheritance Mechanisms in Agent - Oriented Programming,~ IJCAI (1) 1997: 647 - 654.

[Deng et al. 1993] Y. Deng, S. K. Chang, A. Perkusich and J. de Figueredo, ^Integrating Software

Engineering Methods and Petri Nets for the Specif ication and Analysis of Complex Information

Systems,~ Proceedings of The 14th Int´l Conf. on Application and Theory of Petri Nets , Chicago, June

21 - 25, 1993, pp. 206 - 223.

[Deng and Chang 1990] Y. Deng and S. K. Chang, ^A G - net Model for Knowledge Represent ation and

Reasoning,~ IEEE Transactions on Knowledge and Data Engineering , Vol.2, No.3, September 1990, pp. 295 - 310.

[Drake 1998] Caleb Drake, Object - oriented programming with C++ and Smalltalk . Upper Saddle River,

NewJersey, Prentice Hall, 1998.

[Eliens 1995] A. Eliens, Principles of Object - Oriented Software Development , Addison - Wesley, 1995.

[Fan and Xu 2000] X. Fan and D. Xu, ^SAFIN: An Open Framework for Mobile Agents,~ The 2000

International Conference on Artificial Intelligence (IC - AI’2000) , Las Vega s, June 2000.

[Finin et al. 1997] T imFinin, Yannis Labrou, and James Mayfield, ^KQML as an agent communication language,~ in Jeff Bradshaw(Ed.), Software Agents , MIT Press, Cambridge, 1997.

[FIPA 2000] FIPA, FIPA ACL Message Structure Specification , Foun dation for Intelligent Physical

Agents, T echnical Report XC00061, 2000.

[Fisher and Wooldridge 1997] M. Fisher and M. Wooldridge, ^On the Formal Specification and

Verification of Multi - Agent Systems,~ International Journal of Cooperative Information System s ,

1(6): 37 - 65, 1997.

[Ford 1994] Warwick Ford, Computer Communications Security ˘ Principles, Standard Protocols and

Techniques , Prentice Hall, 1994.

[Gasser and Briot 1992] Les Gasser and Jean - Pierre Briot, ^Object - Based Concurrent Processing and

Distrib uted Artificial Intelligence,~ In Nicholas M. Avouris and Les Gasser, editors, Distributed

Artificial Intelligence: Theory and Praxis , pages 81 - 108, Kluwer Academic Publishers: Boston, MA,

1992.

[Giese et al. 1998] H. Giese, J. Graf and G. Wirtz, ^Modeling Distributed Software Systems with Object

Coordination Nets,~ Proceedings for the Int´l Symposium on Software Engineering for Parallel and

Distributed Systems , Japan, April 1998, pp.39 - 49.

[Green et al. 1997] S. Green, L. Hurst, B. Nangle, P. Cunningham, F . Somers, R. Evans, ^Software Agents:

A Review,~ Technical report TCD - CS - 1997 - 06 , T rinityCollege Dublin, May1997.

[Guttman et al. 1998] R. Guttman, A. Moukas, and P. Maes, ^Agent - mediated Electronic Commerce: A

Survey,~ Knowledge Engineering Review , June 1998.

[Harrison et al. 1995] Colin G. Harrison, David M. Chess and Aaron Kershenbaum, ^Mobile Agents: Are

T heya Good Idea?~ Tech. Rep. , IBM Research Division, T . J. Watson Research Center, March 1995.

[Iglesias et al. 1998] Carlos Argel Iglesias, Mercede s Garrijo, José Centeno - González, ^A Surveyof

Agent - Oriented Methodologies,~ Proceedings of the Fifth International Workshop on Agent Theories,

Architectures, and Language (ATAL - 98) , 1998, pp. 317 - 330.

[Jensen 1992] K. Jensen, Colored Petri Nets: Basic co ncepts, Analysis methods, and Practical use , Vol. 1,

No. 2, Springer - Verlag, 1992.

[Jacobson et al. 1992] I. Jacobson, et al., Object - Oriented Software Engineering: A Use Case Driven

Approach , Addison - WesleyPublishing Company, 1992.

[Jennings et al. 1998] N. R. Jennings, K. Sycara and M. Wooldridge, ^A Roadmap of Agent Research and

Development,~ Int´l Journal of Autonomous Agents and Multi - Agent Systems , 1(1), 1998, pp. 7 - 38.

[Jennings 2000] N. R. Jennings, ^On Agent - Based Software Engineering,~ Artificial Intelligence ,

117(2000): 277 - 296.

[Kendall 2000] Elizabeth A. Kendall, ^Role Modeling for Agent SystemAnalysis, Design, and

Implementation,~ IEEE Concurrency , April - June, 2000, pp. 34 - 41.

[Kinnyand Georgeff 1997] David Kinny, Michael P. Georgeff, ^Model ing and Design of Multi - Agent

Systems,~ Proceedings of the 4th Int´l Workshop on Agent Theories, Architectures, and Language

(ATAL - 97) , 1997, pp. 1 - 20.

[Kinny et al. 1996] D. Kinny, M. Georgeff, and A. Rao, ^A Methodologyand Modeling T echnique for

Systems of BDI Agents,~ Tech. Rep. 58 , Australian Artificial Intelligence Institute, Melbourne,

Australia, Jan. 1996.

[Lakos and Keen 1994] C. Lakos and C. Keen, ^LOOPN++: A NewLanguage for Object - Oriented Petri

Nets,~ Technical Report R94 - 4 , Networking Research Group, Universityof T asmania, Australia, April

1994.

[Lakos 1995a] C. Lakos, ^Pragmatic Inheritance Issues for Object Petri Nets~, Proceedings of Technology of Object - Oriented Languages and Systems (TOOLS) Pacific 1995 , Melbourne, Australia, Prentice -

Hal l, 1995.

[Lakos 1995b] C. Lakos, ^T he Object Orientation of Object Petri Nets,~ Proceedings of the International

Workshop on Object - Oriented and Models of Concurrency , T urin, Italy, June 1995.

[Lakos 1997] C. Lakos, ^On the Abstraction of Coloured Petri Ne ts,~ Proceedings of Petri Net Conference

97 , T ouloure, France, 1997.

[Lano 1995] K. Lano, Formal Object - Oriented Development , Springer - Verlag, 1995.

[Lee and Park 1993] Y. K. Lee and S. J. Park, ^OPNets: An Object - Oriented High - Level Petri Net Model for Re al - T ime SystemModeling,~ Journal of Systems and Software , 20(1): 69 - 86, 1993.

[Luck et al. 1997] Michael Luck, Nathan Griffiths and Mark d´Inverno, ^FromAgent T heoryto Agent

Construction: A Case Study,~ In J. P. Muller, M.Wooldridge and N. R. Jennings, editors, Intelligent

Agents III (LNAI 1193) , Lecture Notes in Artificial Intelligence, Springer - Verlag: Heidelberg,

Germany, 1997.

[Matsuoka and Yonezawa 1993] Satoshi Matsuoka and Akinori Yonezawa, ^Analysis of inheritance anomalyin object - oriented concu rrent programming languages~. In Gul Agha et. al., editors, Research

Directions in Concurrent Object - Oriented Programming , pages 107 - 150. MIT Press, 1993.

[Mendes et al. 1997] M. Mendes, O. Falsarella, I. Fontes, S. Krause, W. Loyolla, C. Mendez, P.S. Sil va, C.

T obar, ^Architectural Considerations about Open Distributed Agent Support Platforms,~ Proceedings of 3rd Int´l Symp. on Autonomous Decentralized Systems (ISADS ’97) , Berlin, Germany, April 1997.

[Mitchell and Wellings 1996] S. Mitchell and A. Wellin gs, ^Synchronization, Concurrent Object - Oriented

Programming and the Inheritance Anomaly~, Computer Languages , 1996, Vol. 22, No. 1, pp. 15 - 26.

[Murata 1989] T . Murata, ^Petri Nets: Properties, Analysis and Applications,~ Proceedings of the IEEE ,

77(4): 541 - 580, April 1989.

[Murata et al. 1991a] T . Murata, V. S. Subrahmanian and T . Wakayama, ^A Petri Net Model for Reasoning in the Presence of Inconsistency~, IEEE Transactions on Knowledge and Data Engineering , Vol. 3,

No.3, September 1991, pp. 281 - 292.

[ Murata et al. 1991b] T . Murata, P.C. Nelson, and J. Yim, ^A Predicate - T ransition Net Model for Multiple

Agent Planning,~ Information Sciences , 57 - 58, 1991, pp. 361 - 384.

[Odell 2000] James Odell, H. Van Dyke Parunak, Bernhard Bauer, ^Representing Agent Inte raction

Protocols in UML,~ ICSE 2000 Workshop on Agent - Oriented Software Engineering (AOSE - 2000) ,

June 10, 2000, Limerick, Ireland.

[Perkusich and de Figueiredo 1997] A. Perkusich and J. de Figueiredo, ^G - nets: A Petri Net Based

Approach for Logical and T i ming Analysis of Complex Software Systems,~ Journal of Systems and

Software , 39(1): 39 ˘ 59, 1997.

[Picco et al. 1999] G. P. Picco, A. L. Murphyand G. - C. Roman, "Lime: Linda meets Mobility,"

Proceedings of the 21st International Conference on Software Engin eering (ICSE’99) , May1999.

[Pressman 1997] Roger S. Pressman, Software Engineering: A Practitioner’s Approach , 4th Edition,

McGraw - Hill, 1997.

[Rational 1997] Rational Software Corporation, Unified Modeling Language (UML) version 1.0 , Rational

Software Co rporation, 1997.

[Roch and Starke 1999] S. Roch and P. H. Starke, INA:Integrated Net Analyzer , Version 2.2, Humboldt -

Universität zu Berlin, Institut für Informatik, April 1999.

[Rogers et al. 2000] T . J. Rogers, Robert Ross, V. S. Subrahmanian, ^IMPACT : A Systemfor Building

Agent Applications,~ Journal of Intelligent Information Systems (JIIS), 14(2 - 3): 95 - 113 (2000).

[Roman et al. 1997] G. - C. Roman, P. J. McCann and J. Y. Plun, ^Mobile UNIT Y: Reasoning and

Specification in Mobile Computing,~ ACM Transacti ons on Software Engineering and Methodology ,

Vol. 6, No. 3, July1997, pp. 250 - 282.

[Rossie et al. 1996] J. G. Rossie Jr., D. P. Friedman and M. Wand, ^Modeling Subobject - Based

Inheritance~, Proceedings of ECOOP´96 , Vol. 1219, Lecture Notes in Computer Sci ence, pp. 248 - 274,

Springer - Verlag, 1996.

[Rumbaugh et al. 1991] J. Rumbaugh, et al., Object - Oriented Modeling and Design , Prentice Hall, New

York, 1991.

[Shatz et al. 1996] S. M. Shatz, S. T u, T . Murata, and S. Duri, ^An Application of Petri Net Reduction for

Ada T asking Deadlock Analysis,~ IEEE Transactions on Parallel and Distributed Systems , Vol. 7, No.

12, December 1996, pp. 1307 - 1322.

[Shoham1993] Yoav Shoham, ^Agent - Oriented Programming,~ Artificial Intelligence , 60(1): 51 - 92,

March 1993.

[Sommervil e 1995] Ian Sommervile, Software Engineering , Fifth Edition, Addison - Wesley, 1995.

[Stamos and Gifford 1990] James W. Stamos and David K. Gifford, ^Remote Evaluation,~ ACM

Transactions on Programming Languages and Systems , 12(4): 537 - 565, October 1990.

[St epney et al. 1992] Susan Stepney, Rosalind Barden, and David Cooper, editors, Object Orientation in Z ,

Workshops in Computing, Springer - Verlag, 1992.

[T ayand Ananda 1990] B. H. T ayand A. L. Ananda, ^A Surveyof Remote Procedure Calls,~ Operating

Systems Review , 24(3): 68 - 79, July1990.

[T homas 1994] Laurent T homas, ^Inheritance Anomalyin T rue Concurrent Object Oriented Languages: A

Proposal~, IEEE TENCON´94 , August 1994, pp. 541 - 545.

[T svetovatyy et al. 1997] M. T svetovatyy, M. Gini, B. Mobasher, Z. Wiec kowski, ^MAGMA: An Agent -

Based Virtual Market for Electronic Commerce,~ Applied Artificial Intelligence, special issue on

Intelligent Agents, No. 6, September 1997.

[Wooldridge 1998] Michael Wooldridge, ^Agents and Software Engineering,~ AI*IA Notizie XI , 3,

September 1998.

[Wooldridge et al. 2000] M. Wooldridge, N. R. Jennings, and D. Kinny, ^T he Gaia Methodologyfor

Agent - Oriented Analysis and Design,~ International Journal of Autonomous Agents and Multi - Agent

Systems , 3(3), 2000, pp. 285 - 312.

[Xie 2000] X. Xie, Design Support for State - Based Distributed Object Software , Ph.D. thesis, EECS

Department, T he Universityof Illinois at Chicago, December 2000.

[Xu and Shatz 2000] H. Xu and S. M. Shatz, ^Extending G - nets to Support Inheritance Modeling in

Concurr ent Object - Oriented Design,~ IEEE International Conference on Systems, Man, and

Cybernetics (SMC) , October 2000, Nashville, T ennessee, USA, pp. 3128 - 3133.

[Xu and Shatz 2001a] H. Xu and S. M. Shatz, ^An Agent - based Petri Net Model with Application to

Selle r/Buyer Design in Electronic Commerce,~ T o appear in the Proc. of the 5 th International

Symposium on Autonomous Decentralized Systems (ISADS), March 2001, Dallas, T exas.

[Xu and Shatz 2001b] H. Xu and S. M. Shatz, ^A Framework for Modeling Agent - Oriented S oftware,~ T o appear in the Proc. of the 21 st International Conference on Distributed Computing Systems (ICDCS),

April 2001, Phoenix, Arizona.

Publications of the Author

[1] H. Xu and S. M. Shatz, "An Approach to Using Formal Methods in Agent - Oriented Desig n and

Analysis," (submitted to journal), January2001.

[2] H. Xu and S. M. Shatz, "A Framework for Modeling Agent - Oriented Software," T o appear in the

Proceedings of the 21st International Conference on Distributed Computing Systems (ICDCS - 21) ,

April 16 - 19, 2 001, Phoenix, Arizona, USA.

[3] H. Xu and S. M. Shatz, "An Agent - based Petri Net Model with Application to Seller/Buyer Design in

Electronic Commerce," T o appear in the Proceedings of the Fifth International Symposium on

Autonomous Decentralized Systems (ISADS 2001) , March 26 - 28, 2001, Dallas, T exas, USA.

[4] H. Xu and S. M. Shatz, "Extending G - nets to Support Inheritance Modeling in Concurrent Object -

Oriented Design," Proceedings of the IEEE International Conference on Systems, Man, and

Cybernetics (SMC 2000) , Oct ober 8 - 11, 2000, Nashville, T ennessee, USA, pp. 3128 - 3133.

[5] R. K. Gedela, S. M. Shatz and H. Xu, "Compositional Petri Net Models of Advanced T asking in Ada -

95," Computer Languages , July1999, Vol.25, No.2, pp.55 - 87.

[6] R. K. Gedela, S. M. Shatz an d H. Xu, "Formal Modeling of Synchronization Methods for Concurrent

Objects in Ada 95 ," Proceedings of the ACM Annual International Conference on Ada (SIGAda’99) ,

October 17 - 21, 1999, Redondo Beach, CA, USA, pp. 211 - 220.

[7] K. Warendorf, H. Xu, and A. Verho even, "Case - based Instructional Planning for Learning in a

Context," Proceedings of PACES/SPICIS 97 (24 - 27 February1997), Singapore, pp. 354 - 360.

[8] H. Xu, X. Ruan, Z. Chen, S. Hu and H. Ren, "Hypertext and Multi - knowledge Source Based ICT S

(Intelligent Chi nese T utoring System)," Journal of Chinese Information Processing , 1992, Vol. 6, No.

2, pp.8 - 16.

[9] Q. Hu, H. Xu, Y. Zhang and C. Zhou, "Software Design of an Expert Control Systemin Vaccum

Distillation," Control and Instruments in Chemical Industry , 1992, Vol. 19, No. 4, pp.25 - 29.

[10] X. Ruan, S. Hu, Z. Chen and H. Xu, "T he Presentation and Inference of Chinese Language

Knowledge," Proceedings of the International Conference on "Information &System" , A.M.S.E.,

October 1991, Hangzhou, China.

[11] H. Xu, Z. Chen, a nd S. Hu, "Design and Implementation T echniques for an Intelligent Chinese

T utoring System," Proceedings of the Second National Conference on Computer Application , October

1991, Beijing, China, pp. 988 - 991.

[12] H. Xu, "Software Design of an Microcomputer - base d Nuclear Scaler," Process Automation

Instrumentation , 1991, Vol. 12, No. 10, pp.13 - 16.

Curriculum Vitae

Haiping Xu was born in Pinghu, a coastal cityof Zhejiang, China. He got his earlyeducation in his hometown, and skipped two grades in primarysch ool. As a gifted child, Haiping skipped one more grade in senior high school and was admitted to the "Juvenile Class" of Zhejiang Universityin April 1985, when he was only15 years old. In July1989, Haiping Xu got his B.S. degree in Electrical Engineerin g.

Owing to Haiping´s excellent performance in his undergraduate study, in 1989, he was admitted directlyto the Graduate School of Zhejiang Universitywithout entrance examination. Haiping´s research area was

Intelligent Computer Aided Instruction (ICAI) , and he worked on a project called ^Intelligent Chinese

Language T utoring System~ in the Artificial Intelligence Lab at Computer Science Department. In March

1992, Haiping Xu not onlygot his M.S. degree, but also was awarded the diploma and medal of "Exc ellent

Graduate Student of Zhejiang University".

After graduated fromZhejiang University, Haiping Xu was employed as a software engineer in the

Ministryof Electronics Industryin Beijing, China. T hen fromJune 1993 to May1996, he successively worked as a senior engineer in Shenyan Companyand Hewlett - Packard Companyin Beijing, China.

In May1996, Haiping Xu went to Singapore and worked there as a short - termresearch scholar in the

Intelligent Systems Lab at Nanyang T echnological University. During th e four months there, Haiping built an intelligent tutoring systemprototype for the computer science course "Data Structures and Algorithms" and published an international conference paper.

In August 1996, Haiping Xu came to the United States, and beg an to fulfill his unfinished ambition in his graduate study. Haiping was awarded a research assistantship fromthe Computer Science and Engineering

Department at Wright State University, and worked in the area of parallel and distributed computing. In

1998 , due to his excellent performance in his graduate study, Haiping Xu was awarded the Dayton Area

Graduate Studies Institute (DAGSI) Scholarship and got his M.S. degree in computer science.

In August 1998, Haiping decided to continue his Ph.D. studyat the Universityof Illinois at Chicago. Now he is a Ph.D. candidate in the Electrical Engineering and Computer Science Department at UIC. During the two and a half years studyat UIC, Haiping has published four conference papers and one journal paper.

Currentl y, Haiping´s research interest is to applyPetri net formalismto software development, with applications to electronic commerce and Internet security.