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Abstract. The objectiv e of this paper is to give an overview of Troposmethodology.
Tropos is basedon two key ideas. First, the notion of agent and related mentalistic
notions, such as goals and plans, are used in all phasesof software development,
from early analysis down to the actual implementation. Second,Tropos covers the
very early phasesof requirements analysis, thus allowing for a deeper understanding
of the environment where the software-to-be will eventually operate. We illustrate
the phases of the methodology, the Formal Tropos language, and the social and
intentional models that are used to support software development.
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1. In tro duction

The explosive growth of application areassuch aselectronic commerce,
enterprise resourceplanning, and peer-to-peer computing has deeply
and irreversibly changedour views on software and Software Engineer-
ing. Software must now be basedon open architectures that continu-
ously change and evolve to accommodate new components and meet
new requirements. Software must also operate on di®erent platforms,
without recompilation, and with minimal assumptions about its op-
erating environment and its users. As well, software must be robust
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and autonomous,capableof serving end userswith a minimum of over-
head and interference. These new requirements, in turn, call for new
concepts,tools and techniques for engineeringand managing software.

For thesereasons{ and more { agent-oriented software development
is gaining popularit y over traditional software development techniques,
including structured and object-oriented ones (see for instance [14]).
After all, agent-based architectures do provide for an open, evolving
architecture that can change at run-time to exploit the services of
new agents, or replace under-performing ones. In addition, software
agents can, in principle, cope with unforeseencircumstancesbecause
their architecture includes goals along with a planning capability for
meeting them.

Wearecurrently working on an agent-oriented softwaredevelopment
methodology calledTropos[2]. In a nutshell, Troposis basedon two key
features. First, the notion of agent and related mentalistic notions are
used in all software development phases,from the early requirements
analysisdown to the actual implementation. Second,the methodology
emphasizesearly requirements analysis, the phase that precedesthe
prescriptive requirements speci¯cation. In this respect, Tropos is quite
di®erent from other agent- and object-oriented software development
methodologies.

Paying attention to the activities that precedethe speci¯cation of
prescriptive requirements for the system-to-be [6, 23] means that de-
veloperscan capture and analyzethe goalsof stateholders.Thesegoals
play a crucial role in de¯ning the requirements for the new system.Put
another way, prescriptive requirements capture the what and the how
for the system-to-be. Early requirements, on the other hand, capture
the reasonswhy a software system is developed. This new perspective,
in turn, supports a more re¯ned analysisof systemdependenciesand a
more uniform treatment of functional and non-functional requirements.

Tropos adopts Eric Yu's i* model which o®ersactors (agents, roles,
or positions), goals, and actor dependenciesas primitiv e concepts for
modeling an application during early requirements analysis. Tropos is
intended to support four phasesof software development: early require-
ments analysis, concerned with the understanding of a problem by
studying its organizational setting; late requirements analysis, where
the system-to-be is described within its operational environment, along
with relevant functions and qualities; architectural design, where the
system's global architecture is de¯ned in terms of subsystems,inter-
connectedthrough data, control, and other dependencies;and detailed
design, where the behavior of each component is de¯ned in further
detail.
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The objective of this chapter is to present the Tropos methodol-
ogy. Section 2 o®ersan overview of the methodology, while Section 3
presents the Troposformal language,designedto support the methodol-
ogy. Section4 describesthe social patterns usedduring the development
process,while Section 5 presents its goal model. Finally, Section 6
summarizesthe contributions of the proposedmethodology and points
to directions for further work.

2. Ov erview

In this section we present brie°y the four phasessupported by Tropos,
using the Media Shop casestudy. Media Shop is a store selling and
shipping media items such as books, magazines,audio CDs, video-
tapes, and the like. Media Shop customers (on-site or remote) can
use a catalogue describing available items to ¯ll their orders. Media
Shop is supplied with the latest releasesfrom Media Producer and in-
catalogue items by Media Supplier. To increasemarket share, Media
Shop has decided to open up Medi@, a B2C internet site. Through it,
a customer can put in orders to Media Shop through the internet. She
can also search the on-line store by either browsing the catalogue, or
by querying the database through keywords or full-text search. The
system uses communication facilities provided by Telecom Cpy and
on-line ¯nancial servicessupplied by Bank Cpy.

Early requiremen ts analysis focuses on the intentions of stake-
holders. Intentions are modeled as goals. Through someform of goal-
oriented analysis, these initial goals eventually lead to the functional
and non-functional requirements of the system-to-be [6]. In i* [23],
stakeholders are represented as (social) actors who depend on each
other for goalsto be achieved, tasks to be performed, and resourcesto
befurnished. The i* framework includesthe strategic dependencymodel
for describing the network of relationships amongactors, aswell as the
strategic rationale model for describing and supporting the reasoning
that each actor goes through concerning its relationships with other
actors.

A strategic dependencymodel is a graph involving actors who have
strategic dependenciesamong each other. A dependencydescribes an
\agreement" (called dependum) between a depending actor (depen-
der) and an actor who is dependedupon (dependee). The type of the
dependency describes the nature of the agreement. Goal dependen-
cies are used to represent delegation of responsibilit y for ful¯lling a
goal; softgoal dependenciesare similar to goal dependencies,but their
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Figure 1. i* Model for a Media Shop.

ful¯llmen t cannot be de¯ned precisely (for instance, the degreeof ful-
¯llmen t is subjective); task dependenciesare used in situations where
the dependeeis required to perform a given activit y; and resource de-
pendenciesrequire the dependeeto provide a resourceto the depender.
As shown in Figure 1, actors are represented as circles; dependums {
goals, softgoals, tasks and resources{ are respectively represented as
ovals, clouds,hexagonsand rectangles;and dependencieshave the form
depender ! dependum ! dependee.

These elements are su±cient for producing a ¯rst model of an or-
ganizational environment. For instance, Figure 1 depicts an i* model
of our Medi@ example. The main actors are Customer, Media Shop,
Media Supplier and Media Producer. Customer dependson Media Shop
to ful¯ll her goal: Buy Media Items. Conversely, Media Shop depends
on Customer to increase market share and make \ customers happy".
Since the dependum Happy Customers cannot be de¯ned precisely, it
is represented asa softgoal.The Customer alsodependson Media Shop
to consult the catalogue (task dependency). Furthermore, Media Shop
dependson Media Supplier to supply media items in a continuous way
and get a Media Item (resourcedependency). The items are expected
to be of good quality, otherwise the Continuing Business dependency
might not be ful¯lled. Finally, Media Producer is expected to provide
Media Supplier with Quality Packages.

Late requiremen ts analysis results in a requirements speci¯cation
which describesall functional and non-functional requirements for the
system-to-be. In Tropos,the systemis represented asoneor moreactors
which participate in a strategic dependency model, along with other
actors from the system'soperational environment. In other words, the
systemcomesinto the picture as one or more actors who contribute to
the ful¯llmen t of stakeholder goals.

As late requirements analysisproceeds,the system(Medi@) is given
additional responsibilities, and ends up as the dependee of several
dependencies.A strategic rationale model determinesthrough a means-
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endsanalysishow the systemgoals(including softgoals) identi¯ed dur-
ing early requirements can actually be ful¯lled exploiting the contribu-
tions of other actors. A strategic rationale model is a graph with four
types of nodes - goal, task, resource, and softgoal - and two types of
links - means-endslinks and decomposition links. A strategic rationale
graph captures the relationship between the goals of each actor and
the dependenciesthrough which the actor expects thesedependencies
to be ful¯lled.

The analysis in Figure 2 focuseson the system itself and postu-
lates a root task Internet Shop Managed providing su±cient support
(++) [3] to the softgoal Increase Market Share. That task is ¯rstly
re¯ned (through decomposition links) into goals Internet Order Han-
dled and Item Searching Handled, softgoals Attr act New Customer,
Security , Adaptability and Availability , and task Produce Statistics. To
manageinternet orders, Internet Order Handled needsto be achieved
(means-endslink) through the task ShoppingCart. In turn, this task
is decomposedinto subtasksSelect Item, Add Item, Check Out, and a
subgoalGet Identi¯c ation Detail. Theseare the main processactivities
required to designan operational on-line shoppingcart. The latter goal
is achieved either through secureor standard form orderings.

In addition, Figure 2 intro ducessoftgoalcontributions to model su±-
cient/partial positive (respectively ++ and +) or negative (respectively
¡¡ and ¡ ) support to softgoals Security , Availability , Adaptability,
Attr act New Customers and IncreaseMarket Share. The result of such
a means-endsanalysis is a set of (system and human) actors who are
dependeesfor someof the dependenciesthat have beenpostulated.

Resource,task and softgoal dependenciescorrespond naturally to
functional and non-functional requirements. Leaving (some) goal de-
pendenciesbetween system actors and other actors is a novelty. Tra-
ditionally , functional goals are \op erationalized" during late require-
ments, while quality softgoals are either operationalized or \metri-
cized" [6]. In our example, we have left four (soft)goals (Availability,
Security, Adaptability and IncreaseMarket Share) for architectural de-
sign. The operationalization of these non-functional requirements will
depend on the type of architecture chosenduring design.

Arc hitectural design . A system architecture constitutes a relatively
small, intellectually manageablemodel of system structure, which de-
scribeshow systemcomponents work together [22]. In Tropos,we have
de¯ned organizational architectural styles [15] for cooperative,dynamic
and distributed applications { such as multi-agent systems{ to guide
the design of the system architecture. These organizational architec-
tural styles are basedon conceptsand designalternativ escoming from
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Figure 2. Strategic Rationale Model for Medi@.

research in organization management. As such, they help match a
multi-agent system(hereafter MAS) architecture to the organizational
context within which the systemwill operate. We present more details
on theseorganizational stylesand the Troposarchitectural designphase
in Section 4.

Detailed design intro duces additional detail for each architectural
component of a system. In particular, this phasedetermines how the
goals assignedto each actor are ful¯lled by agents in terms of design
patterns. Design patterns (e.g., [11]) have attracted much attention.
Unfortunately, the literature focuseson object-oriented patterns, rather
than the intentional and social ones that are relevant here. Within
Tropos, social patterns [7] are usedto ¯nd a solution to a speci¯c goal
de¯ned at the architectural level through the identi¯cation of organiza-
tional styles and relevant quality attributes. More details about social
patterns are presented in Section 4.

Detail designin Troposalso includes the speci¯cation of agent com-
munication and agent behavior. To support this task, we propose to
adopt existing agent communication languages,such asFIPA-ACL [16],
and extensionsto UML, such as the Agent Uni¯ed Modeling Language
(AUML).
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3. Formal Trop os

The Troposframework supports the application of formal analysistech-
niques for the veri¯cation of requirements speci¯cations. The analysis
is based on Formal Tropos (hereafter FT), a speci¯cation language
that o®ersall the standard mentalistic notions of Tropos and supple-
ments them with a rich temporal speci¯cation language inspired by
KA OS [17]. FT allows for the description of the dynamic aspects of
Tropos models. More precisely, in FT we focus not only on the in-
tentional elements themselves,but also on the circumstancesin which
they arise, and on the conditions that lead to their ful¯llmen t. In this
way, the dynamic aspectsof a requirements speci¯cation are intro duced
at the strategic level, without requiring an operationalization of the
speci¯cation. With an FT speci¯cation, one can ask questionssuch as:
Can we construct valid operational scenariosbasedon the model? Is it
possibleto ful¯ll the goalsof the actors?Do the dependenciesrepresent
a valid synchronization betweenactors?

In this section we give a short description of the key aspects of the
FT language.A full de¯nition can be found in [8, 10].

An FT speci¯cation describes the relevant elements (actors, goals,
dependencies...)of a domain and the relationships among them. The
description of each elements is structured in two layers. The outer
layer is similar to a class declaration. It associates to the element a
set of attributes that de¯ne its structure. The inner layer expresses
constraints on the lifetime of the objects, given in a typed ¯rst-order
linear-time temporal logic.

Figure 3 is an excerpt of the outer layer of the FT speci¯cation of the
Medi@ example. It focuseson the management of the on-line shopping
cart. Actors, intentional elements, and dependenciesof the Strategic
Rational Model are mapped into corresponding \classes" in the outer
layer of FT. Moreover, \entities" (e.g., Cart and Item) are added to
represent the relevant non-intentional elements of the domain. Several
instancesof a classmay exist during the evolution of the system.For ex-
ample, di®erent PlaceOrderinstancesmay exist for di®erent customers,
and several AddItem tasks can be done during the management of a
ShoppingCart.

Each classhasan associated list of attributes. Most of the attributes
in FT are referencesto other classesand are usedto de¯ne the relation-
ships among the di®erent instancesof theseclasses.For example, task
ShoppingCart refersto the speci¯c Cart that is beingmanaged(attribute
cart) and to the PlaceOrderdependencythat triggered the management
of the ShoppingCart (attribute po). Moreover, each Cart refers to the
set of items that have been added to it. Constan t attributes (i.e.,
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En tit y Item
En tit y Cart

A ttribute items : set of Item
Actor Customer
Actor Medi@
Goal Dep endency PlaceOrder
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Mo de achiev e

Task ShoppingCart
Actor Media@
Mo de achiev e
A ttribute constan t cart : Cart

constan t po : PlaceOrder
Task AddItem

Actor Student
Mo de achiev e
A ttribute constan t sc : ShoppingCart

constan t item : Item
Goal GetIdenti¯cationDetail

Actor Medi@
Mo de achiev e
A ttribute constan t sc : ShoppingCart

customer : Customer
SoftGoal Security

Actor Medi@
Mo de main tain

Figure 3. Excerpt of FT Class Declaration.

attributes whosevaluesdo not changeover time) de¯ne static relations
among the classinstancesof a model. For instance, the cart associated
to a given instance of ShoppingCart doesnot change.The set of items
associated to the cart, on the other hand, can changeover time. Special
attribute actor associates a goal or task to the corresponding actor.
Similarly, dep ender and dep endee attributes de¯ne the two actors
involved in a dependency.

Intentional elements have a Mo de attribute that de¯nes the modal-
it y of the ful¯llmen t of the goal or task. For instance, the mode of task
ShoppingCart is achiev e, which meansthat the Medi@actor wants to
reach a state where the management of the cart has beenful¯lled and
the corresponding order has been placed. Softgoal Security, instead,
has a main tain mode, since the security of the system has to be
continuously maintained.
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Task AddItem
Actor Medi@
Mo de achiev e
A ttribute constan t sc : ShoppingCart

constan t item : Item
In varian t sc.actor = actor
In varian t 8 ai : AddItem ((ai.item = item) ! (ai = self ))
Creation condition !Ful¯lled (sc)
Ful¯llmen t de¯nition item in sc.cart .items

SoftGoal Security
Actor Medi@
Mo de main tain
Ful¯llmen t condition 8 gid : GetIdenti¯cationDetail

(gid.actor = actor ^ Ful¯lled (gid) !
gid.customer= gid.sc.po.dep ender )

Figure 4. Example of FT Constraints.

Figure 4 contains some examplesof constraints on the lifetime of
class instancesthat de¯ne the inner layer of an FT speci¯cation. In-
varian t constraints de¯ne conditions that should be true throughout
the lifetime of classinstances.Typically, invariants de¯ne relations on
the possiblevalues of attributes, or cardinalit y constraints on the in-
stancesof a given class. For instance, the ¯rst invariant of Figure 4
binds an AddItem task with its associated ShoppingCart task, while the
secondinvariant imposesa cardinalit y constraint on the AddItem tasks
for a given Item.

Two critical moments in the lifecycle of intentional elements and
dependenciesare the instants of their creation and ful¯llmen t. Creation
and ful¯llmen t constraints can be used to imposeconditions for these
two moments in the life of an intentional element. The creation of a goal
or task instance meansthat the owner or depender expects or desires
the achievement of the goal/task. Creation constraints should be sat-
is¯ed whenever a new instanceis created,while ful¯llmen t constraints
should hold whenever a goal or softgoal is satis¯ed, a task is performed,
a resourceis made available, or a dependum is delivered. Creation and
ful¯llmen t constraints are further distinguished as su±cient conditions
(keyword trigger ), necessaryconditions (keyword condition ), and
necessaryand su±cient conditions (keyword de¯nition ).

A ¯rst usageof creation and ful¯llmen t constraints is to relate sub-
ordinate goals and tasks with their parent intentional elements. For
instance, Figure 4 shows that a creation condition for an instance of
task AddItem is that the parent task ShoppingCart is not yet ful¯lled:
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it is not possible to add further items to a cart, once an order has
been placed and task ShoppingCart has been ful¯lled. Together with
the ful¯llmen t conditions of task ShoppingCart, this creation condition
elaborates the decomposition relation betweenthe two tasks shown in
Figure 2.

The ful¯llmen t condition of softgoalSecurity requiresthat, whenever
a GetIdenti¯cationDetailgoal has beenful¯lled, the identi¯ed customer
(gid.customer) coincideswith the customer that is interacting with the
system for placing the order (gid.sc.po.dep ender ), that is, in a secure
system we do not allow for invalid identi¯cations.

Once a FT speci¯cation has been de¯ned, it can be formally veri-
¯ed in order to identify errors, ambiguities, and under-speci¯cations.
The veri¯cation phaseusually generatesfeedback on errors in the FT
speci¯cation and hints on how to ¯x them. In order to support the
veri¯cation process,we have developed a protot ype tool, called the T-
Tool [9], that is basedon ¯nite-state model checking [5, 4]. On the basis
of an FT speci¯cation, the T-Tool builds a ¯nite model that represents
all possiblebehaviors of the domain that satisfy the constraints of the
speci¯cation. The T-Tool then veri¯es whether this model exhibits the
desiredbehaviors.

The T-Tool provides several veri¯cation functionalities. Animation
of the speci¯cation consistsof an interactive generation of a valid sce-
nario, namely, of a scenariothat satis¯es all the temporal constraints
of the FT speci¯cation. Animation allows for an immediate feedback
on the e®ectsof constraints and for an early identi¯cation of trivial
bugs and missing requirements. Consistency checks verify that the
FT speci¯cation is not self-contradictory . Inconsistent speci¯cations
occur quite often due to complex interactions among constraints in
the speci¯cation, and they are very di±cult to detect without the
support of automated analysistools. During the consistencychecks, the
T-Tool veri¯es that there is somevalid scenario that respects all the
constraints of the FT speci¯cation, that all the goalsand dependencies
are ful¯llable in somescenarios,and other similar properties.Possibility
checks verify whether we are over-constraining the speci¯cation, that
is, whether we have ruled out scenariosexpected by the stakeholders.
These expected scenariosare described in the FT speci¯cation using
possibilit y properties. For instance,a scenariothat we do not want to
rule out is the possibility of interrupting the placement of an order also
if we have already added some items to the cart. This property can
be expressedby the following FT possibilit y . It requires that, even
if items have been added to the cart, it is possible to never ful¯ll a
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ShoppingCart task (with \ globally (c)" we specify that condition c is
true through all future history of the model):

Possibilit y 9 sc: ShoppingCart (sc.cart 6= empt y ^ globally (: Ful¯lled (sc)))

Assertion properties verify whether the requirements are under-speci-
¯ed and allowing for invalid scenarios.Also in this case, assertion
declarations in the FT speci¯cation are used to express conditions
on the valid scenarios.For instance, a requirement that one wants to
be true is that the system is secure,that is, that softgoal Security is
ful¯lled:

Assertion 8 sec: Security (Ful¯lled (sec))

Sincethe ful¯llmen t of the security goal dependson the successof goal
GetIdenti¯cationDetail, the de¯nition of the ful¯llmen t conditions of this
goal need special care. If these conditions do allow for incorrect iden-
ti¯cations, the previous assertion is violated and an error is reported
during the veri¯cation phase.

4. Socially-Based MAS Arc hitectures

Systemarchitectural designhasbeenthe focusof considerableresearch
during the last ¯fteen years.This has produced well-establishedarchi-
tectural styles and frameworks for evaluating their e®ectivenesswith
respect to particular software qualities. Examples of styles are pipes-
and-¯lters, event-based, layered, control loops and the like [22]. In
Tropos, we are interested in developing a suitable set of architectural
styles for multi-agent software systems. Since the fundamental con-
ceptsof a Multi-Agen t System(MAS) are intentional and social, rather
than implementation-oriented, we turn to theories which study social
structures that result from a designprocess,namely Organization The-
ory and Strategic Alliances. Organization Theory (e.g., [21]) describes
the structure and design of an organization; Strategic Alliances (e.g.,
[19]) models the strategic collaborations of independent organizational
stakeholderswho have agreedto pursue a set of businessgoals.

Organization Theory describes how practical organizations are ac-
tually structured, o®ers suggestionson how new ones can be con-
structed, and how old ones can change to improve e®ectiveness.To
this end, schools of organization theory have proposedmodels such as
the structure-in-5, the pyramid style, the chain of values, the matrix ,
the bidding style to try to ¯nd and formalize recurring organizational
structures and behaviors.
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For instance the structure-in-5 , as proposed by Minztb erg [18],
speci¯es that an organization is an aggregateof ¯v e sub-structures. At
the base level sits the Operational Core which carries out the basic
tasks and proceduresdirectly linked to the production of products and
services(acquisition of inputs, transformation of inputs into outputs,
distribution of outputs). At the top lies the Strategic Apex which makes
executive decisionsensuring that the organization ful¯lls its mission in
an e®ective way and de¯nes the overall strategy of the organization in
its environment. The Middle Line establishesa hierarchy of authorit y
between the Strategic Apex and the Operational Core. It consists of
managers responsible for supervising and coordinating the activities
of the Operational Core. The Technostructure and the Support are
separatedfrom the main line of authorit y and in°uence the operating
core only indirectly . The Technostructure serves the organization by
making the work of others more e®ective, typically by standardizing
work processes,outputs, and skills. It is also in charge of applying
analytical proceduresto adapt the organization to its operational envi-
ronment. The Support provides specializedservices,at various levelsof
the hierarchy, outside the basicoperating work °ow (e.g., legal counsel,
R&D, payroll, cafeteria).

Figure 5 suggestsa possibleassignment of systemresponsibilities for
our Medi@ casestudy following the structure-in-5 organizational style.
It is decomposed into ¯v e principal components Store Front, Coordi-
nator, Bil ling Processor, Back Store and Decision Maker. Store Front
serves as the Operational Core. It interacts primarily with Customer
and providesher with a usablefront-end web application for consulting
and shoppingmedia items. Back Store constitutes the Support compo-
nent. It managesthe product databaseand communicates to the Store
Front information on products selectedby the user. It stores and backs
up all web information from the Store Front about customers, prod-
ucts, sales,orders and bills to produce statistical information to the
Coordinator. It provides the Decision Maker with strategic information
(analyses,historical charts and salesreports).

The Bil ling Processor is in charge of handling orders and bills for
the Coordinator and implementing the corresponding proceduresfor
the Store Front. It also ensuresthe secure management of ¯nancial
transactions for the Decision Maker. As the Middle Line, the Coor-
dinator assumesthe central position of the architecture. It ensures
the coordination of e-shopping servicesprovided by the Operational
Core including the management of con°icts between itself, the Bil ling
Processor, the Back Store and the Store Front. To this end, it also
handlesand implements strategiesto manageand prevent security gaps
and adaptability issues.The Decision Maker assumesthe Strategic Apex
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Figure 5. The Medi@ Organizational Architecture in Structure-in-5.

role. To this end, it de¯nes the Strategic Behavior of the architecture
ensuring that objectives and responsibilities delegated to the Bil ling
Processor, Coordinator and Back Store are consistent with that global
functionalit y.

Strategic Alliances link speci¯c facetsof two or more organizations.
At its core, this structure is a trading partnership that enhancesthe
e®ectivenessof competitiv e strategies of participant organizations by
providing for the mutually bene¯cial trade of technologies, skills, or
products derived from them.

For instance, the join t venture style involvesagreement between
two or more intra-industry partners to obtain the bene¯ts of larger
scale,partial investment and lower maintenancecosts.A speci¯c joint
management actor coordinates tasks and managesthe sharing of re-
sourcesbetweenpartner actors. Each partner can manageand control
itself on a local dimension and interact directly with other partners to
exchangeresources,such asdata and knowledge.However, the strategic
operation and coordination of such an organization, and its actors on
a global dimension,are only ensuredby the joint management actor in
which the original actors possessequity participations.

Other styles are the arm's-length style, the hierarchical contracting
style or the co-optation style.
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Social Patterns. A further step in the architectural design of MAS
consistsof specifying how the goals delegatedto each actor are to be
ful¯lled [15]. For this step, designerscan be guided by a catalogue of
multi-agent patterns which o®era set of standard solutions. Consider-
able work has been done in software engineeringfor de¯ning software
patterns (seee.g., [11]). Unfortunately, little emphasishasbeenput on
social and intentional aspects. Moreover, proposalsfor agent patterns
that do addresstheseaspects (seee.g., [1]) are not intended for useat
a design level. Instead, such proposalsseemto aim at the implemen-
tation phase, when issuessuch as agent communication, information
gathering, or connection setup are addressed.

Social patterns [7] are designpatterns focusing on social and inten-
tional aspects that are recurrent in multi-agent and cooperative sys-
tems. In particular, the structures are inspired by the federatedpatterns
intro duced in [13, 15]. We have classi¯ed them into two categories.

The Pair patterns { such asbooking, call-for-proposal,subscription,
or bidding { describe direct interactions between negotiating agents.
For instance, the Bidding pattern involvesan initiator and a number
of participants. The initiator organizesand leads the bidding process.
He publishesthe bid to the participants and receivesvarious proposals.
At every iteration, the initiator can accept an o®er, raise the bid, or
cancel the process.

The Mediation patterns { such as monitor, broker, matchmaker,
mediator, embassy, or wrapper { feature intermediary agents that help
other agents to reach an agreement on an exchange of services.For
instance, in the Brok er pattern, the broker agent is an arbiter and in-
termediary that requestsservicesfrom a provider to satisfy the request
of a consumer.

Figure 6 showsa possibleuseof the patterns in the e-businesssystem
shown in Figure 5. In particular, it shows how to realize the depen-
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denciesManage catalogue browsing, Update Information , and Product
Information from the point of view of the Store Front. The Store Front
and the dependenciesare decomposed into a combination of social
patterns involving agents, pattern agents, subgoalsand subtasks.

The booking pattern is applied betweenthe ShoppingCart and the
Information Broker to reserve available items. The broker pattern is
applied to the Information Broker, which satis¯es the ShoppingCart 's
requestsof information by accessingthe Product Database. The Source
Matchmaker applies the matchmaker pattern to locate the appropriate
source for the Information Broker, and the monitor pattern is used
to check any possible change in the Product Database. Finally, the
mediator pattern is applied to dispatch the interactions between the
Information Broker, the Source Matchmaker, and the Wrapper, while
the wrapper pattern makes the interaction between the Information
Broker and the Product Database possible.

5. Goal Mo dels

Traditional goal analysis consists of decomposing goals into subgoals
through an AND- or OR-decomposition. If goal G is AND-decomposed
(respectively, OR-decomposed) into subgoalsG1; G2; : : : ; Gn , then all
(at least one) of the subgoalsmust be satis¯ed for the goal G to be
satis¯ed. Given a goal model consisting of goals and AND/OR rela-
tionships among them, and a set of initial labels for somenodesof the
graph (S for Satis¯ed, D for Denied) there is a simple label propagation
algorithm which can generatelabels for all nodesof the graph [20].

Unfortunately, this simple framework for modeling and analyzing
goals won't work for many domains where goals can't be formally
de¯ned, and the relationships among them can't be captured by se-
mantically well-de¯ned relations such as AND/OR ones.For example,
a goal such as \ Highly reliable system" has no formal de¯nition which
prescribes its meaning, though one may want to de¯ne necessarycon-
ditions for its ful¯llmen t. Moreover, such a goal may be related to
other goals,such as \ Thoroughlydebugged system", \ Thoroughly tested
system" in the sensethat the latter obviously contribute to the satis-
faction of the former, but this contribution is partial and qualitativ e. In
other words, if the latter goals are satis¯ed, they certainly contribute
towards the satisfaction of the former goal, but don't guarantee it. The
framework will also not work in situations where there are contradic-
tory contributions to a goal. For instance, we may want to allow for
multiple decompositions of a goal G into setsof subgoals,where some
decompositions suggestsatisfaction of G while others suggestdenial.
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Figure 7. A partial goal model for GM.

Tropos proposesa formal model for goals that can cope with qual-
itativ e relationships and inconsistenciesamong goals. Supposewe are
modeling the strategic objectives of a US car manufacturer, such as
Ford or GM. Examples of such objectives are increase return on in-
vestment or increase customer loyalty. Objectives can be represented
as goals, and can be analyzed using goal relationships such as AND,
OR, \+" and \ ¡ ". In addition, we will use\++" (respectively " ¡¡ ")
a binary goal relationship such that if ++( G; G0) (¡¡ (G; G0)) then
satisfaction of G implies satisfaction (denial) of G0.

For instance, increase return on investment may be AND-decom-
posedinto increase salesvolume and increase pro¯t per vehicle. Like-
wise, increase sales volume might be OR-decomposed into increase
consumer appeal and expand markets. This decomposition and re¯ne-
ment of goals can continue until we have goals that are tangible (i.e.,
someonecan satisfy them through an appropriate course of action)
and/or observable (i.e., they can be con¯rmed satis¯ed/denied by sim-
ply observing the application domain).
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For vaguely stated goals,such as increasecustomer loyalty we may
want to simply model other relevant goals,such as improvecar quality,
improve car services and relate them through \+" and \ ¡ " relation-
ships, as shown in Figure 7. These goals may in°uence positively or
negatively someof the goalsthat have already beenintro duced during
the analysisof the goal increasereturn on investment. Such lateral goal
relationships may intro duce cyclesin our goal models.

Examplesof observablegoalsareYen rises, gaspricesrise etc. When
such a goal is satis¯ed, we will call it an event (the kind of event you
may read about in a news story) and represent it in our graphical
notation as a rectangle (seelower portion of Figure 7).

Figure 7 shows a partial and ¯ctitious goal model for GM focusing
on the goal increase return of investment. In order to increase return
of investment, GM has to satisfy both goalsincreasesalesand increase
pro¯t per vehicle. In turn, increasesalesvolumeis OR-decomposedinto
increaseconsumer appeal and expand markets, while the goal increase
pro¯t per vehicle is OR-decomposed into increase sales price, lower
production costs, increase foreign earnings, and increase high margin
sales. Additional decompositions are shown in the ¯gure. For instance,
the goal increase consumer appeal can be satis¯ed by satisfying lower
environment impact, trying to lower purchase costs, or reducing the
vehicle operating costs (reduce operating costs).

The graph showsalsolateral relationshipsamonggoals.For example,
the goal increasecustomer loyalty has positive (+) contributions from
goals lower environment impact, improve car quality and improve car
services, while it has a negative (¡ ) contribution from increase sales
price. The root goal increasereturn on investment (GM) is alsorelated
with goals concerning others auto manufacturer, such as Toyota and
VW. In particular, if GM increasessales,then Toyota losesa shareof
the North American market; if Toyota increasessalesincrease Toyota
sales), it does so at the expenseof VW; ¯nally , if VW increasessales
(increaseVW sales), it doesso at the expenseof GM.

So far, we have assumedthat every goal relationship treats S and D
in a dual fashion.For instance,if wehave+( G; G0), then if G is satis¯ed,
G0 is partially satis¯ed, and (dually) if G is deniedG0 is partially denied.
Note however, that sometimesa goal relationship only applies for S
(or D). In particular, the ¡¡ contribution from increaseGM salesto
increaseToyota salesonly applies when increaseGM salesis satis¯ed
(if GM hasn't increasedsales,this doesn't mean that Toyota has). To
capture this kind of relationship, we intro duce ¡ S, ¡ D , + S, + D (see
also Figure 7).

In [12] we have presented an axiomatization of a qualitativ e and a
quantitativ e goal model. We report here the qualitativ e formalization.
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We considersetsof goal nodesGi and of relations (G1; :::; Gn ) r7¡! G
over them, including the (n + 1)-ary relations and, or and the binary
relations + S, ¡ S, + D , ¡ D , ++ S, ¡¡ S, ++ D , ¡¡ D , +, ¡ , ++, ¡¡ .
We brie°y recall the intuitiv e meaning of these relations: G2

+ S7¡! G1

[resp. G2
++ S7¡! G1] means that if G2 is satis¯ed, then there is some

[resp. a full] evidence that G1 is satis¯ed, but if G2 is denied, then

nothing is said about the denial of G1; G2
¡ S7¡! G1 [resp. G2

¡¡ S7¡! G1]
meansthat if G2 is satis¯ed, then there is some[resp. a full] evidence
that G1 is denied, but if G2 is denied, then nothing is said about the
satisfaction of G1. The meaning of + D , ¡ D , ++ D , ¡¡ D is dual w.r.t.
+ S, ¡ S, ++ S, ¡¡ S respectively (by \dual" we mean that we invert
satis¯abilit y with deniabilit y). The relations +, ¡ , ++, ¡¡ are such
that each G2

r7¡! G1 is a shorthand for the combination of the two
corresponding relationships G2

r S7¡! G1 and G2
r D7¡! G1. (We call the

¯rst kind of relations symmetric and the latter two asymmetric.)
Let G1; G2; ::: denote goal labels. We intro duce four distinct predi-

catesover goals,FS( G), FD( G) and PS(G), PD( G), meaningrespec-
tiv ely that there is (at least) ful l evidencethat goal G is satis¯ed and
that G is denied, and that there is at least partial evidencethat G is
satis¯ed and that G is denied.

To formalize the propagation of satis¯abilit y and deniabilit y evi-
dencethrough a goalgraph, we intro ducein [12]a set of axiomsstating:
full satis¯abilit y and deniabilit y imply partial satis¯abilit y and denia-
bilit y, respectively; for an AND relation, full and partial satis¯abilit y
of the target node require respectively the full and partial satis¯abilit y
of all the source nodes; satis¯abilit y (but not the full satis¯abilit y)
propagatesthrough a \+ S" relation. Thus,an AND relation propagates
the minimum satis¯abilit y value (and the maximum deniabilit y one),
while a \+ S" relation propagatesat most a partial satis¯abilit y value.
Dual axioms hold for the other relations.

Given a goal graph, we can perform two di®erent kind of reasoning:
Top-Down and Bottom-Up. In Top-Down reasoning,we concentrate on
a set of root goalswith a desiredassignment (e.g., satisfy all of them),
and we want to ¯nd an assignment to the leaf nodesconsistent with the
desired assignment. In other words, we want to ¯nd an initial assign-
ment to the leaf nodesthat can be propagatethe desiderataassignment
to the root nodes.In Bottom-Up reasoning,we concentrate on a set of
leaf nodeswith an initial assignment, and propagate theseassignments
upwards to ¯nd out their implications for root-level goals.

In [12] we have proposedsoundand completealgorithms for qualita-
tiv eand quantitativ eTop-Down reasoningwith goalmodels.In particu-
lar, given a goal model and labels for someof the goals,our algorithms
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propagate these labels upwards. If the graph contains loops, propa-
gation proceedsuntil a ¯xp oint is reached. We have also developed
algorithms for qualitativ e and quantitativ e Bottom-Up reasoning.

6. Conclusions

We have presented an overview of the Tropos methodology. The basic
assumption that distinguishes our work from others in Requirements
Engineering is that actors and goalsare usedas fundamental concepts
for modeling and analysis during all phasesof software development,
not just early requirements. The distinguishing feature of Tropos com-
pared to other agent-oriented software development methodologies is
its emphasison requirements analysis. Further information about the
Tropos project can be found at www.troposproject.org.

The methodology hasonly beenapplied sofar to several modest-size
casestudies,e.g.[2], with encouragingresults. Moreover, the methodol-
ogystill lacks tools that support the transition betweendi®erent phases.
Another limitation of the methodology is that it has not beenusedfor
the development of full-°edged multi-agent systems.

Of course,much remains to be done to further re¯ne and evaluate
the proposedmethodology. We are currently working on several open
problems, such as the development of other formal analysis techniques
for Tropos models, and the development of tools that support design
activities during di®erent phasesof the methodology.

Ac kno wledgemen ts

We thank all contributors to the Tropos project { in Trento, Toronto
and elsewhere{ for useful comments, discussionsand feedback.

References

1. Y. Aridor and D.B. Lange. Agent design patterns: Elements of agent applica-
tion design. In Proc. of the 2nd Int. Conf. on Autonomous Agents, Agents'98,
pages108{115, St. Paul, USA, May 1998.

2. J. Castro, M. Kolp, and J. Mylop oulos. Towards Requirements-Driv en In-
formation Systems Engineering: The Tropos Pro ject. Information Systems.
Elsevier, Amsterdam, the Netherlands, (to appear).

3. L.K. Chung, B. Nixon, E. Yu, and J. Mylop oulos. Non-Functional Requirements
in Software Engineering. Klu wer Publishing, 2000.



20 P. Giorgini, M. Kolp, J. Mylop oulos, M. Pistore

4. A. Cimatti, E.M. Clarke, E. Giunchiglia, F. Giunchiglia, M. Pistore, M. Roveri,
R. Sebastiani, and A. Tacchella. NuSMV 2: An opensource tool for sym-
bolic model checking. In Computer Aided Veri¯c ation, number 2404 in LNCS,
Copenhagen(DK), July 2002. Springer.

5. E. Clarke, O.Grumberg, and D.Peled. Model Checking. MIT Press, 1999.
6. A. Dardenne, A. van Lamsweerde, and S. Fickas. Goal-directed requirements

acquisition. Science of Computer Programming, 20(1{2):3{50, 1993.
7. T.T. Do, M. Kolp, and A. Pirotte. Social patterns for designingmulti-agent sys-

tems. In Proc. of the 15th Int. Conf. on Software Engineering and Knowledge
Engineering, SEKE'03 , 2003.

8. A. Fuxman. Formal analysis of early requirements speci¯cations. Master's
thesis, Univ ersity of Toronto, 2001.

9. A. Fuxman, L. Liu, M. Pistore, M. Roveri, and J. Mylop oulos. Specifying and
analyzing early requirements in Tropos: Some experimental results. In Pro-
ceedings of the 11th IEEE International Requirements Engineering Conference,
Monterey Bay, California USA, September 2003. ACM-Press.

10. A. Fuxman, M. Pistore, J. Mylop oulos, and P. Traverso. Model checking
early requirements speci¯cations in Tropos. In IEEE Int. Symposium on Re-
quirements Engineering, pages 174{181, Toronto (CA), August 2001. IEEE
Computer Society.

11. E. Gamma, R. Helm, J. Johnson, and J. Vlissides. Design Patterns: Elements
of ReusableObject-Oriented Software. Addison-Wesley, 1995.

12. P. Giorgini, E. Nicchiarelli, J. Mylop oulos, and R. Sebastiani. Reasoningwith
Goal Models. In Proc. Int. Conference of Conceptual Modeling { ER'02, LNCS,
Tampere, Finland, October 2002. Springer.

13. S. Hayden, C. Carrick, and Q. Yang. Architectural design patterns for mul-
tiagent coordination. In Proc. of the 3rd Int. Conf. on Autonomous Agents,
Agents'99, Seattle, USA, May 1999.

14. N. R. Jennings. On agent-based software engineering. Arti¯cial Intel ligence,
117(2), 2000.

15. M. Kolp, P. Giorgini, and J. Mylop oulos. A goal-based organizational per-
spective on multi-agents architectures. In Proc. of the 8th Int. Workshop on
Intel ligent Agents: Agent Theories, Architectures, and Languages,ATAL'01 ,
Seattle, USA, August 2001.

16. Y. Labrou, T. Finin, and Y. Peng. The current landscape of agent communi-
cation languages. Intel ligent Systems, 14(2):45{52, 1999.

17. A. V. Lamsweerde. Goal-oriented requirements engineering: A guided tour. In
IEEE Int. Symposium on Requirements Engineering, pages249{261, Toronto
(CA), August 2001. IEEE Computer Society.

18. H. Min tzberg. Structur e in ¯ves : designing e®ective organizations. Prentice-
Hall, 1992.

19. J. Morabito, I. Sack, and A. Bhate. Organization modeling : innovative
architectures for the 21st century. Prentice Hall, 1999.

20. N. Nilsson. Problem Solving Methods in Arti¯cial Intel ligence. McGraw Hill,
1971.

21. W.R. Scott. Organizations: rational, natural, and open systems. Prentice Hall,
1998.

22. M. Shaw and D. Garlan. Software Architecture: Perspectives on an Emerging
Discipline . Prentice Hall, 1996.

23. E. Yu. Modelling Strategic Relationships for ProcessReengineering. PhD thesis,
Univ ersity of Toronto, Department of Computer Science,1995.


