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ABSTRACT security of the information flow among agents, and the enforce-

We analyze the notion of organizational structure in multiagent sys- MeNt of certain outcomes. Agent roles and their relations are often
tems and explain the precise added value and the effects of sucH€Scribed by a variety of social concepts and relations like norm,
organizational structure on the involved agents. To pursue this aim, POWe: delegation of tasks, respon5|bllltles, permissions, access to
contributions from social and organization theory are considered re§rc;lurce|s, (_':md ct())mmunlcatlon. | . . .
which provide a solid theoretical foundation to this analysis. We . e relations between agent roles can Impose certaln_org_anlza-
argue that organizational structures should be seen along at leas ional structures on the roles that are crucial for the organization of
three dimensions, instead of just one: power, coordination, and AS_‘ Atyplcal al:_)st_ract example O.f such structures is the so_-called
control. In order to systematize the approach, formal tools are used Vertical d|ﬁer entiation” or “authorlty structure” of organizations,

to describe the organizational structure as well as the effect of suchusually considered to be a hierarchy _strl_Jcture. These abst_ract
structures on the activities in multiagent systems. We specify the types of structures are traditionally studied in the branch of sociol-

properties and the consequences of organizational structures for thé9Y calledmathema_tlc_al s_om_olog@[lz, 26, 11.])' In fact, what was
actions of the involved agents, the case up to the sixties in literature on sociology and organization

theory, is now being the case in the literature about organizations
. . . in MAS.

Categories and Subject Descriptors

F.2.4 Knowledge Representation Formalisms and Methods “The word "structure” is found extensively in the lit-
Modal Logic; F.2.11 Distributed Artificial Intelligence ]: Mul- erature of the social sciences. *Social structure” and
tiagent Systems-Multiagent OrganizationsF.2.11 Pistributed such related concepts such as "kinship structure”, “au-
Artificial Intelligence ]: Coherence and Coordination

thority structure”, “communication structure”, and “so-
ciometric structure” are commonplace. [...] But de-
spite the widespread use of structural concepts in the

General Terms social sciences, it is fair to say that the formal analy-

Theory. sis of structure has been relatively underdeveloped in
these fields. The technical terminology employed in
Keywords describing structures is meager; few concepts are de-

fined rigorously. As a consequence, the social sci-
entific description of structural properties tends to be
couched in ambiguous terminology, and detailed stud-
1. INTRODUCTION ies of structure, as such, are rather rare.” [17]

Many methodologies for multiagent systems (MAS) are based . -
on orggnizational s?ructures as thgeir corynerston(es. T)he organiza- In the literature qf MAS, these. absract t.ypes .Of organizational
tional structure of MAS involves two basic conceptgent roles structures_ are StUd'eq a_nd descr!bed only inan informal way, €.9.
and theirrelationsin terms of which the collective behavior of in- through pictures depicting tree-like configurations of points and

dividual agents is specified and the overall behavior of the MAS is lines like in [7]. In such informal studies, many issues remain hid-

determined. The specification of the overall behavior of MAS con- den _behind these p_ictures. Is the authority relation transitive,_ SO
cerns the optimization of agents’ activities, the management and that if A ha§ aut.horlty over B and B. over C then A has authority
over C? Is it antisymmetric, so that if A has authority on B and B
has authority on A then A and B are actually the same? However,
if we want the notion of structure to be of any practical use for
Permission to make digital or hard copies of all or part of this work for implemented MAS, pictures are plainly not enough, since they do
personal or classroom use is granted without fee provided that copies arenot state with the necessary precision what are the properties of the
not made or distributed for profit or commercial advantage and that copies organization that is described by the structure.
bear this notice and the full citation on the first page. To copy otherwise, to | this paper we will import notions from sociology and orga-
reput_)lls_h, to pg/st onfservers or to redistribute to lists, requires prior specific nization theory to describe a more rigorous foundation of organi-
Rfmfgfggﬁﬂlyc’zrﬁzg’e'zooa Utrecht, Netherlands. zational structures in MAS, which will be informally exposed in
Copyright 2005 ACM 1-59593-094-9/05/000%5.00. Section 2. In order to describe organizational structures we have

Social structure, multiagent organizations, modal logic.
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to first describe exactly what the meaning is of the relations that of the role become goals of the enacting agent). Norms specify
form the structure. E.g. what is the meaning of a “power” relation instead, for each role, what are the constraints (essentially concern-
and, maybe even more importantly, what are the consequences ofng interaction) which the organization imposes on actors playing
the existence of such a relation between two agents? We will intro- that role. The distribution of objectives to roles implements a spe-
duce a modal logic for this characterization in Section 3. In Sec- cific decomposition of tasks according to which the organization is
tion 4 we will discuss some properties of the relations and also give supposed to function. What characterizes organizations though, is
some intuitions about some natural properties of the organizational the possibility for the agents enacting the rolegétegatesome of
structure(s) that follow from them. Most importantly, we show that their goals, which come from the objectives of the roles they enact,
there are several organizational structures to be found and that theto other agents. Delegation consists thus in the possibility for an
interplay between these structures for a large part determines theagent enacting a role to transfer a given goal to a somehow sub-
effective functioning of the organization. Finally, in Section 5, we ordinated one. This transfer takes place in the form of a directed
draw some conclusions and we indicate some research lines worthobligation ([8]) of the agent enacting the first role to the agent en-

pursuing in future work. acting the subordinated one. This second agent is thus obliged to
achieve a goal which belonged to the first agent, and therefore to
2 ORGANIZATIONAL STRUCTURE include it in its own goal base. The possibility of delegating goals

constitutes one of the essential aspects displaying what is usually

Organizations “represent rationally ordered instruments for the .5)ed “delegation” or “power” structure of an organization ([20]):
achievement of stated goals” ([25]), that is, organizations arise in yho delegates to whom?
order to achieve specific objectives, and these objectives are pur- Objectives and norms also determine to a great extentdhe
sued defining a number of subgoals contributing to the overall pur- ro| structure. Since objectives can be achieved or not, and norms
pose of the organization. These subgoals identify the roles that areqgp pe respected or violated, control is an indispensable activity
played in the organization. The relation between subgoals and over-jn which any organization has to engage. This is the case also for
all objectives of the organization, i.e., the primitive decomposition \jAs organizations where agents, even if “benevolent”, are anyway
of tasks within the organization, defines the essential form of or- gypjected to the possibility of failure. In its simplest form, control
ganizational structure: “viewed in this light, formal organizationis gnsists in a monitoring activity triggering appropriate reactions
the structural expression of rational action” [25]. Roles are the ba- {q geterminate failures or violations. If an agent fails in achiev-
sic units over which this structure ranges determining the source of ing one of the stated or delegated objectives, a kind of supervisor
the “rational order” holding in the organization. The above quotes agent should engage in the achievement of that objective: organi-
consider then the decomposition of tasks as the central source of,4tion calls for a form of supervision activity ([14]). Potentially,
structure within organizations: structure is necessary for each or-the achievement of any objective as well as the compliance to any
ganization to pursue its objectives. o norm can be object of control. Because of this, control can be seen

Work on organization in MASpresents organizational structure as “an organization within an organization” ([23]). With respect to
as something essentially mono-dimensional, though it often, but control the relevant structural question is: who controls whom?
only implicitly, considers a multiplicity of structured aspects: “au-  opjectives and norms are also coupled todberdinationstruc-

" oow " oou ”ow

thority”, “communication”, “delegation”, “responsibility”, “con-  tre, a broadly investigated topic in MAS studies. However, follow-
trol”, “decision-making”, “power”, etc. The thesis we hold here, ing[7, 15] we adopt here a simple view on coordination, reducing
which is inspired by foundational work on social and organization it to the issue of the information with which agents enacting spe-
theory like [25, 23, 14], is that organizations do not exhibit one sin- ¢ific rolesshouldbe endowed in order to achieve their goals and to
gle structural dimension, but that they are instead multi-structured gpjge by the norms of the organization.

objects. In particular, we view organizational structure as hiding  Therefore, besides objectives and norms, roles should contain
at least three relevant dimensions which we call: power, coordina- 3|5 the information necessary for agents to enact them. This turns
tion and control. We will analyzpower in relation with the del- into a knowledge problem of the state of the organization (or of
egation activity,coordination in relation with the knowledge and part of i) at a given moment. Agents should know when to act,
information issues, ancbntrol in relation with the monitoringand  that s, they should be informed about the status of the activities of
recovery issues. As a result of this analysis, organizations will be e organization on which their activities dep&nand what they
represented as explicitly displaying a triple structure constrained on gre gpliged to do. As we observed above, delegation introduces a
the basis of the interplay between the three notions of power, co- gynamics in the task distribution of an organization and in the set
ordination, and control. This structure, which is based on goal or of horms effective in it. The point is that once a task is delegated
task decomposition, relates then the roles of the organization order-ang a correspondent obligation arises for a specific agent, a certain
ing them with respect to the three aforementioned dimensions. Al- gmount of information might be required for that agent to include
though we do not pretend to give full definitions of these relations hat task in its own goal base and to pursue it. Because of this, an
(see [3, 21] for some more elaborate definitions of the delegation jnformation mechanism which can keep track of this dynamics is

and power relations) we will characterize these relations in terms crycial for the performance of an organization. To quote [23]:
of some of their consequences for the agents enacting the roles be- o _ _
tween which these relations are defined. The description of a delegation system [delegation struc-

Following work presented in [4, 10, 5, 6], roles are conceived ture] is incomplete unless the simultaneous signaling

herg in terms of 'three basic _notions: objectives, norms a_nd infor- 2Notice, in passing, that the amount of knowledge to be propagated
mation. As we will see, we will make use of these notions in order through the organization also constitutes an important issue:

to isolate a few characteristics of the organizational structures given If every competence [role] had full information about

above. every other it might help but not necessarily; it would
Objectives constitute the essential component of roles, specify- clearly be wasteful, if not physically impossible, for

ing to what the agents commit when they enact a role (objectives most organizations [23].

1See [19] for an exhaustive survey. 3This issue has been formally investigated in [15].
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system [information structure] applied to it is also ex- tended with modal operatofa] for every actiorx in the language.
plicitly described. These actions are either atomic (primitive) or composed by means
of operators. In this work, only the atomic fragment of dynamic
The “information structure” should then guarantee that each agent|ogic will be used, that is to say, no characterization of composite
has a representation of the actual state of the organization (both itsactions is used. An expressida]¢ is read as ‘the performance
objectives and norms as well as its operational state) which is suf- (execution) of the actionr leads necessarily to a state (possible
ficient for it to properly enact its role. The question is then how the \yorld) in which¢ holds’. The formal semantics is given by means
access and sharing of information is structured within the organi- of a Kripke structure where there are accessibility relatiBpsas-
zation: who informs whom? sociated with each action. In this paper we will consider a set
Besides objectives, norms and information, the capabilities of a of action expressions consisting of at least all action expressions of

role are also an issue worth mentioning, though we will not con- the form delegate(a, b, ¢) (meaning that. delegates task to b);
sider it in detail here. Itis somehow analogous to the information y,f5rm (a, b, ¢) (meaning that: informsb about the state descrip-
issue since it concerns what is presupposed by each role in order tQjon ¢); andmonitor(a, DON E(a(b))) (meaning that, monitors
achieve the relevant goals and comply with the relevant norms. A the performance of actiom by b).
basic type of capabilities lies in the amount of resources that agents e can now give a full formal definition of the syntax of our
should have at their disposal. A second kind of capabilities play a description languag€rg:
central role in organizations, namely those concerning the so-called
institutional power([21, 2]). Again the problem is related with the DEFINITION 1. ( Syntax of Org)
dynamics introduced by the “delegation structure”. delegating a Given afinite sefl R of role names, a finite setg of agent names,
task may require a parallel enabling or empowering activity such @ countable set? of atomic propositions from which the stan-
as making the relevant resources accessible, e.g., electronic moneydard propositional languagé.o is built, a finite set of parameter-
and providing the required form of institutional empowerment, e.g., ized actionsA (in general the elements of are denoted byx(a)
a suitable document. In this case the relevant structural questionwith a € Ag representing the agent executing which contains
is: who enables or empowers whom? In order not to complicate at least the set of expressiofidelegate(a, b, ¢), inform(a,b, ),
matters further we assume in this paper that all agents have the casnonitor(a, DON E(a(b))) | a,b € Ag anda(b) € A}, a setP:
pabilities needed to enact the role they fulfill, leaving this issue to = { norm(r, ¢), obj(r, $), inf(r,¢) | 7 € AR, ¢ € Lo} of spe-

future work. cific propositions concerning the norms, objectives and informa-
tion of roles, and a seP; = { Power(r, s), Coordination(r, s),
3. ALOGIC OF ORGANIZATION Control(r, s), rea(a,r) | 1,5 € AR, a € Ag} of specific proposi-

tions concerning structural configurations, the admissible formulas

To describe an organization and its structure we will use a (typed) of theOrg language are recursively defined as follows:
multi-modal propositional logic. As explained in the previous sec-
tions, we are interested in describing organizational structures and  ® Fo U P U Ps C Org
in reasoning about their consequences on the activities of the agents
involved ingthe organization. qTo this aim, we propose a frar?]e- e Ifpandy € Org, theng Ay, ¢ € Org
work consisting of two basic components. The first component o If ¢ € Org anda,b € Ag, thenK, (), Ga(¢), Oa(d) €
is geared toward representing finite relational configurations, that Org
is the organizational structure ranging on agents, in propositional
logic via special propositions. The second component handles in-  ® If ¢ € Organda(a) € A, then[a(a)]¢ € Org
stead agents obligations, knowledge, goals and actions viaa multi- | If a(a) € A, thenDON E(a(a)) € Org
modal logic.

The organizational structures are described making use of theBinary connectives— andv, and nullary connective. can be de-
special propositionPower(r, s) to indicate that ‘the agent en-  fined as usual.
acting roler has the agent enacting rodein its power’ (i.e. the The semantics of the languags-g will be given in two steps.
agent playing role- can delegate goals to the agent playing role First we define the tuples which constitute our formal modeling
s), Coordination(r, s) to indicate that ‘the agent enacting role of the notion of anorganizational structurgDefinition 2). Sec-
has access to the information that is accessible to the agent enactondly, these tuples will be used to give an explicit semantics to all
ing roler’, and Control(r, s) to indicate that ‘the agent enacting  special propositions of the forfower(r, s), Coordination(r, s),
role r controls the agent enacting role(in some sense, the agent  Control(r, s) andrea(a,r) withr, s € AR anda € Ag, therefore

playing roler is “responsible” for the agent playing rok. Note encoding the descriptions of organizational structures in proposi-
that these propositions encode relations which are intended to holdtional logic (clauses, 2-5 Definition 3). The semanticgqf G.,
_between roles_. We denote the fact tha_t ageehacts role, i.e., K, and|a(a)] operators and of th® ON E(a(a)) (with a(a) €
is arole enacting agen{[9]), by the special propositiorea(a, ). A) assertions will then be given on the basis of standard Kripke

In order to represent the norms, objectives and knowledge of a role models (clauses 8-12, Definition 3).

in an organization, we make use of special propositions of respec-  To model organizational structures we make essentially use of

tively the form:norm(r, ¢), obj(r, ¢) andin f(r, ¢), whereg is a the theory of directed graphs. However, we introduce only some

propositional formula and a role. basic elements of it, which are strictly of use for the development
Furthermore, in order to express the effects of organizational of the papef.

structure on the agents enacting the roles of the organization, we

use a modal operatdt,, for representing the knowledge accessible DEFINITION 2. (Organizational structures)

to an agent, G, for the goals that are pursued by the agerdand An organizational structur@S is a tuple:

O, for the obligations assigned to agent For the characteriza-

tion of agents’ activities we build on dynamic logic ([18]). Briefly,

dynamic logic consists of the normal propositional language, ex- “For comprehensive expositions we refer the reader to [17, 16, 24].

(ROles U AQ€Nt57 RPowev*y RCoo’rdination: RCont'roh Rea)
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where Roles U Agents is the finite set of roles and agents, and
Rpower, Rooordination, Rcontrol are three irreflexive binary re-
lations onRoles characterizing the Power, Coordination and Con-
trol structures. Rea is a subset ofigents x Roles and indicates
which agents play which roles.

The following standard notions will be of use. ARy-path (of
lengthn) is a sequencéry, ..., zn+1) Of distinct elements aRoles
st.Vx; 1 < i <mn, Rp(xi,xi+1). An Ri-semipath (of lengt)
is a sequencéry, ..., xn+1) Of distinct elements oRoles s.t. Vx;
1 <i < n, Ri(xi,xit1) OF Ri(ziy1, ;). A sourcein Roles is
an element s.t. Vd € Roles with d # s there exists &y-path
from s to d. Theindegreeidy (d) of a pointd in structurek is the
number of elements; s.t. R;(d1,d). Theoutdegreendy(d) of a
pointd in structurek is the number of elements s.t. R (d, d1).

The semantics 0Org can now be defined in terms of the fol-
lowing Kripke models.

DEFINITION 3. (Semantics ofOrg)
TheOrg model is a tuple:

<OS, W7 (]Ci)iEAgv (gi)iGAgv (Oi)iGAga (Ra(a))a(a)€A7 Ia J>

whereOS is an organizational structurefV is a set of possible
worlds, (IC;):c 44 are equivalence relations oW, (G;)icay and
(Oi)icagy are serial binary relations ofiV; (Ra(a))a(a)c.a are
binary relations ori¥; I : Py U P, — 2" is a truth assignment
mapping each atomic proposition (except propositiongdrwhich
get an explicit semantics) to the set of worlds in which it is true and
J = (Ja, Jr) WwhereJ, : Ag — Agents, i.e., J, is a function
that maps agent names into agents, ahd AR — Roles, i.e.,

Jr is a function that maps role names into the corresponding roles.

The satisfaction relation is defined as follows.

1. M,wEpiffw e I(p)

2. M,w = Power(r,s) iff Rpower(J(1), J(s))

3. M,w | Coordination(r, s) iff
Reoordination(J(1), J(s))

. M,w = Control(r, s) iff Rcontrot(J(1), J(s))

M,w = rea(a,r) iff Rea(J(a),J(r))

M,w = —¢iff M,w [~ ¢

M,wE oA Yiff Myw = ¢or M,w =1

. M,w | K¢ liffforall u € Ki(w), M,u = ¢

. M,w | Gigiffforall u € G;(w), M,u = ¢

10. M, w = O;¢iffforall uw € O;(w), M,u = ¢

11. M, w = [a(a)]g iff forall w € Ry (w), M,u = ¢

12. M,w = DONE(a(a)) iff there exists only one € W
such that(u, w) € Raa)

© ©® N oo M

Let us spend a few words to clarify this satisfaction definition.

Clauses 1, 6 and 7 are the standard boolean ones. Clauses 8-11
are standard clauses for the satisfaction of modal formulas. With
respect to the axiomatization of modal operators we take a stan-

dard perspective. For the knowledge operatéfs) (ve assume the
axiomatization characterizirg5, for goal (G;) and obligation op-
erators ;) we assume the axiomatization characteriz&B, and
finally for actions («(a)]) we assume the axiomatization character-

izing K°. Clause 12 is also quite standard for representing paths of

actions actually occurred (see also [15]).

Clauses 2-5 provide an explicit semantics for propositions denot-
ing structural configurations and can be actually read as an encod-
ing of dyadic relations. It is worth noticing that a straightforward
consequence of this semantics consists in making the propositions
denoting structural configurations true either in all the worlds of
theOrg model or in none, that is, an organizational structure either
holds in all the worlds of the model or in none. This is in fact per-
fectly sound with a conception of organizational structure as a hard
constraint, a sort of skeleton, of the MAS.

The special propositions of the formorm(r, ¢), obj(r, ¢) and
inf(r,¢) represent instead which state descriptions are consid-
ered to be, respectively, norms, objectives and information of a
specific role. Since we are not interested in describing reasoning
about norms, objectives and knowledge at the role level, but only
at the agent one, these propositions do not get any specific seman-
tics®. Nevertheless it is reasonable to assume that, far allAg,

r € ARand¢ € Lo:

1. rea(a,r) Anorm(r,¢) — K.Oud
2. rea(a,r) A obj(r,¢) — Gagp
3. rea(a,r) Ninf(r,¢) — Kao.

That is to say, given that ageatenacts role: if ¢ represents a
norm of that role, then agemt knows that obligationy holds for

it (notice that inS5, - K;¢ — ¢); if ¢ represents an objective of
that role, therp is in the goal base af; if ¢ represents information
presupposed by that role, theris in the knowledge base af

3.1 Delegating, informing and monitoring

We have not yet further specified the behavior of the special ac-
tions of delegating, informing and monitoring. We require that
these special actions obey the followiagcordanceschemata, for
all a,b € Agwitha # b, ¢ € Lo anda(b) € A, expressing the
relation between knowledge and action (see [22]):

K, ([delegate(a, b, ¢)|Y) — [delegate(a,b, @) Kath
K, ([inform(a,b, §)|1) — [inform(a,b, $)] K1
o ([monitor(a, DON E(«(b)))]¥)

— [monitor(a, DON E(c(b)))] Ka.

Intuitively, the schemata state that the organizational actions of del-
egating, informing, and monitoring, once executed by an agent, al-
ways determine the knowledge about their necessary effects which
the agent expects. To use the terminology of [22], these actions are
alwaysaccording to plarfor each agent.

The first axiom could be enforced through the semantics by adding
the following constraint concerning the interplay between the ac-
cessibility relations of aWrg model. Forall, b € Agwith a # b,
¢ € Lo anda(b) € A:

vwl? w2, W3 S W (Ktl(wlva) & Rdelegute(a,b,d)) (’LUQ, U)3)
= EIu}4 S w (Rdelegate(a,b,d;) (wla ’LU4) & ,Ca(U)4,U)3))).

Perfectly analogous semantic constraints can be devised for the in-
forming and monitoring action expressions.

We also assume that actors are always endowed with knowledge
about all the necessary effects of the organizational actions they
can perform. That is, for alh,b € Ag witha # b, ¢ € Lo and

5For an extensive exposition of these systems the reader is referre®A natural way to give a more elaborated semantics to them would

to [1].
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a(b) € A, the following are to be considered axioms: Forall a,b € Ags.t.a #b, ¢ € Lo anda(b) € A:

[delegate(a, b, @)l — Kaldelegate(a, b, &)} (Power(r,s) A rea(a,r) A rea(b, s))
[inform(a, b, §)| — K[inform(a,b, $)|i — [delegate(a, b, ¢)]|Opp

[monitor(a, DON E(«(b))]t

— Kq[monitor(a, DON E(c(b))]v. (Coordination(r, s) A rea(a,r) Area(b, s))

Semantically, the first axiom is validated by the following relational = [inform(a, b, §)] Kvg

constraint. For alk, b € Ag witha # b, ¢ € Lo anda(b) € A:
(Control(r, s) Area(a,r) A rea(b, s) A [a(b)]d)
— [monitor(a, DONE(a(b))](—¢ — Oa¢p)
(Control(r, s) Area(a,r) Area(b,s) A [a(b)]o
Again, analogous constraints can be devised for the informing and NKq(Opd))
monitoring action expressions. DONE " DONE(a(b
To formally characterize the special actions in accordance with = Ou(DONE(monitor(a, DO (a(B))))-
our intuitions about them, we need also to specify their pre- and we have thus that:
postconditions. We consider the delegation and inform actions as
having necessary preconditions, while the monitoring actions as e If a power relation exists between roles that are enacted by
having a guaranteed postcondition. This can be expressed as fol- two agents then delegateaction has as effect an obligation
lows: for the recipient, that is, delegateaction implements then a
form of “your wish is my command” principle.

V’LUl, w2 € w (Rdelegate(a,b,¢) (wh U)Q)
= VU};; cWw (’Ca(wl,U)B) = Rdelegate(a,b,qb) ('LU3, wQ)))

DEFINITION 4. (Delegate, inform, monitor)

Foralla,b € Ags.t.a# band¢ € Lo anda(b) € A: e If a coordination link exists then thaform action automati-
cally leads to an epistemic state in the recipient, the content
= 2Gad — [delegate(a, b, )] L of which consists in what has been communicated.

= ~Ked— linform(a,b @)L If trol relation exists then theonitor action h
. e If a control relation exists then thmonitor action has as
—  [monitor(a, DONE(a(b)))](Ka DON E(cx(b)) further consequence the generation of an obligation for the
VEK.~DONE(a(b))) controller to achieve the state which the controlled actor was
_ v € Lo : vy — [delegate(a, b, ¢)]y supposed to bring about. However, we consider the control
_ € Lo : v — [inform(a, b, $)y relation to have also a normative aspect in _that if an agent
) B has control over another agent, it is then obliged to monitor
- 7Y € Lo : v — [monitor(a, DON E((b))]y- it whenever it knows it has an obligation.

|ntuitive|y, in order to delegate a goal itis necessary to have |t, but Some remarks are necessary_ First’ notice that we do not pro_
no specific consequence follows from a delegation. Analogously, to vide definitions of the relations, but just some consequences. Our
inform it is necessary to know, but the information does not neces- ajm is to capture some essential traits of those notions rather than
sarily create knowledge in the recipient actor. To monitor means to providing a fully-fledged treatment of them. Different accounts of
check (and know after that) whether another agent has done an acthe phenomena of power, coordination and control are possible and
tion or not, that is to say, to monitor is amformative action([22]) would not harm the generality of the core thesis of our approach,
for the monitoring agent with respect to formulas concerning the j.e., organizational structure is multiple and enhances the effects,
performance of some action by some other agents. Finally, the lastj e the postconditions, of agents’ activities.

three schemata are a simplified formulation of frame axioms for  secondly, notice that we understand those relations essentially as
the special actions, indicating that those actions only modify those guaranteeing some effects to the basic actiondetégate inform

parts of the world which concerns agents’ obligations, goals, and andmonitor. Intuitively, if a power relation holds between roles
knowledge. o 3 ands, all delegation acts performed by an agergnacting role-

_The above specification of the pre- and postconditions of the spe- on agents enacting rolesucceed in creating an obligation for these
cial actions shows their effects without presuming an organization agents. Analogously, if a coordination relation holds between roles
structure. In the next section we analyze the added value of struc-;. ands, all information acts performed by agents enacting role
ture showing that by adding the existence of an appropriate orga-to agents enacting rokeare successful in the sense that they create
nization relation to the precond|tl0ns of these actions the effects of know|edge inthese agentsl Notice that this is 0n|y one way of inter-
the actions increase, thus characterizing in what the structure pre-preting this relation based on considering coordination essentially

cisely results. as “the process of managing interdependencies between activities”
([7]) with respect only to the flow of knowledge between agents.
4. MODELING ORGANIZATIONAL The relation can alternatively get a normative flavor, expressing that
agentsshould inform another agent if they are connected through a
STRUCTURE coordination link. Finally, if a control relation holds between roles
. . r and s, all monitoring acts performed by agents enacting role
4.1 Variety of Structural Relations on agents enacting rotedo not only create knowledge in the con-
We characterize the power, coordination and control structural troller about the relevant state of affairs (see Definition 4), but they
relations as follows: also determine an obligation for the controller in case the controlled
agent did not perform the action that is monitored. This indicates
DEFINITION 5. (Power, coordination, control) some kind of taking responsibility for a failure.
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Power(r, s) A Coordination(r, s) A Control(t, s) A rea(a,r) A rea(b, s) Area(c,t) AN Gap A [a(b)]p
[delegate(a, b, )] Ov

[delegate(a, b, )] KaOp

[inform(a,b, Oy¢)] Kt Op¢p

[delegate(a, b, ¢)] [inform(a, b, Op$)| KpOp

[monitor(c, DON E(a(b)))] (m¢ — Oc¢)

[mlonitor(c, DONE(a(b))] Kc(—¢p — Oco)

[delegate(a, b, @)] [inform(a, b, Op¢)|[monitor(c, DON E(a(b))|Kc(—¢ — Oc¢)

[delegate(a, b, ¢)] [inform(a, b, Opd)][monitor(c, DON E(a(b))](Kc—¢ — Kc.Oc¢)

[delegate(a, b, ¢)] [inform(a, b, Op¢)][monitor(c, DON E(a(b))](Kc—¢p — KcOcp) A Opdp A KpyOpp.

= O 00O ULk WwiN —

Figure 1: Deriving the effect of structure

4.2 Properties of Structures ambiguities, generating the possibility of authority conflicts, as for-

This formal characterization of the three basic dimensions of Mally described already in [13]. On the other hand, ambiguity can
structure in organizations allows us to give a concrete and rigor- happen to be useful in cases in which more flexibility is required,
ous meaning to some simple properties of this structure. In what SO that the chain of command can remain intact despite the loss of
follows some properties of digraphs are listed and an intuitive in- a@n actor. Analogously, redundancies are particularly useful from

terpretation of them in terms of Definition 2 and Definition 5 is the point of view of a coordination structure, where a multiplicity
provided. of communication channels is often recommended, and of a control

Existence of anRy-path between two elements.A R pouwer- structure, where the more are the controllers, the more efficiently

path between ands of lengthn > 1 determines the possibility, for ~ implemented is the monitoring activity.

the intermediate actors, to delegate delegated goals. Analogously, a Outdegree of an element equal to 1in a power structure, an

R Coordination-Path betweem ands of lengthn > 1 determinesthe ~ elementd having 0d-o.. = 1 denotes an element with low direct
possibility, for the intermediate actors, to transmit the received in- POwer. Notice that a source in the structure, though occupying a
formation. If the coordination structure is strongly connected (i.e. POsition from which it can reach every other element, if it has out-
there is a path between any two points in the graph) then infor- degree 1 it has direct power only on the first subordinated element
mation can be shared between all agents in the organization. For{to whichitis linked via aR p,...-path of length 1). This, together
power and coordination, the shorter the path the quicker and the With the uniqueness of the source, corresponds to a quite standard
more efficient is the generation of obligations and the transmission Vision of the so-called “hierarchies”. Interestingly, indegree and

of knowledge. AR coniroi-path betweem ands of lengthn > 1, outdegree are strictly related with the transitivity or intransitivity
instead, corresponds to a sortagfntrol of the controllerchain. In ~ Of the relation at issue. For example, in a transitive “hierarchy”,
this case, the longer the path, the tighter can be the control. the source can reach everybody directly and indirectly; as a draw-

Existence of a source.In a power structure the existence of a back, every point, except the source itself and those linked to it
unique source for th& p,... relation would express the so-called Vi an Rroue--path of length 1, are in a position of multiple au-
unity of command principler, to use the terminology of [23], the  thority c_onfllcts. Moreover, in this case, tb_ealar principleis not
existence of ahighest competencéhat is, a sort of source (ideal ~Met. With respect tR pou., then, the choice for low outdegrees
or embodied) of all tasks of the organization. The length of the @ppear to be a sensible structural solution. Coming to coordination
R power-paths emanating from the source gives the measure of theaf‘d control structures instead, hllgher outdegrees make more sense
distance of each element from the source. If the power structure isSince elements with outdegree higher than one denote that there are
intransitive, the existence of a unique source formalizes the idea of foles which have a high communication possibilities and, respec-
a pyramidal shape of the organization, also knowsaar prin- tively, which control many different roles. _
ciple. This principle is not implemented in organizations in which ~ With this informal discussion we intended to show how basic
more sources for th& ..., relation exist. In this case, symmet- ~ concepts of graph theory can be usefully imported and meaning-
fic Rpower links connect the sources determining the absence of fully interpreted in terms of organization theory, therefore showing
a highest single competence, but, on the other hand, the presencéhe usefulness of rigorous models of social structure such as the
of a cluster of roles forming a sort of oligarchy. A source for the ©ne proposed in Definition 2 and Definition 5 on which our frame-

R coordination T€lation can be seen as a form of transmission point Work is based. On this ground, formally specified taxonomies for
for the whole organization. In this case, a unique source is obvi- €ach dimension of organizational structure could be systematically
ously not recommendable, it implying the absence of any feedback Worked out and analyzed. ) _

(symmetric link) toward the source itself. Such a property would A further aspect needs though to be investigated, namely how the
instead be less undesirable for the control structure, it implying the three dimensions of power, coordination and control interact, and
existence of an actor which either can monitor everything or can how they should interact in soundly specified organization. A defi-
monitor the performance of all controlling actors of the organiza- Nition of sound organizational structure constitutes the basic result
tion. of the following section.

Indegree of an element equal to 1In a power structure, an el- 4.3 Structural Interplay
ementd having idr,..r = 1 would represent a role to which only ! ) ) i
one superordinate role can delegate tasks. If the indegree of all the N the previous sections we discussed aspects that appear to be
elements that are not the source is 1, then commands flow throughf€levant for each of the structural dimensions considered in iso-
the power structure according to what is usually called, in organiza- 'ation: first with respect to their effects on agents’ activities (Sec-
tion theory, arunambiguous chains of commandsthe indegree tion 4.1) and then with respect to their inherent structural properties

is higher than 1, the delegation can give rise to redundancies and(Section 4.2). In this section we analyze how the different dimen-
sions might interact.
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Structure is necessary, first of all, in order to reassign goals via action is actually performed, we should take care that the agent that
new obligations (delegation). Because of this dynamics organiza- is obliged to perform the action also knows about this. This can
tions need to distribute relevant knowledge (information), and im- only be ensured through a successful inform action to that agent
plement forms of performance assessment and recovery (monitor-through a coordination link that is either direct or indirect. If we
ing). Somehow, the interplay between these structural dimensionsalso want to have a back-up in case of failure we should make sure
lies in the delegation activity and is therefore based on the power that there is an agent monitoring the delegated action through a
relation. This is in perfect accordance with many foundational in- control link.
vestigations in the theory of organizations ([25, 23]). In particular: As a result, our analysis delivers a representation of organiza-
tions as triple structures. If we want the organization to adhere
to some intuitive properties they should be constrained in order to
meet precise structural principles concerning the interplay between
(25)) power, coordination and control. This leads us to the following

) definition ofsound organizationg/hich extends Definition 2.
This observation can be distilled in the following two principles:
organization structure should see to it that each agent is always
aware of its duties (an “ought implies know” principle); organiza-
tion structure should see to it that its objectives are met (a “suc-  (Roles U Agents, Rpower, Rcoordinations Rcontrol, Rea)
cessful performance” principle). They can be expresse@rin,
as follows. For all € Ag,r € AR and¢ € Ly:

delegation is the primordial organizational act, a pre-
carious venture which requires the continuous elabora-
tion of formal mechanisms aioordinationandcontrol

DEFINITION 6. (Sound Organizations)
A sound organization is a tuple:

whereRoles U Agents is the finite set of roles and agenf¢a C
AgeTZtS X Roles, andRPowery RCoov'dination7 RCont'l'ol are three

ought implies know O,¢ — K,Oq.¢ irreflexive binary relations orRoles such thatvr, s € Roles:
successful performance obj(r, ¢) — \/ (Ga¢ V Oug) Rpower (1, 5) = there exists &R coordination—path
acAg fromr to s;
Itis easy to see that the implementation of the “ought implies know” Rpower(r, ) = there exists @ € Roles

can be met by aligning the coordination structure with the power
structure. The successful performance can never be guaranteed S-L Rcontrol(t, 5).

as the agents are autonomous and subject to failure and thus carrhe occurrence of a power relation between rokend roles re-
always fail to meet their goals and/or obligations. The control quires: first, in order for the structural principle “ought implies
structure cannot guarantee a full implementation of the “success-know” to be met, the existence of a (finite) coordination path from
ful performance” principle. The effect of monitor action in a r to s so that effectiveinform actions can transmit the relevant
position of control is a new obligation for the controller if the goal  knowledge (essentially about obligations) of agents enacting role
has not been achieved. In principle, also the controller can then r to agents enacting roke second, in order for the structural prin-
violate this obligation leaving the goal not achieved. This might ciple “successful performance” to (try to) be met, the existence of
be considered an undesirable property, since it leaves the organi-at least an element(which, notice, might be itself) which is in a
zation constitutively open to unsuccessful performances: in other control relation withs.

words the very result of the control structure is to guarantee the ac-

complishment of goals, or to further motivate that accomplishment 5 CONCLUSIONS

via norms. Nevertheless, this feature faithfully mirrors the nature
of human organizations where control and recovery activities are
also activities which are open to failure, and where the problem of
the control of the controllerss an unsolvable issue. This explains

In this work we argued for two central theses. The first thesis
consisted in holding that organizational structures exhibit at least
three relevant dimensions, namely the dimensions of power, dele-

also why the principle of “successful performance” can therefore ggtion and control and not just one. In additio_n, these thre_e dime_n-
be implemented only at some degree through adding iterated Ievelss'ons.have been .alsol shown to.need t(.) be |nterrellateq In precise
of control. The more levels of controls are enacted, the stronger ways in order to give rise to sensibly designed organizational struc-

the principle can be thought of being implementétintrol (a, b) tures. In a nutshell, we therefore viewed organizations as multi-
Control(c, b), Control(d,c), and so on, exactly as it happ;en’s in structured objects. The second thesis consisted in considering the

human organizations. effec_t of organi_zational structure on the agents involved in al"l orga-
These remarks are formally illustrated in Figure 1. The deriva- nization specifically as what en_hances the e_ffe_cts of agents activi-
tion is explained line by line in what follows: (1) is assumed; (2) ties such as delegating, informing a_md monitoring. On the basis of
is obtained via (1) Definition 5 and MP; (3) via (2), Necessitation, these theses, we developed a.multl-modal logic framework able to
Accordance and MP; (4) via (1), Definition 5 and MP; (5) via (4) represent structural configurations and reason about (some of) their

and Necessitation; (6) via (1), Definition 5 and MP; (7) via (6), Ne- effects on agents.

cessitation, Accordance and MP; (8) via (7) and Necessitation; (9) tFu:urel \év_ork Wi_” be focEsed“:irsf of all on cc’),rlis_,idering ”?O][e
via (8) and Distribution; finally, (10) via (9) and Definition 4. structural dimensions (such as the “empowering” dimension infor-

In Figure 1 is then displayed a derivation of the effect of the mally toyghed upon in Section 2) and on imp(oving Definition 4
simplest structural configuration: coordination and control guar- and Definition 5 in order to enable more detailed and elaborated

antee that thénform and monitor actions efficiently contribute to characterizations of the effects of organizational structures.
the achievement of the delegated goals. The last line of the deriva-
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