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ABSTRACT

Agent-Based Modeling and Simulation (ABMS) représea
powerful approach for analyzing and modeling mod&rcial and
economic systems as they can be naturally conceisedmposed
of autonomous, goal-driven and interacting entiti@gents)
organized into societies. However, although sevéwoals for
ABMS are available, there are few methodologies esldted
processes which are able to cover all the phasesthe analysis
of the system under consideration to its modeling simulation
results analysis. Moreover, the absence of visuadaling tools
and techniques for ABMS often constitutes an ebtyrier for
whoever lacks advanced programming skills. Thisepggesents
and exemplifies through a case study an integratetliterative
methodology (easyABMS) specifically conceived fgeat-based
modeling and simulation of complex systems whichalide to
support domain experts in fully exploiting the bftseof the
ABMS while significantly reducing programming and
implementation efforts. The case study, concernitige
management of a three-stage supply chain, showseheyABMS
can be effectively exploited for the agent-baseddefing and
simulation of modern social and economic systems.

Keywords
Agent-Based Modeling and Simulation,
Management, Agent-Oriented Methodologies.
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1. INTRODUCTION

For solving a wide range of social and economicblenms,
several models of social and economic systems dereloped by
adopting in most case (strong) simplifying assuonsi which
make these models representative of the modeleadnsysnly in
particular and restrictive conditions. The simpgliciof the
developed models was due not only to the natuteeoproblems
to be solved but also by the available tools foiding and
managing these models. As the (social and econgrit)ems to
face are becoming more challenging and the deseipnd
predictive capabilities of the related models arecdming,
likewise, more challenging too, the traditional plifying

assumptions and their related traditional tools demonstrating
inadequate, and the exploitation of new and moreepiul tools
for representing and managinglevel of complexity, which is
more adequate for satisfying these new and chatignaurposes,
is more and more required. In this context, Ageasé®l Modeling
and Simulation (ABMS) represents a new and powexfay for

Wilma Russo
Dipartimento di Elettronica,
Informatica e Sistemistica (D.E.I.S.)
Universita della Calabria
Via P. Bucci42 C
87036, Rende (CS), Italy

w.russo@unical.it

analyzing and modeling complex systems as it i® abl fully
represent a system at different levels of compleiitterms of
autonomous, goal-driven and interacting entitiesgefés)
organized into societies which exhibit emergenpprtes, that is,
properties which arise from the interactions betwethe
component entities and that cannot be dedwcediori simply
considering only the properties of the individualtiges. The
agent-based model of a system is, then, executsidnidate the
behavior of the complete system so that knowled§ethe
behaviors of the single entities (micro-level) cproduce an
understanding of the overall outcome at the sysdese (macro-
level).

To date, although several tools for ABMS are avédd9, 10, 16,
17, 21] as well as methodologies for the develogneéragent-

based systems which are mainly proposed in theegbof Agent-

Oriented Software Engineering (AOSE) [5], there andy a few

methodologies and related processes which aret@lsieamlessly
guide domain experts with limited programming exiger from

the analysis of the system under consideratiotstmodeling and
subsequent simulation results analysis [6, 7, 14].

To address these issues, this paper presents estABA4], a
methodology specifically conceived for agent-basedieling and
simulation of complex systems, and exemplifieseiffectiveness
in the social and economic domains through a casty svhich
concerns the management of a three-stage supplyn.cha
easyABMS aims at supporting domain experts in fahploiting
the benefits of the ABMS while significantly redngi
programming and implementation efforts; in partcul
easyABMS defines a process which is:oynplete as its phases
cover from the analysis of the system under comaim to its
modeling and simulation analysis; (iftegrated as each phase
refines the model of the system which has beenywexd in the
preceding phase; (iiiyisual as the work-products of each phase
are basically different models of the system maadgstituted by
visual diagrams based on the UML notation [20]; (imodel-
driven as according to the Model Driven paradigm [1, 1Ble
simulation code is automatically generated from digained
Simulation Model of the system; (Werative as, on the basis of
the simulation results, a new/modified and/or refirmodel of the
system can be obtained through a new processidgienahich can
involve all or some process phases.

The remainder of this paper is organized as follo8action 2
presents an overview of the easyABMS methodology tre
related process; Section 3 shows its applicatichécagent-based



modeling and simulation of a three-stage supplyirchinally,
conclusions are drawn and future works delineated.

Table 1. easyABM S: process phases, work products and main related concepts.

Process System C(g;eﬁa] Simulation Srréuolzgon Simulation Simulation S'g;jt::n
Phase Analysis Moddling Design Generation Set-up Execution Analysis
Analysis Statement Conceptual System Model : Simulation Model : Simulation Code Simulation Simulation Simulation
= Structural System Model = Simulation Scenarios Results Analysis Reports
= Society Model Context
= Agent Model : Model
Work o Goal Model = Simulation
Product o Behavioral Model Agent Model
o Interaction Model
= Artifact Model :
o Behavioral Model
o Interaction Model
Composed entity Society Simulation Context
Pro-active entity Agent Simulation Agent
Re-active entity Artifact
Depending on the features
Main Concepts - - - Java Classes of the exploited
Passive entity Artifact (Resource Manager of the
passive entity) Simulation Framework
intra-entity Interaction Interaction Link
relationship among Simulation
- - Agents
inter-entity
relationship

2. easyABMS: AN INTEGRATED

METHODOLOGY FOR ABMS

The easyABMS methodology defines a process for ABMS

composed of seven subsequent phases from the imalim

System Analysis to theSimulation Result Analysis. On the basis of

the obtained simulation results a new iterationtted process

which can involve all or some process phases cagxbeuted for
achieving new or not yet reached simulation obyesti

Specifically, the process phases are the following:

— System Analysis, in which a preliminary understanding of the
system and the main simulation objectives are pbthi
(Analysis Statement);

— Conceptual System Modeling, in which a model of the system
is defined in terms of agents, artifacts and s@set
(Conceptual System Model);

— Smulation Design, in which a model of the system is defined
in terms of the abstractions offered by the framiwwehich is
exploited for the simulation (Simulation Model);

- Smulation Code Generation, in which the Simulation Code
for the target simulation environment is automaljca
generated starting from the model which is obtairedhe
previous phase;

— Smulation Set-up, in which the Simulation Scenarios are set;

— Smulation Execution and Results Analysis, in which the
simulation results are analyzed with referencé&odbjectives
of the simulation identified in th&ystem Analysis phase.

The phases related to simulation exploit the Reasiphony

Toolkit [15, 17], which is the most popular ABMSotkit and

provides advanced features of visual modeling ehagpehaviors

and (semi)automatic code generation; moreoverthlerphase of

Smulation Results Analysis, the Toolkit supports an integrated

use of several powerful analysis tools (MatlabyYRAd, iReport,
Jung).

For each process phase the work-products and nedaibed
concepts are reported in Table 1 whereas a brilefcription is
given in the following sub-sections; a more conmplééscription
can be found in [3,4].

2.1 System Analysis

In the System Analysis phase the user specifielthectives of
the simulation and analyses the system being stadilao to
obtain a preliminary understanding of the systend dts
organization.

The System Analysis phase, which is based on the principle of
layering and exploits the well-known techniques of
Decomposition, Abstraction andOrganization [2,8], is constituted
by a sequence a@halysis steps. In eachstep the user produces a
new system representation by applying threout zooming
mechanisms [11] to the entities which compose the system
representation resulting from the precedemplysis step. The
entities which are natoomed among two consecutiveieps are
said to beprojected. As the system is itself a (composed) entity, in
the first analysis step the user chooses the starting level of
abstraction for analyzing the system andms-in on it.

An entity can be characterized by an autonomous goal-
oriented behaviorpfo-active entity), by a pure stimulus-response
behavior fe-active entity), or can bepassive; moreover, both the
rules governing entities and their evolution, ahe telationships
among entities are specified. SpecificaBafety rules determine
the acceptable and representative states of an entity whereas
liveness rules determine which state transitions are féasibring

the entity evolution. Relationships can be eithéntra-entity
relationships (i.e. relationships among the component entities



obtained by the zooming-in of an entity) anter-entity
relationships.

The System Analysis phase ends when the user obtair8ysiem
Representation of the system in which each component (pro-
active, re-active, passive) entity has been reptedeat the level
of abstraction which is appropriate for the objessi of the
simulation. ThisSystem Representation along with a synthetic
description of the system being considered, a léetaiescription
of each identified entity, and the objectives oé thimulation
constitutes the work-product of this phase (tBamalysis
Statement).

2.2 Conceptual System Modeling

The starting point of th€onceptual System Modeling phase is the
System Representation resulting from theSystem Analysis phase
in terms of atomic/composed entities, their refadiups, and their
rules.

Main concepts of this phase and the derivationsridtem the
concepts of theAnalysis Phase are reported in Table 1; the
exploitation of these rules straightforwardly leatts the first
work-product of the phase (tistructural System Modd!).

For each entity in th&ructural System Model is then defined a
specific model which depends on the entity tyBeciety Model,
Agent Model, Artifact Model).

In particular:

- aSociety Model details the entities which compos&aziety,
their type Agent, Artifact, Society), and the rules governing
the Society (safety rules) and its evolutiorigeness rules);

- anAgent Modd details the complex goal of @&yent (Agent
Goal Modd!), its behavior Agent Behavioral Model), and its
interactions with othedgents and Artifacts in which the
agent is involvedAgent I nteraction Moddl);

- an Artifact Model details the behavior of am\rtifact
(Artifact Behavioral Model), and its interactions with other
Artifacts andAgents (Artifact I nteraction Model).

2.3 Simulation Design

Given theConceptual Model of the system, in this phase the user
obtains a model of the system in terms of the abstms offered
by the framework exploited for the simulation. Cuntly,
easyABMS adopts as reference simulation framewoekRepast
Smphony Toolkit [15, 17]. Specifically, theSmulation Design
and theSmulation Code Generation phases are supported by the
Repast Smphony Development Environment [12], whereas the
Smulation Set-up, the Smulation Execution and theSmulation
Results Analysis phases are supported by tRepast Smphony
Runtime Environment [13]. The Repast Simphony Toolkit was
chosen as the most popular ABMS toolkit [14] anodvdes both
the advanced features of visual modeling of ageh@abiors and
the (semi)automatic generation of code [15]. Moezpweveral
powerful analysis tools as Matlab, R, VisAd, iRépdung, can
be directly invoked from theRepast Smphony Runtime
Environment [13].

The Smulation Model is obtained by exploiting the derivation
rules as they emerge from the relationships amdweg rhain
concepts of each phases reported in Table 1. $kif each
Society becomes a Repast Simulation ConteSCdntext): the
System is the rodBContext and any enclosefociety is a (sub)-
Context of the corresponding enclosiggriety. As Artifacts and

Agents become Repast Simulation AgenBgents), theActivities
which compose their behaviors are easily conveirienl Repast
Simulation Behaviors SBehaviors); moreover, the relationships
derived fromInteractions amongAgents and Artifacts generate
Repast Network Projections.

2.4 Theother Simulation related phases

According to the Model Driven paradigm [1, 18], tRepast
Simphony Development Environment [12] is able to automatically
generate a great part of the simulation code frben dbtained
Smulation Model of the system. The user can therefore access
and modify all the generated code extending it veitiditional
Java and XML code. The obtained code is compilethbRepast
Simphony Development Environment using a Java compiler and
then loaded in thBepast Smphony Runtime Environment.

Before starting the simulation the ussts: (i) the simulation
scenario by specifying the values of the simulatgarameters
defined in the Simulation Design phase; (ii) theesantation
preferences for the simulation results concernihg system
properties of interest identified during the Sintida Design
phase.

The simulation of the system is then executed ke Rbpast
Symphony Runtime Environment on the basis of the specified
simulation parameters. The simulation results coriog the
system properties of interest for the user aregntesl to the user
on the basis of the choices made during the siiounlaet-up.

Finally, the user analyses the simulation resalts by exploiting
the analysis tools (Matlab, R, VisAd, iReport, Jundpich can be
directly invoked from thdRepast Simphony Runtime Environment

so to verify whether the objectives of the simuatindividuated
during the System Analysis phase have been achieved. Where
objectives have not been achieved or where new |aiion
objectives emerge, the user can execute a newidteraf the
process which can then involve all or some propésses so that
the new/modified and/or refined models of the systeake it
possible to achieve the remaining/new simulatibjectives.

3. AGENT-BASED MODELING AND
SIMULATION OF A THREE-STAGE

SUPPLY CHAIN

To show how the easyABMS methodology can be effebti
exploited for the agent-based modeling and sinuatif modern
social and economic systems a supply chain managesoenario
is considered. Specifically, the reference scenamgpired by the
well-known beer game [19], concerns a supply chain constituted
of production companies poducers), carrier companies
(carriers), and sales companiesidors). A producer produces a
single type of perishable good, manages ordersivezteby
vendors and uses aarrier for delivering the ordered quantity of
goods to the orderingendor. A vendor sells goods to final
consumers and manages its own stock of goods.

3.1 System Analysis

In this phase aSystem representation, which highlights its
component entities (pro-active, re-active, passiee)d their
relationships, is obtained. In particular, the lesfeabstraction of
each component entity, which is obtained by applytimein-out
zooming mechanisms during the different analysis steps, strongly



depends on the objectives of the simulation (sedi®e 2.1).

With reference to the supply chain under consid@maan agent-

based model could be defined and simulated in daleompare

and evaluate differemgroduction, pricing and stock management
policies whichproducers andvendors wish to adopt to maximize
their respective profits by maximizing incomes anthimizing
costs [19]. In particular, aroducer may periodically decide on
the amount of goods to produce and the correspgrgtice, and

a vendor may periodically establish the price of the good #he

amount of goods to order. In this context, the &ition aimed to

compare three differenproduction and pricing policies for a

producer to obtain both qualitative and quantimtinformation

about them and their main parameters [7, 19]:

- changeless: the monthly production and the product price
which have been fixed during the simulation setagver
change during the simulation execution;

- incremental: if the last month revenue has increased from the
previous month, the monthly production and the pobdd
price increase byAPr andAPp respectively, otherwise their
values are those of the last month;

- adaptive: if the last month revenue has increased from the
previous month, the monthly production and the pobdd
price increase byAPrl andAPpl respectively, otherwise the
monthly production and the product price decreasARrD
andAPpD respectively.

The System Representation obtained on the basis of the identified
simulation objectives is reported in Figure laislivorth noting
that theProducer and theVendor entities have beemomed-in
during the analysis steps (see Section 2.1). Theestified
entities are further described, along with thelatienships and
their safety and liveness rules, in a textual format enriched by
tables and diagrams which are not reported due paces
limitations.

3.2 Conceptual System Modeling

The Sructural System Mode derived from the System
Representation which is obtained from th8ystem Analysis phase
(Figure 1.a) is reported in Figure 1.b; in particulas the focus is
on theProducer, in the first iteration of the process, the legél
representation chosen for tklendor is more abstract with respect
to the level resulting from the Analysis phase atie
relationships refer to the involvefigents and/or Artifacts, thus
crossing the boundaries of tBecieties.

My-Supply Chain

intra-entity relantion ship
-~~~ inter-entity relantionship

Producer

<<Pro-active>>

Warehouse

Management Office <<Re-active>>

Carrier

<<Passive>>

BuyerDatabase

<<Pro-active>>

Management Office

<<Pro-active>>
Vendor

Manages

<<Pro-active>>
Production

ment Office

<<Pro-active>>
Marketing Office

(a) An overview of the System Representation obtained in the
System Analysis phase

<<Society>>
My-Supply Chain

Producer

<<Society>>

g
Warehouse |
Management Office

<<Artifact>>

Carrier

<<Arifact>>
Resource Manager
Buyer Database

<<Agent>>
Order
Management Office

<<Agent>>
Production
Management Office

<<Agent>>

Vendor

(b) An overview of the Sructural System Model obtained in the
Conceptual Modeling phase

Figure 1. System representations resulting from the Analysis
and the Conceptual M odeling phases.

3.2.1 The Producer Society Model

The Society Model of the Producer Society (see Figure 1.b) is
shown in Figure 2 in which the different entitiesigh compose
the Producer Society, and thesafety andliveness rules governing
the Society and its dynamics are reported.

For each entity in th&tructural System Model is defined the

correspondingsociety, Agent or Artifact Models (see Section 2.2).
Due to limitations space, in the following sub-sactonly the
Society Model for the Producer Society, theAgent Model for the

Vendor Agent and theé\rtifact Model for the Carrier Artifact are
reported.

Entity Type Safety rules
Order S_Prod1. WS (t) = PG (t) — SG(t) — DG(t);
Management| Agent where WS(t) is the warehouse stocks at
Office time t; PG(t) is the quantity of goods that
Production have been produced until time t; SG(t) is
Management| Agent the quantity of goods which have been
Office used to fulfill orders until time t; DG(t) is
Warehouse the quantity of goods which, at time t,
Management| Agent have been eliminated due to expiration.
Office S_Prod2.
Artifact Livenessrules
B R .
Dagtgse ( e:ourc L _Prodl. The Order Management Office
Manager cannot start satisfying an order that has
not been correctly and completely
received.
L Prod2 ...

Figure2. A part of the Society M odel of the Producer Society.



3.2.2 The Vendor Agent Model
Part of theAgent Model of theVendor Agent is shown in Figure
3. In particular:

- Figure 3.a shows th¥endor Goal Model where the two
goals &ock Management and Price List Updating) which
compose the complex goal of tilendor Agent are specified
along with their achievement relationships (in tbése the
two goals can be achieved independently);

- Figures 3.b illustrates a part of théendor Behavioral
Model; in particular, theVendor Activity Table which
specifies the activitiesQrder Planning, Goods Reception,
and Price Definition) which theVendor Agent executes for
achieving its goals, along with the pre and postdéions
and the execution schedule (periodical or triggeré&hch

activity in the AgentActivity Table is further described by:
(i) an UML [20] Activity Diagram which details the flow of
execution ¢ontrol flow) of the actions into which the activity
can be decomposed; (ii) afctivity Action Table which
reports, for each single action, a synthetic dpson of the
action along with its pre and post conditions, ¢hpabilities
required for carrying out the action and its typenfputation

or interaction). As an example, the figure shows the UML
Activity Diagram for theOrder Planning activity;

Figure 3.c reports thé/endor Interaction Model which
specifies, for each action of theteraction type, the activity
in the Agent Activity Table in which the interaction appears
along with theinitiator, the partners of the interaction, and
theexchanged information.

Vendor_Sg1: Stock Management

(sub)goal
Vendor_Sg1 Vendor_Sg2

Vendor_Sg2: Price List Updating

(a) The Vendor Goal Model

- Vendor Activity Table -

Activity Goal Pre-| Post- Execution

cond.| cond. schedule

Order Vendor_Sgl Periodical
Planning

Goods Vendor_Sg1l Triggered
Reception

Price Vendor_Sg2 Triggered
Definition

rder
Composition

[Order

Legenda Empy]

g Time Signal l:l Action
Decision
D Send Signal

Final node

Accept Signal
Zl oLSi — Flowedge

- UML Activity Diagram for the Order Planning Activity -

[Order not Empty]

[Orddf refused]

Order
Placing

Pruducer
Feedback

[Or*er Accepted]

Pending Order List
Updating

(b) A part of the Vendor Behavioral Model

Interaction  |Activity Initiator Partners Exchanged
Information
Order Order endor Order Order Data
Placing Planning Management
Office
Producer Order Order endor Order Data
Feedback | Planning |Management Decisionon
Office order acceptance
Goods iGoods (Carrier endor Delivery Date
Delivering Reception
New Price Price Order endor Product Price
Definition |Management
Office

(c) The Vendor Interaction Model

Figure3. A part of the Agent Modd of the Vendor Agent.

3.2.3 TheCarrier Artifact Model

As for the Agent Model (see Section 3.2.1), afwtifact Model
describes the behavior of &ntifact (Artifact Behavioral Model),
and its interactions with othefrtifacts and Agents (Artifact
Interaction Model); however, as an Artifact is a re-active entity

offering a set of services, the execution schedtiits Activitiesis

always of the triggered type. In Figure 4 a partthof Artifact
Model of theCarrier Artifact is reported.



3.3 Simulation Design

the Order Planning SBehavior in figure 5.b corresponds to the

Figure 5 shows a portion of ti@mulation Model produced by ~ Order Planning Activity of the Vendor Agent reported in figure
adopting as the reference simulation framework Repast 3.b. The seamless transition between the two models
Simphony Toolkit [15, 17]. In particular, Figure 5.a shows the nighlighted by the comparison between these tworég which
organization of the Simulation ContexSContexts) whereas  manifests the straightforwardness of the mappingramthe
Figure 5.b shows the set of Simulation BehaviBehavior) of behavior of an Agent/Artifact, defined during theor€eptual

the Simulation Agent SAgent)

representing a Vendor. Modeling phase in terms oActivities expressed by using the

Specifically, for thevendor threeSBehaviors are defined, one for ~ UML notation, and the behavior of &gent, defined during the
each Activity introduced in theAgent Behavioral Model during Smulation Design phase in terms @Behaviors.
the Conceptual Modeling phase (see Figure 3.bjarAexample,

#% ProducerRelantionshipMetnork
. Attributes
= Styles
U4 My SystemRelantionshipMenwark
o Artributes
> Swyles

47 Agent

i

Legenda

Context
Projection - Network

- Carrier Activity Table -
Activity | Pre- | Post- Execution
cond. | cond. schedule
Goods Triggered
Delivering
- UML Activity Diagram for the Goods Delivery Activity -
Goods Goods
Goods Delivery Goods e .
Delivery Request > Withdrawal Delivering Delivered .
Request Evaluation Notification
(b) A part of the Carrier Behavioral Model
Interaction  |Activity nitiator Partners [Exchanged
Information
IGoods IGoods Order Carrier [Order Data
Delivery Delivering  |Management
Request Office
IGoods IGoods [Carrier Warehouse ~ ithdrawel Date
Mthdrawel  [Delivering Management
INotification Office
IGoods IGoods Carrier ‘endor Delivery Date
Delivering  [Delivering
IGoods IGoods Carrier IOrder Delivery Date
Delivered  [Delivering Management Delivery Status
Office
(c) The Carrier Interaction Model
Figure4. A part of theArtifact Model of the Carrier Artifact.
- My Sy stem Order lanning Gaods Reception Price Definition
B4 Carrier
b4 Wendaor
b4 OrderManagementOffice
p o WarehouseManagementOffice
p % ProductionManagementOffice Expwadc&nnimitammg Loading of the Gol Inthe wrshouse l
p < RMBuyerDatabase

e
Lo
T

Pending Order List Updating

(a) The Simulation Context

(b) The Smulation Behavior of the SAgent
representing a Vendor

Figure5. A part of the Simulation Model.



3.4 Simulation execution and result analysis
Starting from theSmulation Model described in the previous
phase, great part of the simulation code is auticalbt generated
by the Repast Smphony Development Environment [12],
compiled by using a Java compiler and then loaded the
Repast Smphony Runtime Environment for the Smulation Set-up
and Execution. In particular, according to the simulation
objectives, the execution of the resulting SimafaModel made
it possible to compare the three different congdegproduction
and pricing policies for the producethangeless, incremental,
and adaptive. With reference to Figure 6, which illustrates the
diagram of theprofit for the Producer Agent, it is possible to
appreciate the great advantage given by the adoptfothe
adaptive production and pricing policy and how theremental
policy can lead to the complete failure of the gmise if not
opportunely corrected.

€75.000,00
€70.000,00
€65.000,00
€60.000,00
€55.000,00
€50.000,00
€45.000,00
€40.000,00 T
€35.000,00 —

€25.000,00

€30.000,00
i

To

€20.000,00

o

—T

i

= changeless

and implementation details, as the well-known MoDeken

paradigm, in which the code is automatically geteetrafrom a

set of (visual) models of the system, is adopted.
Currently, except for System Analysis and Concdpstem
Modeling, all the phases of the process defineccdgyABMS
exploit the Repast Simphony Toolkit. Future reseafforts will
be devoted to: (i) extend the Repast Simphony Tbal& to
obtain an integrated ABMS environment which fullypports all
the process phases; (i) extensively experimenyARislS in
significant case studies concerning relevant spdialncial,
economic, and logistic issues; (iii) experiment #uoption of a
meta-simulation framework for the Simulation Desfhase so to
obtain a Platform Independent Simulation Model whaan be
then translated into different platform-dependemnusation
models.
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