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Abstract. Allocation of goal responsibilities to agent roles in Multi-
Agent Systems (MAS) influence the degree to which these systems
satisfy nonfunctional requirements. This paper proposes a systematic
approach that starts from nonfunctional requirements identification and
moves towards agent role definition guided by the degree of nonfunctional
requirements satisfaction. The approach relies on goal-dependencies to
allow potential MAS vulnerabilities to be studied. In contrast to related
work where organizational patterns are imposed on MAS, roles are con-
structed first, allowing MAS organizational structures to emerge from
role definitions.

1 Introduction

Requirements engineering is concerned with the identification of goals to be
achieved by an information system (IS), the operationalization of these into
the specification of IS services and constraints, the identification of resources
required to perform those services, the assignment of responsibilities for the
resulting requirements to agents, such as humans, devices and software.

At an abstract level, MAS are conceptualized as organizations of autonomous,
collaborative, and goal-driven software components [45]. Flexibility, modularity,
and robustness are some of the qualities hoped from MAS (e.g., [45,14]), mak-
ing them an attractive choice for a range of applications, such as peer-to-peer
computing, electronic commerce, etc.

There is widespread agreement that nonfunctional requirements need to be
considered early in any IS development process (e.g., [8,12,26,38]) in order to
assist reasoning about alternative system structures. While various approaches
have been proposed to transform nonfunctional requirements into functional
system characteristics during system development (e.g., [33,15,20,35,22,2,9]), the
specific issue of using nonfunctional requirements to allocate goals to agent roles
during the RE step of MAS development has received limited attention, and no
systematic approach has been proposed. In this context, this paper proposes a
preliminary approach to allocating goals to agent roles. It is situated within the
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RE step of MAS development process and builds on widely accepted techniques
for Goal-Oriented RE (GORE). The organizational MAS engineering metaphor
is adopted, leading to the allocation of goals to roles instead of agents, in order to
allow encapsulation and modularity nonfunctional requirements to be adequately
addressed [45].

The proposed goal allocation approach advances the state of the art in three
ways: (i) A systematic approach that starts with the identification of nonfunc-
tional requirements and progressively moves towards the generation of and selec-
tion between alternative MAS role structures is proposed. It allows the choice of
goal allocation to agent roles to be justified in relation to the identified nonfunc-
tional requirements. (ii) A novel type of dependency relationship between goals is
used to support the generation of, and selection between, alternative MAS role
structures. (iii) Heuristics for generating and selecting alternative goal-to-role
allocations are proposed.

Because the first step of the approach reuses the accepted goal analysis tech-
niques, there are no obstacles to integrating it into existing MAS Goal-Oriented
Requirements Engineering (GORE) frameworks.

2 Related Work

Within the RE field, GORE frameworks (e.g., [38,40]) have been shown as useful
when engineering MAS requirements (e.g., [6] and related).

In GORE research, the NFR framework [33,8] has been the first to propose a
representation language for nonfunctional requirements and to suggest a method
for relating them to functional requirements. It has been adapted in Tropos, an
agent-oriented development methodology [6], to deal with nonfunctional require-
ments in agent systems. In Tropos, goals are allocated to roles or agents through
dependency links that indicate the need of an agent (the depender) to collabo-
rate with another agent (the dependee) in order to achieve a goal, to have a task
executed, or a resource provided. Tropos has recently been extended with addi-
tional modeling concepts and techniques specifically aimed at analyzing security
nonfunctional requirements (see, e.g., [28,30,31,32]). Tropos assumes that agents
and their goals are given. In [6], the selection of a MAS role structure consists in
instantiating one of the predefined patterns of organizational structure (such as
structure-in-five, pyramid, joint-venture, etc.). Using the qualitative reasoning
techniques from the NFR framework, a pattern is selected by comparing the de-
gree to which each alternative pattern satisfies the identified MAS nonfunctional
requirements. The roles and their interdependencies are thus predefined (i.e., an
organizational structure is selected and roles in that structure are instantiated),
whereas the approach proposed here constructs roles first, allowing the orga-
nizational structure to appear from role definitions. In this respect, the latter
approach seems less rigid for tailoring the MAS structure to nonfunctional re-
quirements. It is guided by the goal dependency relationship to help the engineer
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to allocate interdependent goal pairs to roles so as to internalize or externalize
the dependencies.

The Tropos security-specific approach [27] considers the allocation of goal
achievement responsibilities to agents or roles by estimating the trustworthiness
between collaborating agents. Trustworthiness is conceptualized as a character-
istic of the collaborator agent and is estimated at system operation time by the
agent requiring the collaboration. As trustworthiness is a characteristic inherent
to individual agents, and not roles, a cautious approach has been adopted in
this paper: the existence of trust is not assumed during the definition of MAS
organizational structures through the allocation of goals to roles.

A formal approach has been proposed in [26] to support decision-making in
the context of comparison and choice of alternative goal refinements that re-
sult in alternative system structures. The approach consists of enriching goal
refinement models with a probabilistic layer for reasoning about partial goal
satisfaction. Being focused on the analysis of alternative goal refinements, the
selection of alternative allocations of goals to agent roles is not considered. The
approach from [26] can be combined with the one proposed in [24], as they share
the same conceptual foundations. A systematic technique is proposed in [24] (for
more details, see, [25]) to support the process of goal refinement in the aim of
generating alternative agents and responsibility assignments for goal achieve-
ment. It consists of checking goal realizability against the capabilities of system
agents to monitor and/or control state variables restricted by the goals. Specific
refinement tactics are given to facilitate the search for agents and agent capa-
bilities, and for refining goals until they are realizable by single agents. While
[24] is similar in motivation to this paper, the approach differs in the following
respects: (i) There is no distinction between agents and agent roles in [24]. This
hampers encapsulation and modularity for large MAS [45]. (ii) [45] use only re-
finement between goals. Below, we propose goal-dependency to allow new forms
of analysis.

The MaSE methodology [42] supports security nonfunctional requirements at
RE time by identifying negative use cases. The RE step (analysis phase) of the
methodology involves goal identification, use case generation for goal achieve-
ment, and agent role definition. The RE step in MaSE relies on diagrammatic
notation accompanied by textual descriptions, and is consequently of limited use
when precise traceability is required. Goal allocation to roles is not treated in a
systematic manner and no heuristics are provided. Similar remarks are relevant
for the MESSAGE [5] MAS development methodology.

Our goal-to-role allocation approach complements the techniques discussed
here. Our approach can be combined to [6] and [32] to introduce an additional
technique to generate and choose between alternative agent roles, while relying
on a formal nonfunctional requirements representation. It can be added to [24]
and [25] to introduce the role concept in their process and account for the possi-
bility of alternative agent role definitions, allowing encapsulation and modularity
nonfunctional requirements to be addressed more adequately.
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Fig. 1. Section of a goal tree for the P2P case study

3 A Process for Allocating Goals to Agent Roles

The proposed goal to role allocation approach consists of three steps described in
the following subsections. Application of the suggested techniques is illustrated
with examples of peer-to-peer MAS requirements discussed informally in [16]
and [27].

3.1 Create a Consistent Goal Tree Containing Precise Requirements

This step uses well-known discovery techniques to identify a set of nonfunctional
and functional requirements, modeled as goals. For illustration, we have used the
KAOS framework [10], [39]. Fig. 1 shows a section of the goal tree built for the
P2P MAS case study. The top goal, RequestedFileOpened is specified as follows:

Goal: Achieve [RequestedFileOpened]
Definition: Every remote file requested by the user should be opened

within at most 10 minutes.
FormalDef: ∀rf : File; p : Peer;Requested(rf, p) ∧ Remote(rf, p)

⇒ �≤10minOpened(fl, p)

3.2 Identify Goal Dependencies

Given a goal tree considered consistent and complete, dependency relation-
ships can be defined between goals. This section first overviews the dependency
conceptualization commonly used in the MAS RE literature. The possibility of
employing another useful dependency type at the MAS RE step is discussed. Fi-
nally, tactics for finding and checking the completeness of the identified, so-called
goal-dependencies are proposed.
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Dependencies Between Agents. In MAS RE, the following definition of a
dependency relationship has been adopted in i* [44], Tropos [6], GRL [29], and
REF [13]:

“A dependency link is a directed link that goes from the depender to
the dependee; it can connect an agent to a hard or soft goal, a task,
a resource, or vice-versa. In particular, an agent is linked to a goal, a
task or a resource when it depends, in some way, on that goal to be
achieved, that task to be performed or that resource to be provided; a
goal/task/resource is linked to an agent when it depends on that agent
to be achieved/performed/provided.” [13]

The goal-to-role allocation approach presented in this paper relies on another
type of dependency: goal-dependencies. Goal-dependencies are studied before
knowing which agents will be responsible for goal achievement, whereas agent-
dependencies are identified from system agent intentions after the agents are
known. While agent-dependencies allow easier characterization of existing (e.g.,
organizational) conditions, the goal-dependencies are used to define new roles.

Dependencies Between Goals. In Fig. 1, the goal FileTransferStarted is re-
fined into four other goals. As discussed in [38], many goal link types have
been proposed to relate goals with each other, or with other elements of the
requirements models: (i) Refinement links of two kinds have been suggested.
AND-refinements relate a goal to a set of sub-goals (the set if called a goal re-
finement), meaning that achieving all sub-goals in the refinement is sufficient for
satisfying the parent (or refined) goal. OR-refinement links a goal to alterna-
tive refinements. The achievement one of the refinements is sufficient to satisfy
the refined goal [11]. (ii) In NFR [33], weaker versions of refinement links re-
late nonfunctional goals and functional goals. The notion of goal satisficing has
been introduced, and contribution links express that sub-goals are expected to
contribute to the parent goal.

After constructing a refinement of a goal FileTransferStarted, the requirements
engineer knows that the achievement of the sub-goals is sufficient for the refined
goal to be achieved. But refinement links do not indicate the sequence in which
the sub-goals need to be achieved in order for the parent goal to be achieved. This
information is encoded in temporal logic in the KAOS [25] and Formal Tropos
[17] frameworks. But we believe it is worth making it more explicit, since it will
allow specific tools and techniques to be used, and it may be easier to identify
sub-goals by considering the sequence of activities for (parent) goal achievement
[34]. The usual method to refine goals asks how can a parent goal be achieved?
The natural answer to this question describes the sequencing of activities.

We propose thus a new type of inter-goal relationship, named goal-dependency.
Formally, a goal g2 depends on g1 when:

¬g1 ⇒ ¬g2Wg1

The classical temporal operator W is read “unless” (e.g., [25]), and means that
the condition on its left stays true unless the condition on its right becomes
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true. Intuitively, this condition means that g2 cannot be achieved unless g1 is
achieved.

Identification of Goal-Dependencies. Consider the two goals below. The first
formalizes the condition for a file transfer to be started in the case-study P2P
application, the second the condition for a requested file to be considered as
found.

Goal: RequestedFileFound
Definition: When the file has been requested and at least one peer px having and shar-

ing the file is found, the peer p1 that requested the file knows that the file is found, and
the routing peers are found.

FormalDef: ∀p1 : Peer; fl : File; rID : RequestID;p1.req = fl ∧ (∃px : Peer;
px ∈ P ∧ p1 �= px ∧ fl ∈ px.file list ∧ Share(px, fl, rID))
⇒ Found(fl, rID)

Goal: RandomPeersForDataRoutingFound
Definition: The n random peers for data routing are found when n routing peers are

found and each peer confirms availability.
FormalDef: ∀ps, pr : Peer; fl : File; rID : RequestID;Found(fl, rID)∧

Sender(ps, fl, rID) ∧ Receiver(pr, fl, rID)∧
@(∃p1, . . . , pn : Peer; {ps, pr} ∩ {p1, . . . , pn} = ∅
∧ �≤5s Available(p1, rID) ∧ . . . ∧ �≤5sAvailable(pn, rID))

⇒ �RoutingPeers = {p1, . . . , pn}

The existence of predicates that constrain values of the same MAS properties
within different goals indicates that there may be a goal-dependency between
the two goals. In the example, the property constrained in both goals concerns
MAS behavior related to file transfers. It is a goal-dependency, since they have
to be executed in this sequence. Notice that the refinement relationships can-
not be used to determine the sequence between these goals as they are brother
sub-goals.

Applying the reasoning described above, it can be seen that the property
Found(fl, rID) appears in both RandomPeersForDataRoutingFound and Request-
edFileFound goals’ specifications. Domain/solution knowledge allows affirming
that a file first needs to be found before searching for random peers that will
be used to route the file. It is thus assumed that there is a goal-dependency
in which the achievement of RandomPeersForDataRoutingFound depends on the
achievement of RequestedFileFound goals. To accept the reasoning above allows
a goal-dependency identification technique to be proposed:

– (I1) If there is at least one MAS property, constrained in predicates that occur
in formal specifications of two goals g1 and g2, then there is a goal-dependency
between them. The direction of this goal-dependency is undetermined.

– (I2) If temporal operators in formal specifications of goals in a goal-dependency
make it possible to establish the sequence of achievement of one in relation to
the other goal, then the goal-dependency relationship between them is directed
from the goal whose achievement precedes the other goal’s achievement.
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– (I3) If the goal-dependency direction cannot be determined using (I2), then
domain/solution knowledge can be used to make an assumption and choose
the goal in the goal-dependency whose achievement precedes that of the
other goal.

Information about the temporal sequence of achievement of goals involved in the
goal-dependency can only be extracted from explicit temporal operators of the
predicate which constrain the MAS property giving rise to a goal-dependency.
If there are no temporal operators associated with at least one of the predicates
that constrain the relevant property, domain/solution knowledge will be the
foundation for determining the goal-dependency direction. If neither (I2) nor (I3)
allow the goal-dependency direction to be determined, then the direction remains
undetermined. In the example above, there are few temporal operators in the
goal specifications that allow (I2) to be useful. However, experience and the wide
use of P2P applications allow the requirements engineer to make a reasonable
assumption that a requested file first needs to be found before searching for
routing peers (hence, (I3) is used).

The goal-dependency in the example can be specified with:

Goal-Dependency: FindFileThenSearchForRoutingPeers
Definition: Search for routing peers after the file to be transferred is found.
Involves: RequestedFileFound, RandomPeersForDataRoutingFound.
Direction: RandomPeersForDataRoutingFound DependsOn RequestedFileFound.
CommonProperties: Found(fl, rID).

The proposed goal-dependency identification approach has some desirable char-
acteristics: (i) Undirected goal-dependencies can be found automatically between
all goals in the goal tree, as the goals’ formal specifications contain all the neces-
sary information. (ii) The second step, (I2) may indicate the need for rewriting
goal specifications in order to make them more precise. In the example above,
although it was not possible to determine dependency direction due to few tem-
poral operators in the specifications, the direction was established from domain
knowledge. It may be beneficial in such cases to strengthen the formal specifica-
tions by introducing domain knowledge assumptions. In the example, the speci-
fication of RequestedFileFound could be modified by replacing Found(fl, rID)
with ◦Found(fl, rID), and writing @Found(fl, rID) instead of Found(fl, rID)
in RandomPeersForDataRoutingFound. More precise specifications derived from
acceptable/verifiable domain assumptions arguably lead to higher quality re-
quirements, further facilitating the identification of potential inconsistencies in
the form of additional obstacles and conflicts.

The goal-dependency identification process often leads to the possibility of
specifying a large number of goal-dependencies. To make the goal-dependency
set readable, we remove those that are deducible by transitivity, giving its Hesse
diagram.

Completeness of the Goal-Dependency Set. The condition for dependency ex-
istence (¬g1 ⇒ ¬g2Wg1) can be used to verify the completeness of the goal-
dependency set provided that system histories can be generated using e.g., model
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checking techniques. An informal, but practical, completeness criterion is that
each goal in the goal tree is involved in at least one goal-dependency. Any goal
that does not fulfill this condition is outside of the overall process that is to be
realized by the MAS.

Linking Goal-Dependencies to MAS Nonfunctional Requirements. The
aim of relating individual goal-dependencies to MAS nonfunctional requirements
is to know the type of vulnerability that is generated by each goal-dependency.
Similarly to the notion of vulnerability suggested in the context of agent-
dependencies [44], goal-dependencies generate potential vulnerability of MAS:
When a goal being depended upon is not achieved, the goal that depends on it
will not be achieved. Consequently, failure of a goal may lead to the failure of the
future MAS to operate according to the desired quality level.

Recall that Step 1 of the proposed process involved, by application of the
approach for reasoning about partial goal satisfaction [26], the identification of
quality variables and their associated objective functions (to indicate whether
the value of the variables should be maximized or minimized). For example,
the quality variable NumberOfRoutingPeers is relevant for the RandomPeersFor-
DataRoutingFound goal. Following [26] the specification given below can be writ-
ten. That specification enriches the original goal specification with information
about two quality variables that measure the degree of goal achievement. A qual-
ity variable can be conceptualized as kind of metric for measuring the degree to
which a goal is achieved, whereas the sample space gives information on the case
sample used to calculate probability values. The NumberOfRoutingPeers variable
indicates that the probability of having at least two routing peers needs to be
maximized, with a target value of 80%, while it is currently estimated at 30%.
The second variable measures the probability of receiving a response from each
peer regarding its availability for routing within a certain time frame.

Goal: RandomPeersForDataRoutingFound
Definition: The n random peers for data routing are found when n routing peers are

found and each peer confirms availability.
Objective Functions:
Name Def Modal Target Current

HighNumRoutPeers P(NoRoutPeers > 2) Max 80% 30%
LowAvailRespTime P(AvailRespT < 1s) Min 70% 40%

Quality Variables:
NumberOfRoutingPeers: Natural
Sample space: set of routing peer numbers
Def: number of peers that are used to route data between the sender and
the receiver peers
AvailabilityResponseTime: Time
Sample space: set of routing availability responses
Def: time from the request for availability confirmation until the reception of
the response

...
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In terms of system nonfunctional requirements (i.e., security, privacy, safety, us-
ability, reliability, etc. - see e.g., [18,19,33]), the achievement of the above goal
can be said to affect privacy and performance. In case the number of peers is
small, it becomes easier to trace the entire route between the sender and the
receiver, consequently allowing malicious users to obtain access to private peer
information [16]. Performance is affected in that, the more peers are used to route
data, the less it is likely that the performance in terms of availability response
time will be low. Consequently, the degree to which the goal is achieved affects
the degree to which the above qualities are satisfied. As goal-dependencies are
identified from properties common to goal pairs, each goal-dependency can be
associated with a MAS quality, provided that the members of the dependency’s
CommonProperties attribute can be related to a quality variable. In the example,
if the RandomPeersForDataRoutingFound goal is involved in a directed or undi-
rected goal-dependency that arises from the common property RoutingPeers, it
can be inferred that this goal-dependency can be related to the degree to which
privacy is satisfied in the MAS. In case this same goal is involved in a goal-
dependency arising from the common property Available(pi, rID), the system
performance is the quality to which this goal-dependency is related. The number
of qualities to which a goal-dependency can be related is not restricted.

Relating goal-dependencies to nonfunctional requirements using common prop-
erties and quality variables allows taxonomy of system vulnerabilities to be pro-
posed for the engineered MAS. If a goal-dependency is related to performance,
this goal-dependency is said to generate a performance vulnerability. Rich vulner-
ability taxonomies can be built from existing work in nonfunctional requirements
analysis, such as [3], or standards (e.g., [18,19]). To make explicit the specific vul-
nerability generated by a goal-dependency, the attribute Vulnerability is added to
the goal-dependency specification template. For example:

Goal-Dependency: FindFileThenSearchForRoutingPeers
Definition: Search for routing peers after the file to be transferred is found.
Involves: RequestedFileFound, RandomPeersForDataRoutingFound.
Direction: RandomPeersForDataRoutingFound DependsOn RequestedFileFound.
CommonProperties: Found(fl, rID).
Vulnerability: Reliability.

Before the vulnerabilities can be used to generate and select between alternative
goal to role allocations, the vulnerabilities need to be identified. This can be
realized using the following process. For each goal:
– (VI1) Identify properties in the goal’s formal specification whose values affect

that goal’s quality variables.
– (VI2)For eachproperty identified in (VI1), check if there are goal-dependencies

to which this property gives rise, and which involve the goal.
– (VI3) For each quality variable in the goal, identify system quality whose

degree of satisfaction is measured by that quality variable.

For each goal-dependency involving the goal, indicate vulnerabilities by com-
bining properties found in (VI2) with qualities found in (VI3) to which each
property can be related.
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3.3 Generate and Select Between Alternative Goal-to-Role
Allocations

The purpose of Step 3 is to generate and explore alternative allocations of goals
to roles. Each allocation is a set of agent roles, such that each role is allocated a
set of goals. The achievement of allocated goals becomes the responsibility of the
agent that is selected to occupy the role. Choosing agents to occupy the defined
roles is not treated in this paper.

Allocating Goals to Roles Instead of Agents. Allocating responsibility
for goal achievement directly to agents does not allow encapsulation and modu-
larity nonfunctional requirements to be addressed satisfactorily when specifying
requirements for large MAS. As suggested in [45], as soon as the complexity
of MAS increases, modularity and encapsulation principles require MAS to be
composed of agent roles. An agent can therefore play one or more roles to achieve
goals within multiple and different agent organizations. In order to benefit from
the organizational metaphor [45], it is necessary to ensure the separation of
agents’ action execution characteristics from its expected behavior within MAS
organizations.

In the Gaia MAS development framework ([45,46]), a role is modeled as a set
of responsibilities and permissions. Responsibilities are represented as protocols
(i.e. activities that require interaction with other agents) that the role needs to
execute, while role’s permissions specify resources that the role can access and
under which conditions. At a more abstract level, Gaia responsibilities can be
seen as resulting from MAS goal operationalizations, involving, among other, the
identification of agent capabilities and actions that are required for the goal to be
achieved. Based on the role concept in Gaia, a restrictive way of conceptualizing
a role is to consider it as being a set of MAS goals. While this is one of the many
facets of the role concept used in MAS engineering, it may be sufficient to restrict
the analysis during the RE step at this aspect of role only. Responsibilities
and permissions could be derived from goals specifications later in the MAS
development process. If the proposed goal-to-role allocation approach is to be
used as the first requirements step in, e.g., Gaia, there are no barriers in enriching
the suggested conceptualization with additional facets relevant for methodology-
specific analyses.

The role conceptualization is consequently not fixed in the proposed allocation
approach. It is up to the requirements engineer to choose the degree of expressivity
of role by including its various facets (e.g., goals, permissions, etc.). The goal-to-
role allocation approach does necessitate that the role be characterized at least as
being a set of goals. Otherwise, alternative allocations cannot be studied.

Generate Alternative Roles. An alternative goal-to-role allocation is a set of
roles such that all goals in the goal tree are allocated to at least one role. Using
information about vulnerabilities, it can be shown that each allocation satisfies
to a different degree the MAS qualities. Consequently, the ultimate purpose of
generating alternative allocations is to choose one that is considered as the most
adequate by the MAS RE project stakeholders.
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Background. Anessential and recurring question in theMASdevelopmentmethod-
ologies is whether to assign some responsibility (often represented as a goal) to a
single agent, or to design the MAS so that the responsibility is fulfilled through
interaction between two or more agents. Claims have been made that the former
structure may increase security and/or robustness, while the later may be more
flexible. In [42], no advice is given to the user of the MaSE methodology. Although
responsibilities are assigned in the case studies discussed in, e.g., [27,32], discus-
sions onwhy the proposed responsibility assignments have been chosen aremissing.
As suggested in the overview of related work, the assignment problem is addressed
in a systematic way only in [6], where predefined MAS organizational structures
are instantiated to determine the responsibility assignments in specific MAS. The
patterns in [6] are based on responsibility assignment structures observed often
in human organizations. However, there is doubt as to the adequacy of imposing a
human organizational structure, elaborated historically in human organizations to
fully-automated or partially-automated organizations of humans and agents sub-
jected to different constraints than classical human organizations. In contrast, the
approach proposed in this paper favors the creation of a structure by relying on
an understanding of key parameters and trade-offs that need to be made when de-
signing roles, instead of fitting a predefined structure to a set of goals.

Internalization vs. Externalization. In economics and organization sciences, most
of the analysis of distributing work between economic agents (such as, e.g., entire
firms) has focused on the question of whether to realize activities internally, or
to assign their responsibility to external agents (e.g., [7,43,36]).

In terms specific to the allocation approach proposed in this paper, the inter-
nalization decision results in a goal-dependency that is under the responsibility
of a single role, i.e., the role contains both goals involved in the dependency
(Fig. 2). Whether a goal-dependency is internalized or externalized will result in
a different degree of MAS nonfunctional requirements satisfaction. For example,
the externalization of a dependency may require interaction between distinct
agents. This in turn could lead to worse response rates of the MAS, security
issues resulting from the possibility of interception of sensitive data communi-
cated between the agents, etc. Consequently, it is assumed in the context of this
paper, that a key parameter to consider when designing roles in MAS is whether
to externalize or internalize goal-dependencies within roles. This is particularly
relevant in the face of the long tradition economics and organization science
preoccupation with internalization and externalization decisions, and when the
organizational metaphor is adopted during MAS development.

Conclusions from seminal works in economics and organization science can be
a valuable source of inspiration for justifying goal to role allocation decisions.
The following motives can be used to argue for/against internalization decisions
in the context of MAS development. Motives to internalize a goal-dependency
(marked with “I”) can be:

– (I-a) According to [7], it is the aim of exploiting economies of speed that pushes
firms towards internalizing activities. Because firm throughput depends on
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Fig. 2. Internalized goal-dependency (left) and externalized goal-dependency (right)

uninterrupted flows of material and payments, precise planning and control
is of paramount importance. As internalization implies that larger parts of
the firm’s environment are under the influence of its management, it could be
the strategy of choice for exploiting economies of speed [37]. A parallel can
be made with the need for speed in MAS operation (or, more generally per-
formance): To favor performance optimization in MAS, it is beneficial to in-
ternalize goal-dependencies, as the agent occupying the role will need to have
capabilities allowing a larger part of MAS to be under its control.

– (I-b) Internalization can reduce transaction costs (e.g., [43]), including the
costs of finding, selling, negotiating, contracting, monitoring, and resolving
disputes with other firms. Although it may be argued that transactions be-
tween MAS agents have no cost, this may not be the case if cost includes
the impact of goal-dependency failure on the degree of MAS qualities sat-
isfaction. Transaction cost between agents may be considered a function of
vulnerabilities generated by the goal-dependency that is externalized and
involves transaction between agent roles. To avoid the ”cost” of the vulner-
abilities, internalization may be the tactic of choice.

– (I-c) In relation to the motives (I-a) and (I-b), if a transaction between firms
involves repeated interaction, it may be better to internalize that transaction
[43]. If two goals in a goal-dependency are likely to be achieved frequently
during MAS operation, it may be beneficial to internalize that dependency.
This allows, e.g., a role to be defined so that it can be occupied only by agents
specialized in achieving the two goals, resulting in reduced vulnerability for
qualities to which the internalized goal-dependency is related.

– (I-d) According to [1], internalization is a means to access and protect knowl-
edge available in other parts of the industry value chain, in order to ensure
advantage over competitors. A MAS reinterpretation can be that data leaks
or malicious access to data passed in order to achieve two goals in a goal-
dependency may be avoided, or at least their probability reduced, if the
goal-dependency is internalized.

Motives to externalize a goal-dependency (marked with “E”):

– (E-a) Internalization carries a commitment to a particular way of doing busi-
ness [4], leading to lower flexibility of the firm in the face of changing envi-
ronment conditions. Building MAS using complex roles requires very specific
agents to be available to occupy the roles. In open MAS, where existing and
new agents may enter and exit, increased internalization of goal-dependencies
commits MAS to a particular way of functioning that may rapidly become
obsolete.
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Fig. 3. An example of how to record alternative role definitions

– (E-b) Growth in the extent of the markets reduces the incentives to internal-
ize comparatively to externalizing activities through markets [23]. When de-
signing MAS roles, it is relevant to consider externalizing goal-dependencies
if this can allow the definition of roles that can be occupied by a wide variety
of generic agents. This may facilitate changing role occupancy during MAS
operation, allowing, e.g., to replace dysfunctional agents by other available
agents.

– (E-c) Standardization of transactions (and contracts in particular) reduces
the uncertainty a firm faces when externalizing activities (e.g., [23,37]). In
other words, the more predictable the transaction, the more likely it is to be
externalized. In MAS, some goal-dependencies, if externalized may involve
interactions that are standardized, that is, widely used patterns may exist
to codify interactions. Vulnerabilities that appear in such goal-dependencies
may be considered as having a limited impact.

The above considerations need to be perceived as starting points for discussion
when choosing a goal-to-role allocation. They serve to justify decisions when
generating alternative allocations.

A Process to Generate and Select Roles. The process described below can be used
to generate alternative sets of potential MAS agent roles. The process starts by
generating an initial allocation. Then, alternatives are created by changing the
initial role set. For each goal-dependency in the goal tree:

– (GAR1) Identify the vulnerabilities generated by that goal-dependency.
– (GAR2) Discuss whether internalization or externalization would lead to

increasing or reducing the probability of the vulnerability to occur. Base
justifications on motives for internalizing or externalizing discussed above.

– (GAR3) Decide whether to internalize or externalize the goal-dependency.

Although the application of the process above results in a single set of roles,
information about potential alternatives can be recorded during the application
of the process. Consider Fig. 3 as an example of how decisions can be recorded
during the application of the identification process. Each cell in the table is at
the intersection of a goal-dependency and a MAS quality, and is separated in
an upper and lower part. The upper part of a cell represents the impact of the
decision to internalize a goal-dependency on the degree to which the concerned
quality is satisfied in the MAS. The lower part of a cell represents the same
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information for the decision to externalize the goal-dependency. Each part of a
cell may contain one of four symbols: (++) to indicate that the decision supports
strongly and favorably the satisfaction of the concerned quality, (+) to indicate
somewhat favorable support, (-) to indicate somewhat unfavorable support, and
(–) to indicate strong unfavorable support. If the goal-dependency is unrelated
to the quality (i.e., it does not generate a vulnerability for that quality), the cell
is left blank.

Alternative roles can be constructed by choosing, in each non-blank cell, one
cell part to indicate that the concerned goal-dependency needs to be internalized
or externalized. As the table contains all possible individual alternatives (i.e., all
possible internalizations and externalizations of goal-dependencies), it contains
sufficient information to construct any alternative goal-to-role allocation.

While qualitative reasoning techniques, such as the one used to construct and
interpret Fig. 3 have their limitations (notably in terms of accuracy [26]), they
are accessible and are an adequate choice when too little information is available
to provide quantitative motives (as opposed to qualitative ones proposed above).

4 Conclusions and Future Work

A systematic approach for allocating goals to agent roles during the RE step of
the MAS development process is proposed. A novel type of inter-goal link, the
goal-dependency, a type of the dependency relationship, serves two purposes in
the approach. First, it is used to reason about the sequence of goal achievement
in MAS, adding valuable information to classical goal refinement and contribu-
tion links. Second, each goal-dependency can be related, through goal quality
variables and the value of the goal-dependency’s CommonProperties attribute,
to information about nonfunctional requirements of the MAS, to allow MAS
vulnerabilities to be identified, classified for analysis, and used for agent role
definition.

Two additional parameters for organizational design discussed in organiza-
tional sciences are the allocation of decision rights and the grouping of work in
subunits of an organization. Further work is needed to study the tools and meth-
ods for integrating these factors in the process of designing MAS organizations.
The proposed qualitative reasoning technique can be extended to integrate quan-
titative data. The use of goal-dependencies in the analysis of the timed operation
of MAS during the RE step will also be addressed.
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