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Abstract. Organization concepts and models are increasingly being adopted for
the design and specification of multi-agent systems. Agent organizations can be
seen as mechanisms of social order, created to achieve common goals for more or
less autonomous agents. In order to develop a theory on the relation between or-
ganizational structures, organizational actions and actions of agents performing
roles in the organization we need a theoretical framework to describe and rea-
son about organizations. The formal model presented in this paper is sufficiently
generic to enable the comparison of different existing organizational approaches
to MAS, while having enough descriptive power to describe realistic organiza-
tions.

1 Introduction

Organizing is important in distributed computational systems, just as it is important in
human systems. Researchers, within both the computer science and the organization
theory fields, agree that many concepts and ideas can be shared between the two disci-
plines to better understand human organizations and to design more efficient and flex-
ible distributed systems ([38, 6, 19]). However, due to its nature, organizational theory
research tends to be not very formal from a computational perspective, which makes
it difficult when moving from its use as a concept or paradigm towards using social
and organizational concepts for the formalization of MAS social concepts. Given such
different views, the difficulty of comparing, analyzing and choosing a given approach
becomes clear. Even if our aim is not to solve this problem, in this paper we present ini-
tial steps towards the specification of a formal model for the study of organizations. The
motivations for this model are twofold. On the one hand, the need for a formal, provable
representation of organizations, with their environment, objectives and agents in a way
that enables to analyze their partial contributions to the performance of the organization
in a changing environment. On the other hand, such a model must be realistic enough
to incorporate the more ‘pragmatic’ considerations faced by real organizations. Most
existing formal models lack this realism, e.g. either by ignoring temporal issues, or by
taking a very restrictive view on the controllability of agents, or by assuming complete
control and knowledge within the system (cf. [41, 36]).

Formal models for organizations that are able to deal with realistic situations, must
thus meet at least the following requirements [11].

1. represent notions of ability and activity of agents, without requiring knowledge
about the specific actions available to a specific agent (to enable representation of
open environments)



2. accept limitedness of agent capability
3. represent the ability and activity of a group of agents
4. deal with temporal issues, in special the fact that activity takes time
5. represent the concept of ’being responsible’ for the achievement of a given state of

affairs
6. represent organizational (global) goals and its link to agents’ activity, by relating

activity and organizational structure

All of the above requirements are related to the more structural properties of an organi-
zation and will be met with the theory developed in this paper. In [11] also the following
requirements were listed:

1. deal with resource limitedness and the dependency of activity on resources (e.g.
costs)

2. represent organizational dynamics (evolution of organization over time, changes on
agent population)

3. represent organizations in terms of organizational roles or positions
4. relate roles and agents (role enacting agents)
5. deal with normative issues (representation of boundaries for action and the violation

thereof)

These requirements are related to the more operational aspects of an organization. E.g.
the notion that agent activity has a cost (that is, choosing one or the other course of
action is not only dependent on agent capabilities but also the costs of the action must
compare positively to its benefits) is related to actual performance of an agent within
the organizational structure. Due to space limitations we will not deal with these re-
quirements in this paper. Some directions for a formal framework dealing with these
issues can be found in [11, 7, 22, 40].

This paper is organized as follows: in section 2 we discuss related work and motivate
the need for the formal language presented in this paper. In section 3 we define ability
and activity of agents and groups. Section 4 presents the formal model for organization
including structural and interaction properties. The use of our model for the modelling
of organizations is exemplified in section 5. Finally, section 6 presents our conclusions
and directions for future work.

2 Related Work

Several approaches have already been presented to investigate the complexity of reason-
ing and analysis of multi-agent systems. In their own way, all approaches are concerned
with some of the requirements above and can be basically divided into two categories:
formal methods and engineering frameworks. Formal methods for MAS have a logical
basis, typically based on dynamic, temporal and/or deontic logics [41, 36, 21]. How-
ever, the treatment of organizational concepts is basic and lacks realism. For instance,
approaches based on ATL assume complete division of agent capabilities and total con-
trol over the domain, and the work presented in [36] lacks temporal issues. Furthermore,
in most cases, an axiomatic formalization is provided but not a formal semantics. En-
gineering frameworks, on the other hand, provide sound representation languages that



include many realistic organizational concepts, but have often a limited formal semantic
basis, which makes analysis and comparison difficult [26, 31, 39].

Organization Theory provides very useful concepts, and a pragmatic perspective,
based on real world (human) organizations [13, 33, 37]. However, results are often do-
main oriented and it is not clear how to translate them into formalisms for agent systems.
It is often seen as a sound basis for conceptual design, proven in practice of human or-
ganizations for many years, but it must be formalized in order to make it usable for
computational models of organizations. Computational organizational science is a new
perspective that tries to combine the organization theory and engineering framework
perspectives. It looks at groups, organizations and societies and aims to understand,
predict and manage system level change [3]. Several tools for the analysis and mod-
elling of organizations have been proposed. Computational models, in particular those
based on representation techniques and empirical simulation, have been widely used
for several decades to analyze and solve organizational level problems. More recently,
mathematical tools, including those of decision and game theory, probability and logic
are becoming available to handle multiple agency approaches to organizations.

In practice, organizational level solutions are provided by mathematical and compu-
tational models based on probabilistic and decision theoretic approaches. A large body
of work in this area is that of computational simulation, specifically agent-based so-
cial simulation (ABSS) [8]. Computational simulations are based on formal models, in
the sense that they provide a precise theoretical formulation of relationships between
variables. Simulations provide a powerful way to analyze and construct realistic mod-
els of organizational systems and make possible to study problems that are not easily
addressed by other scientific approaches [25]. Such formal models are however limited
to the specific domain and difficult to validate. Techniques are thus needed that make
possible the formal validation, comparison and extendability of simulation models. As
far as we are aware of, the language presented in this paper, based on modal logic is a
first attempt to provide such a meta model for reasoning about computational models,
that has both a formal semantics as well as the capability to represent realistic concepts.

3 Agents and Groups: Ability and Activity

The notions of agent capability and action have been widely discussed in MAS. The
intuition is that an agent possesses capabilities that make action possible. In the litera-
ture, there are many approaches to the formalization of these definitions1. Concerning
the theory of action, two main perspectives can be distinguished. The first aims at the
explicit representation of action by a specific agent, in terms of dynamic logic [24],
[32], or situation calculus [29]; whereas the second is concerned with representing the
fact that a certain result has been achieved, such as in thestit theories [35] or in the
notion of agency by Elgesem [14]. In both types of approaches, the notion of action is
strongly linked to that of ability. However, there is no consensus on the meaning of abil-
ity which is taken to mean competence (the capability of making a certain proposition
true), possibility (conditions are right for that activity), opportunity (both competence

1 A concise overview can be found in [5]



and possibility), or even permission (there are no prohibitions or constraints on the ac-
tivity.). As these distinctions are important for organizational theory, we aim to develop
a theory in which all these concepts can be expressed properly.

3.1 Logic for Agent Organization

We present here alogic for agent organization(LAO), as an extension of the well-
known branching time temporal logic CTL [15]. LAO includes the CTL modalities♦
(‘always in the future’),U (‘until’) and X (‘in the next state’) extended with modalities
for agent ability, capability, attempt and activity introduced in the following subsec-
tions. For a setΦ of propositional variables, the language,L for LAO is the smallest
superset ofΦ such that

1. true, false ∈ L
2. p ∈ Φ ⇒ p ∈ L
3. ϕ,ψ ∈ L ⇒ ¬ϕ, (ϕ ∨ ψ), Xϕ, ♦ϕ,Uϕ ∈ L

To give a precise definition of LAO, we start by introducing the semantic structures
over which formulae of LAO are interpreted. A LAO model is a tuple

M = (Φ,A, W,R, T, π), where:

– Φ is a finite, non-empty set ofpropositional variables,
– A = {a1, ..., an} is a finite, non-empty set ofagents,
– W is a non empty set of states,
– R is a partial ordered set of (temporal) transitions between two elements ofW ,

R : W ×W ,
– T is the set of agent labels on elements ofR, T : R → 2A,
– π is a valuation function which associates eachw ∈ W with the set of atomic

propositions fromΦ that are true in that world,π : W → 2Φ

Each world,w ∈ W describes the propositions ofΦ that are true in that world,
and, each proposition inΦ corresponds to a set of worlds where it is true. A transition
between worlds represents an update of the truth value of (some) propositions inΦ. The
semantics of LAO are based on those of CTL* [15], which distinguishes between path
and state formulae. A state formula is interpreted wrt a statew ∈ W and a path formula
is interpreted wrt a path through the branching time structure given byR. A path (or
trace) inR is a (possibly infinite) sequence(wi, wi+1, ...), wherewi, wi+1, ... ∈ W
and∀i(si, si+1) ∈ R. We use the convention thatr = (w0, w1, ...) denotes a path, and
t(i) denotes statei in pathr. We writeM, w |= ϕ (resp.M, r |= ϕ to denote that state
formulaϕ (resp. path formulaϕ) is true in structureM at statew (resp. pathr). The
rules for the satisfaction relation|= for state and path formulae in LAO are defined as:

– M, w |= >
– M, w |= p iff p ∈ π(w), wherep ∈ Φ
– M, w |= ¬ϕ iff not M, w |= ϕ
– M, w |= ϕ ∨ ψ iff M,w |= ϕ or M, w |= ψ
– M, w |= ♦ϕ iff ∀r ∈ paths(W,R), if r(0) = s then(M, r) |= ϕ



– M, r |= p iff M, r(0) |= p
– M, r |= ¬ϕ iff not M, r |= ϕ
– M, r |= ϕ ∨ ψ iff M, r |= ϕ or M, r |= ψ
– M, r |= ψUϕ iff ∃i such thatM, r(i) = ϕ and∀k ≤ i,M, r(k) |= ψ
– M, r |= Xϕ iff ∀r′ if (r, r′) ∈ R thenM, r′ |= ϕ

This semantic definition above does not consider the agents in the system, and there-
fore does not make use of the semantic componentT . Intuitively, the idea is that, in
organizations, changes are for some part result of the intervention of (specific) agents.
Formally, state transitions are labelled with the set of agents that influence the changes
on that transition. That is, for a transitionr = (w, w′) ∈ R, t(r) indicates the set of
agents that indeed contribute to the changes indicated by that transition. Moreover, for
each worldw ∈ W and each agenta ∈ A we can indicate the set of transitions fromw
for whicha has influence.

Definition 1. (Transition influence)
Given a worldw ∈ W and an agenta ∈ A, the transition influence ofa in w, Taw is
defined by:Taw = {r ∈ R : r = (w,w′) anda ∈ t(r)}

Agent action is based on the capabilities of the agent, but also on the moment cir-
cumstances in which the agent is. In the following, we will introduce extra modal oper-
ators to represent capability, ability, attempt and action of agents and groups.

3.2 Agent capability, ability and activity

In this section, we draw from from work in the area of the well known logical theory for
agency and organized interaction introduced by Kanger-Lindahl-Pörn, more specifically
from the work of Santos et al.[36] and Governatori et al. [21]. In short, they assume that
in organizations not all capabilities are always conductive of successful action - one can
attempt to achieve something but without success. They’ve introduced three operators
E, G and H. The first one,E, expresses direct and successful actions: a formula like
Eiϕ means that the agenti brings it aboutthatϕ, that isϕ is a necessary result of an
action byi. The second one,Giϕ corresponds to indirect and successful actions, that
is, Giϕ means thati ensuresthatϕ, that is,ϕ is a necessary result of an action of some
agent following an action byi. Finally, their intended meaning ofH is such thatHiϕ
means thati attemptsto make it the case thatϕ. The idea is thatH is not necessarily
successful.

In their work, an axiomatic definition ofE, G andH is given. Our approach is to
provide a semantical definition of the modal operators for ability, capability attempt and
activity. Moreover, we agree with [21] that the assumption taken in [36] that indirect
action always implies an impossibility for direct action is rather strong, and will not use
it. We furthermore, base our definitions on temporal logic and not just in predicate logic
in order to be able to express the notion that activity takes time.

Intuitively, in order to talk about agent activity, that is, that agenta ‘causes’ an
expressionϕ to hold in some future state in a path from the current moment, we need to
establish the control of the agent over the truth value ofϕ. For instance, it does not make
sense to expressEasun raises because whether the sun raises or not is not something



that an agent can control. Inspired by the work of Boutelier [1], and Cholvy and Garion
[4], we define the capabilities of an agenta as follows:

Definition 2. (Agent Propositional Capability)
Given a set of atomic propositionsΦ and a set of agentsA, for each agenta ∈ A
we partitionΦ in two classes: the set of atomic propositions that agenta is capable of
realizing,Ca, and the set of atomic propositions thata cannot realize,̄Ca, C̄a = Φ\Ca.

In order to be able to formally refer to the capability of an agent to realize any given
expression ofL, we need first to extend the above definition to describe the capability
for composed propositions. Given a setCa defining the propositional capability ofa,
we defineΣa inductively as follows:

– ∀p ∈ Ca, p ∈ Σa

– ∀p ∈ Ca, ¬p ∈ Σa

– ∀ψ1, ψ2 ∈ Σa, ψ1 ∧ ψ2 ∈ Σa

Agent capabilityCaϕ can now be defined as:

Definition 3. (Agent Capability)
Given a formulaϕ in L and an agenta ∈ A, agenta is capable ofϕ, represented by
Caϕ iff 6|= ϕ and∃ψ ∈ Σa, such thatψ → ϕ.

Using this definition, it is trivial to proof that∀ψ ∈ Σa : Caψ. The capability
operator has the following properties:

– ¬Ca>
– Caϕ ∧ Caψ → Ca(ϕ ∧ ψ)

Note thatCaϕ → Ca¬ϕ does not hold as it can be seen by the following counterexam-
ple. ConsiderΦ = {p, q}, ϕ = p ∨ q andCap. Then,Ca(p ∨ q) (becausep → p ∨ q)
but¬Ca(¬p ∧ ¬q) (because¬p 6→ ¬p ∧ ¬q). In the same way, it can be proven that
Caϕ → ♦ϕ also does not hold.

Given a capabilityCaϕ, we can say that agenta controlsϕ, which means thata is
able (possibly under certain conditions) to makeϕ hold. However, capabilities do not
lead directly to ability. Intuitively, the ability of an agent to realize a state of affairsϕ in
a worldw, depends not only on the capability of the agent but also on the status of that
world. Therefore, we define the ability ofa as follows:

Definition 4. (Agent Ability)
Given a worldw ∈ W and an agenta ∈ A, the ability ofa to realizeϕ, Gaϕ, is defined
byw |= Gaϕ iff Caϕ and∃t ∈ Taw : t = (w, w′), w′ |= ϕ.

Agent ability refers to the potential of that agent to act in a world. However, intu-
itively, the expected result of agent action is that the desired state of affairs will hold in
all worlds reachable from the current world. That is, that the agent will indeed influence
the future worlds. Obviously, if the agent does not influence all futures from the current
world, it cannot guarantee the overall success of its activity. We therefore define agent
attempt, as follows:



Definition 5. (Agent Attempt)
Given a worldw ∈ W and an agenta ∈ A, the attempt ofa to realizeϕ, Haϕ, is
defined byw |= Haϕ iff Gaϕ and∀t ∈ Taw : t = (w,w′), w′ |= ϕ.

Attempt contains an element of uncertainty. Even if it is necessary that the agent
has the capability to achieve a certain state of affairs, it can happen that, due to activity
by other agents, with the same capability, the state of affairs will not hold in all worlds
whose transitions are under the influence of the agent. That is, the definition of attempt
yields that, in the case that there are other agents capable of realizingϕ, those agents
either have no influence over transitions inTaw or also made an attempt to achieveϕ.
Formally:

If w |= Haϕ then∀b ∈ A, b 6= a : (¬Cbϕ ∨Hbϕ ∨ (∀t ∈ Taw : t 6∈ Tbw))

As an example, consider modelM = ({p, q}, {a}, {w0, ..., w4}, {(w0, w1), ..., (w0, w4)},
T, π), as depicted in figure 1. We furthermore define thatCap and(w0, w1) ∈ Taw0 . In
this model, it holds that:

– w0 |= Gap (becauseCap andw1 |= p);
– w0 |= Hap iff Taw = {(w0, w1), (w0, w3)};
– w0 6|= Ca(p ∧ q);
– w0 6|= Ga(p ∧ q) (because¬Ca(p ∧ q))

p, ¬q

p, q
¬p, q

¬p, ¬q

p, q

w0

w1

w2

w3

w4

Fig. 1. Example for capability, ability and attempt.

The notion of ability expresses the fact that an agenta has the capability to bring
ϕ about. It does not mean that the agent will indeed ever do it. On the other hand,
the notion of attempt expresses the fact that an agent tries to achieve a certain state of
affairs, but does not guarantee success. Obviously, agents must be able toact on the
world and as such bring states of affairs to happen.

Because we abstract from the internal motivations of individual agents, we need
ways to describe the result of agent action that are independent of particular actions
available to the agent. Thestit operator,Eaϕ (’agenta sees to it thatϕ), introduced
by Pörn [35] allows to refer to the externally‘observable’consequences of an action
instead of the action itself.Stit can be seen as an abstract representation of the family
of actions that result inϕ. In our approach we refine the definition ofstit to include a



temporal component that indicates the notion that action takes time.
Only when the agent influences all possible worlds out of the current one, we can say
that the agent can see to it that a given state of affairs is achieved. In the special case in
which all next possible states from a given state are influenced by an agenta, we say
thata is in-control in w, represented byICa and defined formally as:

Definition 6. (Agent In-control)
w |= ICa iff ∀w′ : (w, w′) ∈ R ⇒ (w, w′) ∈ Taw

In the following we give our semantics ofstit, in terms of agent attempt (definition
5) and in-control (definition 6).2

Definition 7. (Agent Activity)
Given a worldw ∈ W and an agenta ∈ A, a sees to it thatϕ holds,Eaϕ, is defined
byw |= Eaϕ iff Haϕ andICa.

Eaϕ represents the actual action of bringingϕ about. From the semantics above: ifa
is able ofϕ and attempts to realize it in a world where it is in control, thenEaϕ ‘causes’
ϕ to be true in all next states from the current state. Furthermore, it is important to notice
that we provide a temporal definition ofEa, that is,Eaϕ 6→ ϕ but Eaϕ → Xϕ. This
provides a more realistic notion ofstit by incorporating the fact that action takes time
and is not instantaneous, as we have discussed before (cf. [12]) but is different from
many other authors, e.g. [36].

The operatorE has the following properties:

– ¬Ea>
– Eaϕ → Xϕ
– Eaϕ → Caϕ
– Eaϕ → Haϕ
– Eaϕ → ICa

– Eaϕ ∧ Eaψ → Ea(ϕ ∧ ψ)

3.3 Group Capability, Ability and Activity

By definition, agents are limited in their capabilities, that is, on what states of affairs
they can bring about in the world. This implies that in MAS certain states of affairs
can only be reached if two or more agents cooperate to bring that state about. One of
the main ideas behind organizations is the notion that the combined action of two or
more agents can result in an effect that none of the involved agents could bring about
by themselves. In MAS there is very little research done on the notion of ability in a
multi-agent context [5]. In the following, we define the concept of combined capability,
or group capability. As for single agents, we need to start by defining the capabilities
of a group over atomic propositions. The idea behind this definition, is that atomic
propositions can be made ‘small’ enough to be controlled by a single agent. A group
combines results from different agents into more complex actions.

2 This notion of stit provides anecessaryinterpretation of action, and as such is related to the
dynamic operator[a]p, meaning that after performing actiona it is necessarily the case thatp.



Definition 8. (Group Propositional Capability)
Given a set of agentsS = {a1, ..., an} ⊆ A and the setsCai of atomic propositions
controllable by each agentai ∈ S, we defineCS as the union of the controllable propo-

sitions by all agents inS: CS =
n⋃

i=1

Cai

In the same way as for single agents, we define composed capability of a groupΣS

as follows:

– ∀p ∈ CS , p ∈ ΣS

– ∀p ∈ CS , ¬p ∈ ΣS

– ∀ψ1, ψ2 ∈ ΣS , ψ1 ∧ ψ2 ∈ ΣS

Group capabilityCSϕ can now be defined as:

Definition 9. (Group Capability)
Given a formulaϕ in L and a set of agentsS ⊆ A, S is capable ofϕ, represented by
CSϕ iff 6|= ϕ and∃ψ ∈ ΣS such thatψ → ϕ.

The definitions of group ability, group attempt, group in-control, and group stit are
similarly derived from the respective definitions for a single agent.

Definition 10. (Group Ability)
Given a worldw ∈ W and a groupS ⊆ A, the ability ofS to realizeϕ, GSϕ, is defined
by: w |= GSϕ iff CSϕ and∃t ∈ TSw : t = (w, w′), w′ |= ϕ

Definition 11. (Group Attempt)
Given a worldw ∈ W and a groupS ⊆ A, the attempt ofS to realizeϕ, HSϕ, is
defined byw |= HSϕ iff GSϕ and∀t ∈ TSw : t = (w, w′), w′ |= ϕ.

Definition 12. (Group In-control)
w |= ICS iff ∀w′ : (w, w′) ∈ R ⇒ S ⊆ t((w, w′))

Definition 13. (Group Stit)
Given a worldw ∈ W and a groupS ⊆ A, S sees to it thatϕ holds,ESϕ, is defined
byw |= ESϕ iff HSϕ andICS .

Consider again the example in figure 1, in which agenta with Cap did not have the
ability for (p ∧ q). Now, suppose that there is an agentb such that,Cbq. In the same
way,¬Gb(p∧ q). However, if we consider the groupS = {a, b} we getCS(p∧ q), and
thusGS(p ∧ q) whent1 ∈ TSw. That is, togethera andb are able of realizing(p ∧ q).

Group ability has the following properties (comparable to those of single agents):

– ¬CG>
– CGϕ ∧ CGψ → CG(ϕ ∧ ψ)
– ∀a ∈ G : Caϕ → CGϕ

Note that agent ability is a special case of group control whenS = {a}. That is,
all expressions controlled by one agent are also controlled by all groups in which that
agent participates. This is different from the assumption made by e.g. [41] who use
group control to refer to those formulas that are only controlled by the whole group,
(and thus not controlled by any of its subgroups). In our model, this can be represented
as a extra requirement on the definition 9 for group capability, as follows:



Proposition 1. (Joint Capability)
A groupS ⊆ A of agents is said to havejoint capabilityfor an expressionϕ iff CSϕ
and∀S′ ⊂ S,¬CS′ϕ

Informally, whenever each of the agents inS leaves, the group looses the capability
for ϕ. Finally, group activity,ESϕ, has the following properties:

– EGϕ → CGϕ
– EGϕ → Xϕ
– EGϕ ∧ EGψ → EG(ϕ ∧ ψ)
– ¬EG>

4 Organizations: Structure and Strategy

The idea behind organization is that there are global objectives, not necessarily shared
by any of the agents, that can only be achieved through combined agent action. In order
to achieve its goals, it is thus necessary that an organization employs the relevant agents,
and assures that their interactions and responsibilities enable an efficient realization of
the objectives.

In its most simple expression, and organization consists of a set of agents (together
with their capabilities and abilities) and a set of objectives. In each moment, the state
of the organization is given by a certain state of affairs that hold in that state. Formally,
given a worldw ∈ W , anorganizationO is defined by a set of agents, a set of objectives
(missions or desires), and a set of assets. Agents are the active entities that realize
organizational activity. Organizational objectives are the issues that the organization
‘wishes’ to be true in the world. Organizational assets are the issues that are true (and
relevant to the organization) at a given moment.3

Worlds are represented as a set of propositions inΦ. Furthermore the agents that
participate in the organization may leave or enter the organization, and the objectives
of the organization may change. We therefore define an organizational instance to rep-
resent the organization in a given worldw ∈ W asOw = {Aw

O, Dw
O, Sw

O}.
The current state of the organization,Sw

O , corresponds to the set of formulas that are
true in worldw and relevant toO, and the objectives or desires of the organization,Dw

O,
characterize the worlds (sets of formulas) that, at momentw, the organization wishes
to reach4. Note that, organizational change means that the organization’s composition
(agents) and objectives may differ from world to world.

Based on the definitions given in the previous sections, we are now in state to define
organization capability (or scope of control). In fact, an organization is only as good as
its agents. In this sense the scope of organizational control is defined by the union of the
scopes of its agents’ control together with the control of groups of its agents. Formally:

3 Note that, for the purposes of this paper, we see agents purely as actors in a organization, with
no goals of themselves. We assume that, by acting according to their capabilities, agents work
towards organizational objectives. That is, we abstract here from the motivation an individual
agent may have to take up those organizational positions [7].

4 From now on, whenever clear from the context, we’ll drop the subscripts and superscripts.



Definition 14. (Organization Capability)
Given a organizationO such thatAO is the set of agents inO, organizational capability
CO is defined as:CO = CAO

. That is,COϕ iff ∃S ⊆ AO : CSϕ.

In practice, no organization will employ all agents in the world, nor control all pos-
sible states of affairs. One of the main reasons for creating organizations is efficiency,
that is, to provide the means for coordination that enable the achievement of global
goals in an efficient manner. Organization Theory has for many decades investigated
the issue of organizational structure. Organizational structure has essentially two objec-
tives [13]: Firstly, it facilitates the flow of information within the organization in order
to reduce the uncertainty of decision making. Secondly, the structure of the organization
should integrate organizational behavior across the parts of the organization so that it
is coordinated. This raises two challenges: division of labor and coordination [33]. The
design of organizational structure determines the allocation of resources and people to
specified tasks or purposes, and the coordination of these resources to achieve organi-
zational goals [20]. Ideally, the organization is designed to fit its environment and to
provide the information and coordination needed for its strategic objectives.

According to this definition of organization, even if the agents in the organization
have group control over all organizational objectives, they still need to coordinate their
activities in order to efficiently achieve those objectives. Furthermore, in most cases,
the objectives of the organization are only known to a few of the agents in the orga-
nization, who may have no control over those objectives. It is therefore necessary to
structure agents in a way that enables objectives to be passed to those agents that can
effectively realize them. We need therefore to extend our organizational definition to
include coordinating and task allocation concepts.

4.1 Organizational Structure

Often organizations use the notion of roles to distribute the responsibilities necessary
for the functioning of the organization.Role dependenciesindicate how the goals of
different roles depend on each other, and how interaction is to be achieved. Depending
on the specific implementation of the dependency relationship, this means that a role
can demand the realization of a goal from another role, or request goals from another
role. In organizational contexts this can also mean that the responsibility of some tasks
lays with the role in the top of the hierarchy. As before, for simplicity sake, we will for
the moment, abstract from the concept of role, and define dependencies between agents
(seen as role enacting actors) as follows. Astructural dependencyrelation between a
set of agentsS = {a1, ..., an},≤S : S×S is a poset satisfying the following properties:

– ∀a ∈ S : a ≤S a (reflexive)
– ∀a, b, c ∈ S: if a ≤S b andb ≤S c thena ≤S c (transitive)

We are now able to extend the definition of organization to include the notion of depen-
dency:

Definition 15. (Organization)
Given a modelM = (Φ,A, W,R, T, π), a organization in a worldw ∈ W is defined



by Ow = {Aw
O,≤w

O, Dw
O, Sw

O} whereAw
O = {a1, ..., an}, (Aw

O,≤w
O) is a structural

dependency relation inAw
O, Dw

O ⊆ Φ, Sw
O ⊆ Φ andw ∈ W .

Given an organization structure, we can define dependency chains between two
agents, or between agents and groups as follows:

Definition 16. (Dependency chain)
Given a structured organizationOw = {Aw

O,≤w
O, Dw

O, Sw
O}, a dependency chain be-

tween two agents inA is defined aschain(a, b) iff (1) a = b, or (2) ∃c ∈ A such
that a ≤w

O c and chain(c, b). Given a groupS ⊆ Aw
O, there is achain(a, S) iff

∀b ∈ S : chain(a, b).

Intuitively, the ordering relation in the set of agents stands for the interaction pos-
sibilities between agents. Organizational structures influence the way that agents in the
organization can interact. The relationa ≤O b indicates thata is able to interact withb
in order to request or demand some result fromb. In this paper, we will not further detail
the types of interactions between agents (delegation, request, bid, ...) but assume that
the relationship will achieve some result, through a more or less complex interaction
process. More on this issue can be found in [9].

4.2 Responsibility

To further refine the concept of organization, we need to be able to talk about the respon-
sibilities5 of agents in the organization. Responsibilities within an organization enable
agents to make decisions about what each member of the organization is expected to do,
and to anticipate the tasks of others [23]. Informally, by responsibility we mean that an
agent or group has to make sure that a certain state of affairs is achieved,Raϕ either by
realizing it itself or by delegating that result to someone else. In order to describe this
notion of responsibility and delegation, we introduce a new operator,Ra, such thatRaϕ
means thata is responsible for, or in charge of, achievingϕ. Note that responsibility for
a state of affairs does not guarantee successful achievement of that state of affairs. As
such, we formally define responsibility in terms of attempt, as follows:

Definition 17. (Responsibility)
Given an organizationO = (AO,≤O, DO, Sw

O) in a modelE , and an agenta ∈ AO,
responsibilityRaϕ is such that:
Raϕ ≡ ♦(Haϕ ∨HaRbϕ), for someb ∈ AO

The responsibility operator has the following properties:

– Eaϕ → Raϕ
– Raϕ ∧Raψ → Ra(ϕ ∧ ψ)
– ¬Ra>

5 In reality, responsibilities are associated with roles or positions in an organization. However,
due to the simplification we make in this version of LAO, we do not - yet - distinguish between
role and the role enacting agent.



Delegation of tasks is defined as the capability to make an agent, or group, responsi-
ble for that task. In a organization, delegation is associated with structural dependencies.
That is, by nature their dependencies, some agents are in state of delegating their tasks
to other agents, to make it the case that a result is achieved. Formally,

Definition 18. (Structured delegation)
Given an organizationO = (AO,≤O, DO, Sw

O) in a modelM , delegation ofϕ between
two agentsa, b ∈ A is defined as: if(a ≤O b) thenCaRbϕ.

Given the notions of responsibility and structural dependency introduced above, we
can define a good organization, as being an organizationO = (AO,≤O, DO, Sw

O) that
satisfies the following requirement:

CAO
ϕ ∧Raϕ → chain(a,B) ∧ CBϕ, for a ∈ AO andB ⊆ AO

Good organizations satisfyRaϕ → ♦ϕ, which informally says that if there is an agent
responsible for a given state of affairs, then eventually that state will be reached. The
responsibility operator is also defined for a groupG of agents,RG in a similar way. In
the following, we provide an example of structured organization. Consider the organi-
zationO = ((A,≤O, D, S0), where:
A = {a, b, c, d},
≤O is such that(a ≤O b, a ≤O c ≤O d)),
D = {ρ}, whereρ = (p ∧ q) ∨ r,
S0 = {Raρ,Cbp, Cdq, C{a,c}r}

Note that the initial organizational stateS0 describes the capabilities of the agents
in A and that agenta is responsible for the achievement of the organizational goal. This
example also shows that organizations are dependent on the capabilities of their agents
to achieve their objectives. In this case, without agentb, the organization can never
achieve its goals. In the above organization, there are several ways for agenta to realize
the organizational goalρ, a possible strategy being:

s1: EaRbp ∧ EaRcq
... ....
si: Rbp ∧ EcRdq
si+i: Rbp ∧Rdq
... ....
sN : p ∧ q
Different properties can be defined for the responsibility operator, which identify

different types of organizations. For example, awell-defined organizationis such that
∀ϕ ∈ DO,∃a ∈ AO : Raϕ.

4.3 Types of Organizations

Organizations come in many sorts and sizes. Notable is the work of Mintzberg on the
classification of organizational structures [33]. According to Mintzberg, environmental
variety is determined by both environmental complexity and the pace of change. In-
spired by and extending the work of Mintzberg, researchers in Organizational Theory



have proposed a growing number of classifications for organization structures, e.g. sim-
ple, bureaucracy, matrix, virtual enterprize, network, boundary-less organizations, con-
glomeration, alliance, etc. just to name a few forms. However, definitions and naming of
organizational forms are often unclear and the classification of a specific organization
into one of the proposed classes is not trivial, often resulting in hybrid forms. Based on
the structure of control, Burns and Stalker distinguish two main types of organization
structures: hierarchies and networks [2]. Using the formal definition of organization
presented in the previous sections, we are able to specify the structural characteristics
of these two types of organizations. In a hierarchy organizational goals are known to
the managers who delegate them to their subordinates who have the capabilities and
resources to realize them. Formally,

Definition 19. (Hierarchy)
A structured organizationO = (AO,≤O, DO, Sw

O) is said to be anhierarchyif

– ∃M ⊂ AO,M 6= ® : ∀m ∈ M∃ϕ ∈ DO : Rmϕ and∀ϕ ∈ DO∃m ∈ M : Rmϕ
– ∀a ∈ AO, a 6∈ M, ∃m ∈ M : chain(m, a)

That is, there is a group of managersM that together is responsible for all organizational
goals and have a chain of command to all other agents in the organization. In a simple,
flat, hierarchy, the manager group furthermore meets the following requirements:
M = {m} and∀a ∈ AO, m ≤O a.

In the same way, we formally define a network organization as:

Definition 20. (Network)
A structured organizationO = (AO,≤O, DO, Sw

O) is said to be annetworkif

– ∀a ∈ AO : Ra ∩DO 6= ® and∀ϕ ∈ DO : ∃a ∈ AO : Raϕ
– ∀a ∈ AO, ∃b ∈ AO : chain(a, b)

That is, every agent in the organization is responsible for some of the organizational
goals, and have a delegation relationship to some other agent in the organization. A
fully connected network also meets the following requirement:
∀a, b ∈ AO : a ≤O b. A team is also a special case of network that meets the symmetry
requirement:chain(a, b) → chain(b, a).

From the organization examples above, it can be seen that a by the formal definition
of properties for organizations, different organization types can be specified and veri-
fied. Other organizational types can be defined by the specification of other properties.

5 Case Study

We have applied the model presented in this paper to formally describe several existing
agent systems that simulate organizations and organizational adaptation. Those sys-
tems were taken from the literature and include such different domains as architectures
for Command and Control [28], RoboSoccer [27], market regulation [34] and sensor
networks [30]. The original work on those cases use different frameworks and were
developed independently by other research groups. Due to space limitations, we will



only discuss here one of the studied cases, namely the architecture for Command and
Control presented in [28].

Over the past several years, researchers within the A2C2 research program (Adap-
tive Architectures for Command and Control) have investigated the notion of organiza-
tional congruence [28, 16, 18, 17]. In order to test their theories, in a laboratory experi-
ment, a set of scenarios was developed to exploit the differences between organizational
structures. Their idea was to design two different types of organizations and two dif-
ferent scenarios in order to test organizational congruence which distinguish between
functional organizations and divisional/geograhically-based organizations. Two types
of scenarios were designed: one scenario would be congruent with divisional organi-
zations but would be a misfit, or incongruent to functional organizations. Conversely,
the second scenario would be congruent with functional organizations but misfit to di-
visional organizations.

The study considers different types of agents. For simplicity, we assume 2 agents,
a1 anda2, with search & rescue (SR) capabilities, and 2 agents,a3 anda4, with mine
clearance (MC) capabilities. That is:Ca1SR1, Ca2SR2, Ca3MC3, andCa4MC4

6. Fur-
thermore, there are 4 agents with decision making responsibilities (DM): the search &
rescue commandersrc, the mine clearance commandermcc, and the commanders of
two basesb1c andb2c. Different organizations result from possible agent combinations:

– O1 : AO1 = {src, a1, a2} and≤O1= {src ≤ a1, src ≤ a2}
– O2 : AO2 = {mcc, a3, a4} and≤O2= {mcc ≤ a3, src ≤ a4}
– O3 : AO3 = {b1c, a1, a3} and≤O3= {b1c ≤ a1, b1c ≤ a3}
– O4 : AO4 = {b2c, a2, a4} and≤O4= {b2c ≤ a2, b2c ≤ a4}

According to the definitions used by A2C2 researchers, organizationsO1 andO2 are
functional organizations andO3 andO4 are divisional. The idea behind organizational
congruence is that a certain organizational structure and population is in better state of
achieving a desired state of affairs than others. So, divisional organizations will be bet-
ter in achieving objectives that require different types of capabilities, while functional
organizations are better when objectives require one specific type of capabilities.

A2C2 researchers designed different organizational scenarios to be congruent with
one type of organization and incongruent with the other. A functional scenario is such
that the mission, or objective, of the organization requires the use of all tools of one
kind, in different places, a divisional scenario requires a combination of different tools
in one place. Example of a functional scenario is to search & rescue, or to clear mines
in an area. Divisional scenarios require the combination of both types of operations. In
our model, different scenarios are represented as desired states of affairs. For instance,
the following scenarios can be considered:

– Functional Scenarios:D1 = SR1 ∧ SR2 andD2 = MC1 ∧MC2

– Divisional Scenarios:D3 = MC3 ∧ SR1 andD4 = MC4 ∧ SR2

Given the organizations defined above, it is easy to see that for example, the divi-
sional organizationO3 is congruent with a divisional scenario, that isCO3D3, and the
functional organizationO1 is congruent withD1, that isCO1D1.

6 Capabilities of the same sort may be slightly different.



In the case that scenarios are incongruent with the organization, organizations will
need to reorganize in order to fulfil their missions. For instance, organizationO3 is in-
congruent withD1 = SR1 ∧ SR2 as¬CO3D1. Specifically,O3 cannot realize this
objective because it has no control overSR2, that is,¬CO3SR2. In practice, there are
many ways to achieve the enlistment ofa2. Typically, in the defense domain, comman-
der b1c will request currenta2’s superiorssrc or b2c for recruitinga2. The resulting
organizations is described by:O3 = (({b1c, a1, a3, a2}, {b1c ≤ a1, b1c ≤ a3 b1c,≤
a2}), D1, {Rb1c(D1), Ca1SR1,
Ca3MC3, Ca2SR2}) which is indeed congruent with the functional scenarioD1.

In our current work, we are extending LAO to include the formal specification of
reorganization operators [11, 10]. The resulting extension to LAO, LAO-R, enables rep-
resent and reason about changes in the organization, in a way that abstracts from the
specifics of the reorganization process, that is, we refer to the resulting state of affairs
without the need to specify the (communication) processes involved in achieving that
state. In practice reorganization operations can be classified into three types:staffing,
i.e. changes in the set of agents in the organization and their capabilities,structuring,
i.e. changes in the organizational structure≤O, and,strategic, i.e. changes in the ob-
jectives of the organization. A reorganization process takes into account the current
performance and determine which characteristics of the organization should be modi-
fied in order to achieve a better performance. The general idea behind reorganization
is that one should be able to evaluate the utility of the current state of affairs (that is,
what happens if nothing changes), and the utility of future states of affairs that can be
obtained by performing reorganization actions. The choice is then to choose the future
with the highest utility.

6 Conclusions

Organization concepts and models are increasingly being adopted for the design and
specification of multi-agent systems. The motivations for this model are twofold. In the
one hand, the need for a formal, provable representation of organizations, with their
environment, objectives and agents in a way that enables to analyze their partial contri-
butions to the performance of the organization in a changing environment. On the other
hand, such a model must be realistic enough to incorporate the more ‘pragmatic’ consid-
erations faced by real organizations. In this paper we presented a first attempt at a formal
model for organizational concepts, based on modal temporal logic. We have applied the
proposed model to existing domain-specific systems proposed in recent literature. The
current model is based on the notions of capability,stit, attempt and responsibility.

The theoretical framework presented in this paper can be extended to represent and
analyze performance and dynamics of organizations. We are currently involved in an
extension to LAO that enables reasoning about reorganization both from an endogenous
as from an exogenous perspective. In the future, we will extend the model to include
deontic concepts and their relation to the operational concepts presented in this paper.
Also we will add the formal distinction between roles and agents. These elements are
already described in other work, but need to be carefully merged with the current basic



framework. Finally, we are engaged on developing a full axiomatization of LAO as well
as on an implementation for simulating the reorganization process.
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