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A Topological Model for C2 Organizations

Abstract

 One essential function in Command is to determine roles, responsibilities and 
relationships, in order to enable, encourage and constrain certain behaviors. In the context 
of the complex endeavors expected to happen in the near future, this means to establish a 
collection of organizations that are fit for the missions. On the other hand, in recent years 
the mathematical field of Topology has been applied to solve several problems of multi-
agent coordination, consensus problems, concurrent computing and coverage of sensor 
networks. The present work aims to introduce some topological methods to the set of 
problems related to C2 organization. A combinatorial topological model of a C2 
organization is presented, based on a topological construct called simplicial complex. It’s 
expected that the presented model will enable the potential application of results from 
combinatorial and algebraic topology to problems of organizational design and self-
organization.
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1. Introduction

 The goal of development of a community with a shared conceptual framework, 
sense of immediacy  and purpose, and a coherent C2 research program was stated past in 
the seventies. In a keynote talk presented at the 1987 Symposium of C2 Research, Levis 
and Athans claimed that, although the attainment  of a comprehensive theory of C2 may 
be a dream, the quest for it is very  real. After several meetings and workshops, the 
evolution of C2 seemed, at that time, hampered by the so called twin curses: 
dimensionality and complexity (Levis & Athans, 1987).

 In 2006 Lenahan & Charles proposed a set of 12 grand challenges and associated 
questions facing the Command and Control community. Impact was one of the many 
criteria chosen for the selection of the most relevant issues, and its definition involved a 
major difference in terms of better or more agile C2 organizational structures, increased 
C2 organizational capacity, and increased process influence in terms of “locking out” or 
dominating adversarial process options through the use of effects projection (Lenahan & 
Charles, 2006).

 We believe that the progress in solving those organization-related issues, by 
approaching both dimensionality and complexity, is paramount for the true evolution of 
Command and Control. And this shall be accomplished without recurring to historical 
metaphors and paradigms (Alberts, 2003).

 The dimensionality component of the twin curses derives from the huge state 
space of the physical, informational, cognitive and social domains of C2 systems. 
Complexity  derives from the interrelationships between these key  domains. A theoretical 
approach to deal with the combinatorial explosion should be the next step in C2 
evolution.

 This approach should be able to synthesize the combinatorial structures and 
relationships of the entities performing Command and Control functions. Another 
important feature would be to rely only  on metrics which we can take as of confirmed 
validity  or relevance. This would assure that empirical studies would be conducted only 
after theoretical results get mature.

 The thesis of this article is that  a theory of C2 shall be based on representing these 
interrelationships in the simplest way possible, yet enabling the explanation of complex 
phenomena. We also claim that the use of the mathematical field of Topology can help 
not only to solve certain classes of problems involving C2 organizations, but also to 
enhance the general understanding of Command and Control in a more formal way.
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2. The Case for a Topological Approach

 Many aspects of C2 are hard to quantify. Topology can be referred as a kind of 
qualitative math, not the math made of points as usual. Instead, it involves sets joined in 
structures called topological spaces. In general, Topology deals with combinatorial 
structures and relationships between objects. Topological spaces can show the 
relationships between sets composing or describing complex systems. And these spaces 
are not even required to be metric (Euclidean), i.e., they don’t need to have a definition of 
‘distance’ between their elements.

 Topological thinking is not new in the military domain, since the geographic 
space is highly influential on tactics, and typical maps of military situation partition the 
terrain depending on jurisdiction: which organizational unit is responsible for some 
region. Another example from the information domain is the use of the word ‘topology’ 
to describe the structure of network communications infrastructure.

 Also, we can use sets to describe behavior, expressed by activities composing 
processes. And these sets can also be combined with geographic regions and 
communication network nodes. These sets define a space which, in the military domain, 
is called battlespace,.

 Battlespace, according to the DoD definition, is ‘the environment, factors, and 
conditions that must be understood to successfully apply  combat power, protect the force, 
or complete the mission’. This includes the air, land, sea, space, and the included enemy 
and friendly  forces; facilities; weather; terrain; the electromagnetic spectrum; and the 
information environment within the operational areas and areas of interest.’

 These are many distinct aspects that, by the definition, are interrelated and 
influential to mission success. ‘To shape’ can mean to conform (or give form) to all these 
subjects to a configuration more fit to the mission at hand, which is a paramount function 
of Command and Control.

 Another reference to the implicit topological thinking in C2 was given by Alberts 
and Hayes (2006):

‘The most interesting and challenging [C2] endeavors are those that involve a 
collection of military  and civilian sovereign entities with overlapping interests 
that can best be met by  sharing information and collaboration that cuts across 
the boundaries of the individual entities.’

 Intuitions aside, in the seminal article ‘Mathematics of Command and Control 
Analysis’, Dockery (1984) expressed his findings about the limitations actually  present in 
C2 analysis: (i) there are no proper investigation tools, (ii) there is no theory  and (iii) the 
treatment of structure has been neglected.
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 Also, not only the treatment of structure was lacking. The following excerpt gets 
right to the point:

‘We have therefore searched for a theory. More fundamentally, we have 
searched for a starting point for a theory. In the end we focused on structural 
aspects of C2. In fact structure is but one of three aspects of the problem which 
we have identified. The other two are data/information and transactions. The 
complete characterization is therefore transactions within a structure involving 
the flow of data/information through that structure.’

 On another front, in the knowledge domain of multiagent systems research, an 
organization is viewed as a set of constraints accepted by a group of agents in order to 
facilitate their goals’ achievements, i.e., an agent must limit  its autonomy in order to 
comply with the structure and function of an organization.

 For instance, the organizational model for multiagent systems MOISE+ is based on 
three different specifications: structural, functional and deontic. Fig.1a shows how the 
structural and functional dimensions, jointly with the environment, can explain or 
constrain the organizational behavior in trying to accomplish its social purposes.

 Another example is the model depicted in Fig.1b, where the basic premise is that 
rational organizations will always try  to match sets containing the current and desired 
states of the organization, as well as the scope of control of its members.

CHAPTER 2. BACKGROUND 25
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Fig. 1. The organization effects on a MAS

Being well organised is a valuable
property of an MAS, since it helps the
system to assure its efficacy and effi-
ciency [5]. Our general view of the or-
ganisation for an MAS, depicted in the
Fig. 1, allows us to state a minimal con-
dition for an MAS to be well organised:
E ∩ S ∩ F ∩ P �= ∅, i.e., the behaviours
which lead to the social purpose achieve-
ment are allowed by the organisation in
the current environment. However it is al-
most impossible (indeed undesirable) to
specify an organisation where the allowed agents’ behaviours fit exactly the set P ,
since this set also depends on the environment. Different environments require different
sets of P behaviours. Moreover, if the sets S and F are too small, the MAS will have
adaptation problems to little environmental changes due to the extinction of the agents
autonomy by the organisation. On the other side, if S and F are too big, the organisation
will not be effective since the agent’s behaviours are not sufficiently constrained.

Identifying a good size for the set of organisational allowed behaviours is indeed
another way of conceiving one important MAS problem: how to conciliate collective
constraints with the agent autonomy. Normally MASmethodologies are concerned with
this problem in the MAS design phase (e.g. [14]). However, even if the MAS has an ini-
tial good organisation, dynamic changes either in the environment or in the global pur-
poses may cause the looseness of the organisation suitability. Moreover, if we consider
the organisation unchangeable, the agents which have several experience and informa-
tion about the organisation can not contribute to its adaptation. They loose the autonomy
regarding its organisation. In other words, this problem could be expressed as how to
conciliate an agent centered (AC) point of view with an organizational centered (OC)
point of view [8]. This situation brings the reorganisation problem up: how the agents
themselves might change their current organisation [10].

If we assume that (i) there is no better organisation for a context [4] and (ii) differ-
ent organisations will give different performances for a system [5], an MAS needs to be
capable of reorganising itself in order to well suit in its environment and to efficiently
achieve its goals. Our objective is therefore to propose a reorganisation model and its
specification (Sec. 3) based on theMOISE+ (Sec. 2). We will thus show how the re-
organisation itself could be expressed and controlled in an OC point of view. Before
comparing this proposition to related works (Sec. 5), we give a short description of a
case study related to soccer robot simulation (Sec. 4).

2 Reorganisation withinMOISE+

TheMOISE+ (Model of Organisation for multI-agent SystEms) follows the general
view of the organisation depicted in the Fig. 1 and therefore considers the organisa-
tional structure and functioning. However, this model adds an explicit deontic relation
among these first two dimensions to better explain how an MAS’s organisation collab-

(a) Behavior Space - Example 1 (HÜBNER; SICHMAN;

BOISSIER, 2004)

Reorganization activities aim therefore at aligning these sets,
either by attempting to change the current state, or by altering
the set of desires. This process is depicted in figure 1. In sum-
mary, reorganization consists of two activities. Firstly, the for-
mal representation and evaluation of current organizational
state and its ‘distance’ to desired state, and, secondly, the for-
malization of reorganization strategies, that is, the purposeful
change of organizational constituents (structure, agent pop-
ulation, objectives) in order to make a path to desired state
possible and efficient.
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Figure 1. States and control.

There is no one best way to organize or structure the or-
ganization, but not all structures are equally effective, that is,
organizational structure is one determinant of organizational
performance. Performance of the organization can then be
seen as the measure to which its objectives are achieved at a
certain moment. Because environments evolve, performance
will vary.
Intuitively, performance is a value function on the environ-

ment (current world), agents and organizational capability,
and on the task (desired state of affairs). Formally, we de-
fine a function perform, such that per f orm(w,G≤,!) returns
the value of the performance in world w of structured group
G≤ for !, indicating how well G can realize !. We assume
that for each agent and each world, the performance for each
atomic proposition p is fixed.
The perform function can be seen as the cost associated

with a transition in the world W . Several properties can be
specified to describe how to determine the value of perform
for complex propositions. For example, per f orm(w,G≤, p) +
per f orm(w,G≤,q)≤
per f orm(w,G≤, p∧q), represents the fact that the cost of per-
forming a sequence of activities can be higher than the sum
of the costs associated with each activity, for that agent [3]
(i.e. agents can get ‘tired’). Some authors have used finite
state machines to describe organization transitions [13]. An
important difference between our work and such approaches
is the temporal dimension of our model, that is, an organiza-
tion can never move to a previous state even if conceptually

equivalent, all states are different in time.

3.3. Changing organization design
Because organizations aim at making certain states of af-

fairs to be the case, and only agents can bring affairs to be, it is
important for organization O= ((A,≤O),D,S0) to make sure
it ‘hires’ and organizes an adequate set of agents (AO,≤O)
such that the combined action of those agents has the poten-
tiality to bring about the desired state of affairs DO. The de-
pendency relation ≤O between the agents must allow for the
desired states to be achieved, that is, dependencies must be
sufficient for responsibilities to be passed to the appropriate
agents, that is, the agents that have the necessary capabili-
ties. If that is not the case, the organization should take the
steps needed to decide and implement reorganization, such
that the resulting organization O� is indeed able to realize its
objectives DO� . In practice, reorganization activities can be
classified in three groups:

• Staffing: Changes on the set of agents: adding new
agents, or deleting agents from the set. Corresponding
to personnel activities in human organizations (hiring,
firing and training). Staffing operators are staff+(O,a)
and staff−(O,a), resulting in the addition, resp. deletion
of agent a from the organization.

• Structuring Changes on the ordering structure of the
organization. Corresponding to infrastructural changes
in human organizations: e.g. changes in composition
of departments or positions. Structuring operators are
struct+(O,(a≤ b)) and struct−(O,(a≤ b)), resulting in
the addition, resp. deletion of delegation link a≤ b from
the organization.

• Strategy Changes on the objectives of the organiza-
tion: adding or deleting desired states. Corresponding
to strategic (or second-order) changes in human orga-
nizations: on the mission, vision, or charter of the or-
ganization. Strategy operators are strateg+(O,d) and
strateg−(O,d), resulting in the addition, resp. deletion
of objective d from the set of organizational objectives.

The classification above is very generic, but it allows for
the representation of all different types of modifications that
can be performed on the formal definition of organization we
use. Furthermore, most realistic adaptation possibilities can
be represented in this classification. For instance, a change
of role allocation is represented by the deletion of one agent
and the addition of a new one, with the new capabilities (cf.
footnote for our current, simplified, notion of role enacting
agent). The organizational model represents organizational
strategy as objectives, abstracting from e.g. the notion of plan.
These objectives represent desired states of the world (which
in turn can represent anything) and should not be confused

(b) Behavior Space - Example 2 (DIGNUM;

DIGNUM, 2007)

FIGURE 2.1 – Two examples of intuitive topological thinking about the behavior of
organizations.

One of the main reasons for having organizations, is to achieve stability. Nevertheless,

environment changes and natural system evolution (e.g. population changes), require the

adaptation of organizational structures. Reorganization is the answer to change in the

environment or the organizational goals. As reorganization is contrary to stability, the

question is then: under which conditions is it better to reorganize, knowing that stability

will be (momentarily) diminished,and when to maintain stability, even if that means loss

of response success.

C2 endeavors involve two fundamental elements: a technical and a social component.

The processes, the tasks, and the technology employed in the mission effort constitute

the technical component. The second element is composed by the organization and the

individuals involved, their attitudes and behaviors. In other words, a C2 system can be

thought of a socio-technical system where the two components, the technical and the social

elements, need to be aligned in order to have a successful endeavor. Then, a key issue is

to understand how we can examine the relationship between those two, the technical and

FIGURE 1 – Two examples of intuitive topological thinking about the behavior of 
organizations.

 In summary, all these models commonly illustrate constraints of behavior using 
Venn diagrams, showing the interplay of sets representing the external environment, the 
structure and functions of the organization, and the capabilities of its members, as these 
sets somehow define the boundaries of organizational performance and the eventual need 
to reorganize.
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 Notwithstanding the relevance and recurrence of this intuitive representations, to 
our knowledge no work was found trying to formalize the interrelationship of these sets 
of elements as determinants of organizational behavior. Also, the effects of the 
organizational structure on the performance are still not understood.

 This common use of sets to express behavior points to the question of an 
organization being represented topologically. Topology is the area of Mathematics 
responsible for the study of properties of spaces that are preserved under continuous 
deformations, having been emerged through the development of concepts from geometry 
and set theory. Roughly speaking, Topology aims to provide qualitative thinking about 
sets and their relationships.

 Thus, topological notions like compactness, connectedness and denseness are as 
important nowadays as sets and numbers were for the mathematicians of the past.

3. Basic Definitions

 As already mentioned, Topology involves sets joined in structures called 
topological spaces. In general, Topology  deals with combinatorial structures and 
relationships between objects. Algebraic Topology, in special, is the study  of spaces and 
maps using algebraic methods. The main idea for Algebraic Topology is to map problems 
that would be rather difficult to solve using Topology, to an algebraic form, where 
abstract algebra methods can more easily be applied. Thus, some problems can profit 
from moving from a representation based on spaces and maps to another, composed of 
classic algebraic constructs.

 Results from algebraic topology suggest that  a lack of relative or global 
localization in a network is not an obstruction to determining global network features. For 
example, recent results indicate that homology theory provides a powerful yet computable 
set of criteria for coverage in sensor networks (SILVA; GHRIST, 2006). It is possible that 
many  of the tools developed by topologists over the past century  for passing from local 
combinatorial data to global topological data may provide valuable insights in extracting 
a global picture from nodes with local communication links.

 For the goals of this work what is required is to present two basic concepts 
necessary to understand the results of previous work, and how these results support the 
feasibility of this approach.

Definition: A Topological Space is a set  X together with a collection O of subsets of X, 
called open sets, such that:

- The union of any collection of sets in O is in O;
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- The intersection of any finite collection of sets in O is in O; and 
- Both ∅ and X are in O.

 The collection O is called a topology on X.

 One important combinatorial construct for the techniques that will follow is the sim- 
plicial complex (COOMBS; JARRAH; LAUBENBACHER, 2001):

Definition: An Abstract Simplicial Complex ∆ on a finite set V , whose elements are 
called vertices, is a non-empty collection of subsets of V that is closed under taking 
subsets, i.e., if a subset of V belongs to ∆, then all its subsets also belong to ∆. The 
elements of ∆ are called simplices or faces. The dimension of a simplex σ = {v0,...,vn} ∈ 
∆ with n elements is n, being defined a n-simplex. The dimension of ∆ is the maximum of 
the dimensions of its simplices.

 Another alternative, shorter definition is (JONSSON, 2008):

Definition: An Abstract Simplicial Complex ∆ on a finite set X is a family of subsets of X 
closed under deletion of elements. We refer to the singleton sets x in ∆ as 0−simplices or 
vertices. It is not required that x∈∆ for all x∈X.

Fig.2 shows examples of simplices of dimension 0 to 3.

orientation capabilities. Nodes are completely devoid of any in-
formation apart from the identities of ‘very close’ and ‘somewhat
close’ neighbors. This ability to differentiate between strong and
weak signals provides a coarse form of distance measurement.
For example, if a particular node scans its communications, it
can determine whether a certain node is within distance rs or rw

or neither.

Fig. 1. Sensor coverage discs and their union.

III. TOOLS FROM ALGEBRAIC TOPOLOGY

The mathematical tools we use are by no means novel: with the
exception of the simulations, this paper could have been written
in the 1930s. However, as these tools are not in the repertoire of
researchers in sensor networks, we give a brief (and necessarily
incomplete) treatment here. For further reading of various degrees
of depth, see [10], [13], [12]; for an introduction in the context of
applications and computations see the recent text by Kaczynski
et al. [11].

III-A. Simplicial complexes

All of the topological objects we work with in this paper
belong to a certain class of spaces called simplicial complexes.
Given a set of points V , a k-simplex is an unordered subset
{v0, v1, . . . , vk} where vi ∈ V and vi �= vj for all i �= j, see
Fig. 2. The faces of this k-simplex consist of all (k−1)-simplices

0- Simplex [v0] 1- Simplex [v0, v1]

2- Simplex [v0, v1, v2] 3- Simplex [v0, v1, v2, v3]

v0
v0 v1

v0 v1

v2

v2

v0

v1

v3

Fig. 2. Oriented simplices of dimension zero through three.

of the form {v0, . . . , vi−1, vi+1, . . . , vk} for 0 ≤ i ≤ k. A

simplicial complex is a collection of simplices which is closed
with respect inclusion of faces: see Figure 3 for non-examples.
Triangulated surfaces form a concrete example, where the vertices
of the triangulation correspond to V , edges correspond to 1-
simplices, and faces correspond to 2-simplices. The orderings of
the vertices correspond to an orientation. Any abstract simplicial
complex on a (finite) set of points V has a geometric realiza-
tion in some Rn. See Figures 8-10 for examples of geometric
realizations. See [12], [13] for an elementary introduction.

Fig. 3. Non-examples of simplicial complexes.

III-B. Simplicial homology

Homology is an algebraic procedure for counting ‘holes’ of
various types. There are numerous variants of homology: we de-
scribe simplicial homology with real coefficients. Let X denote
a simplicial complex. The homology of X , denoted H∗(X),
is a sequence of vector spaces {Hk(X) : k = 0, 1, 2, 3 . . .},
where Hk(X) is called the k-dimensional homology of X . The
dimension of Hk(X), called the k

th
Betti number of X , is a

coarse measurement of the number of different holes in the space
X that can be sensed by using subcomplexes of dimension k.

For example, the dimension of H0(X) is equal to the number
of path-connected components of X . These are the types of
‘holes’ in X that points can detect — are two points connected
by a sequence of edges or not? The simplest basis for H0(X)
consists of a choice of vertices in X , one in each path-component
of X . Likewise, the simplest basis for H1(X) consists of loops in
X , each of which surrounds a different ‘hole’ in X . For example,
if X is a graph, then H1(X) is a measure of the number and
types of cycles in the graph.

Let X denote a simplicial complex. Define for each k ≥ 0,
the vector space Ck(X) to be the vector space whose basis
is the set of oriented k-simplices of X; that is, a k-simplex
{v0, . . . , vk} together with an order type denoted [v0, . . . , vk]
where a change in orientation corresponds to a change in the
sign of the coefficient:

[v0, . . . , vj , . . . , vi, . . . , vk]− [v0, . . . , vi, . . . , vj , . . . , vk].

For k larger than the dimension of X , Ck(X) = 0. The
boundary map is defined to be the linear transformations ∂ :
Ck → Ck−1 which acts on basis elements [v0, . . . , vk] via

∂[v0, . . . , vk] :=
k�

i=0

(−1)i[v0, . . . , vi−1, vi+1, . . . , vk], (2)

as illustrated in Fig. 4.

FIGURE 2 – Oriented Simplices of Dimension 0 to 3 (Ghrist & Muhammad,2005).

Example: Let V = {A, B, C, D, E, F }, and let  ∆ be an abstract simplicial complex 
composed of the subsets {A, B, C}, {B, C, D, E}, {C, F}, {E, F} and their subsets. This 
abstract complex can have a geometric representation, depicted in fig.3.
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FIGURE 3 – An example geometric representation of a 3-dimensional abstract simplicial 
complex.

 Its dimension is 3, as there is a 3-dimensional simplex ({B, C, D, E}), in addition to 
one 2-dimensional and two 1-dimensional simplices. It’s worth to notice that, although 
the example contains the sets {C,E}, {C,F} and {E,F}, the set {C,E,F} is not part  of the 
complex, leaving a ‘hole’ in the geometric representation. On the other hand, the simplex 
{A, B, C} has its interior ‘filled’, i.e., this simplex captures not only a set of three 1-
dimensional edges, but also a special, higher dimensional new kind of ‘edge’, relating 
vertices A, B and C.

 Another form of representation of a simplicial complex is using matrices. Let us 
take an incidence matrix where the columns are the vertices (the 0-dimension simplices) 
of the complex, and the rows are the simplices, being enough to represent only  the 
maximal simplices with respect to inclusion. In the previous example, this matrix would 
be

CHAPTER 2. BACKGROUND 32

Its dimension is 3, as there is a 3-dimensional simplex ({B, C, D, E}), in addition to

one 2-dimensional and two 1-dimensional simplices. It’s worth to notice that, although

the example contains the sets {C, E}, {C, F} and {E,F}, the set {C, E, F} is not part

of the complex, leaving a “hole” in the geometric representation. On the other hand, the

simplex {A, B, C} has its interior “filled”.

Another form of representation of a simplicial complex is using matrices. Let us take

an incidence matrix where the columns are the vertices (the 0-dimension simplices) of

the complex, and the rows are the simplices, being enough to represent only the maximal

simplices with respect to inclusion. In the previous example, this matrix would be

A B C D E F




0 0 1 0 0 1

0 0 0 0 1 1

1 1 1 0 0 0

0 1 1 1 1 0





Simplicial complexes are purely combinatorial objects, with geometric representations,

which can therefore be viewed as topological spaces. They are combinatorial versions of

topological spaces and their relevance resides in the fact that they can be analyzed with

combinatorial, topological and algebraic methods.

2.3 Concurrency

The very idea of an organization is to coordinate a collection of agents committed to

act concurrently to accomplish some mission. Thus to understand concurrency is key to

 Simplicial complexes are purely  combinatorial objects, with geometric 
representations, which can therefore be viewed as topological spaces. They are 
combinatorial versions of topological spaces and their relevance resides in the fact that 
they can be analyzed with combinatorial, topological and algebraic methods.

4. Conceptual Model

 The purpose of these conceptual model is to summarize a simple model of 
organizations to allow further construction of some combinatorial topological objects. In 
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general, organizational models are composed of structural and functional descriptions, as 
to mimic the conventional way of analyzing a system, either looking at its form or its 
function. Also, to the model be complete, the relationships between structure and function 
must be specified.

 The structural part  defines roles as the elementary components of the organization, 
and also the relationships between roles and between groups of roles. There is discussion 
on the possible types of relationships as authority, communication (the right to 
communicate with) and acquaintance (HUBNER; SICHMAN; BOISSIER, 2007), as also 
power, coordination and control (GROSSI et al., 2006).

 The functional part specifies the functions an organization shall perform in order to 
accomplish its mission. As with the structure, there are many ways to represent this 
description:global goals and plans (HUBNER;SICHMAN;BOISSIER,2004), or IDEF0 (USA, 
1998) functions (URUGUAY; HIRATA, 2006).

 In order to completely express contexts for reorganization, most computational 
models are composed of agents, roles, tasks, goals, resources and capabilities. In the 
present work these elements were summarized to:

 • Roles: express the constraints an agent has to accept on its own behavior, in order 
to be part of the organization;
 • Relationships: how two roles interact one with each other. The nature of the rela- 
tionship (command, coordination, acquaintance) for now is not relevant;
 • Tasks: represent the activities an agent  commit to perform. These can generate 
some effect on the environment or just be internal to the agent.

 The relevance of other concepts commonly found in organizational models is not 
under question here. In general, concepts like costs, resources and capabilities are 
important to better define the merit of an organization, understood as the congruence to its 
mission, and to drive agents in eventual efforts to reorganize themselves. But as the main 
purpose of the article is to represent organizational behavior topologically, and not to 
propose a new reorganization strategy, we consider these concepts to suffice so far.

 Two points are worthy of note here: many models express explicitly  the idea of a 
Group. Although the organization can specify  groups, many reasons can let an agent to 
join (or to leave) an organization. It’s not guaranteed that the membership of a group will 
always be the main source of motivation for agents to enter an organization.

 Another point is about Tasks and Goals. Both Tasks and Goals can be decomposed, 
at least for analytical purposes. In hierarchical structures, part of this decomposition can 
result from the deliberation of superior roles, during the assignment of tasks to their 
subordinates. However, as an agent committed to a role preserves its autonomy  (at least 
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partially), it can make further task decompositions in subgoals as part of its planning, 
committing itself to these new goals. As both effects are part  of the behavior of the 
organization as a whole, and to the purpose of representing behavior topologically, in this 
work we simplify using the term ‘task’ to represent both concepts.

 To clarify using another perspective, distinction must  be made between functional 
and procedural (or process) models. Functions are essentially  the desired result  of a task 
(or set of tasks). Processes describe explicit sequences of tasks, with some models even 
including timing and scheduling considerations. The sequential dependencies included in 
the adopted representation for the functional model are not to be taken as a process, but, 
instead, as a constraint on the space of candidate processes to perform a certain functional 
model, being up to the agent to plan and to decide which process it will try.

 With those primary concepts at hand, we can state our organizational model as 
follows. An organization is specified as

O = (Ostruct, Ofunc, Oassign) 
Ostruct = (R, Rel) 
Ofunc = (T,P(T)) 

Oassign ={(ri,{ti)}|ri ∈R,ti ∈T}

 Ostruct is the structure of the organization, comprising the set R of its actual 
members, and how they are related to each other, expressed by  the poset  Rel. Ofunc states 
the functional model: the set of tasks T the organization must perform in order to fulfill its 
mission, and a partially  ordered set (poset) P(T), expressing the dependencies between 
tasks. Finally, Oassign completes the description, as the actual assignment of a set of tasks 
to each role.

 The behavior can be captured by  the dynamics of the state of the organization. To 
represent these dynamics, we based our model on some concepts of previous work made 
by Matson and DeLoach (MATSON; BHATNAGAR, 2006b; MATSON, 2009).

 The original definition of organizational state as defined by Matson and DeLoach is 

Ostate = (A,POS,CAP,ASN)

 where A is a set of agents, POS is a function describing the capabilities of each 
agent, CAP is a function stating at which degree an agent is capable of performing a 
certain role, and ASN is an assignment function relating agents to roles and capabilities.

 Focusing on behavior, and for now putting aside the concept of capabilities, the 
state of the organization is summarized by the roles it actually contains, and the tasks 
actually being performed by each role:
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Obehaviorstate = (ri,k, {ti,k})

 where (ri,k , {ti,k}) expresses that agent ri,k is performing the set of tasks {ti,k} at 
instant  k. As tasks are accomplished (or not), the state of behavior transitions to new tasks 
being started by the agents:

Obehaviorstate,k → Obehaviorstate,k+1

5. Topological Model

 The proposed topological model to represent the behavior of an organization is 
derived in a two-step process. To better describe it, we use a notional model for a C2 
organization in charge of Air Defense (AD) mission.

 The organization is composed of four basic roles: Central Command Post (CC), 
Local Command Post (LC), Fighter Aircraft (F) and Anti-Aircraft Artillery (AAA). Also, 
there are five basic tasks involved:

• Detect and Identify (DI): to detect unauthorized aircraft entering airspace under con- 
trol of the organization;

• Order to Engage (OE): to order an asset (Fighter or Anti-Aircraft Artillery) to attack the 
intruder aircraft;

• Intercept (IN): to take-off and proceed to intercept intruder;
• Engage Artillery (EA): to attack the intruder using AAA; and
• Report Results (RR): to report the results of engagements, be them interceptions or 

artillery attacks.

 The number of tasks was kept  deliberately  short  in order to keep the task 
dependency graph with paths of no more than 3 hops long and, thus, to allow the reader to 
visualize the simplicial complexes geometrically, in 3-dimensional figures.

 Formally, an initial organizational model could be

Ostruct : ({CC,LC,F,AAA},{CC < LC,LC < F,CC < AAA})
Ofunc : ({DI,OE,IN,EA,RR},{DI < OE,OE < IN,OE < EA,IN < RR,EA < RR})

Oassign : {(CC, {DI, OE}), (LC, ∅), (F, {IN, RR}), (AAA, {EA, RR})}

 With this tiny  organization we now can proceed in two steps to construct a 
topological model of its behavior. For this we build on previous work by Coombs, Jarrah 
and Laubenbacher (COOMBS; JARRAH; LAUBENBACHER, 2001).
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 The first step is to represent its dynamics. From the functional specification we can 
derive the partially-ordered set (poset) representing the task dependency graph, shown, 
for this case, in Fig.3.

LCCC F
DI

RR

OE

I AAA

EAIN

RR

Monday, November 8, 2010

FIGURE 3 – Interaction Poset for the current example. Arrows represent dependencies 
between tasks, derived from the functional specification of the organization.

 This sequence, depicted in Fig.3 defines a partially ordered set P called interaction 
poset, jointly  resultant of the tasks’ interdependencies and their assignments to roles. This 
poset represents the combined effect of functional specification, tasks’ assignment  and 
autonomous decisions taken by the agents.

Definition: an Order Complex ∆o(P) is a simplicial complex whose vertex set  contains all 
elements of the interaction poset P. A subset of P is a simplex of ∆0(P) if and only if its 
elements form a chain in P, that is, they can be arranged to form a totally ordered subset 
of P.

 The second and final step is to build the order complex. For this example the 
complex is as follows:

∆o(P) = {{(CC,DI),(CC,OE),(F,IN),(F,RR)}, 
{(CC, DI), (CC, OE), (AAA, EA), (AAA, RR)}}

 The resultant  complex is, then, composed of two 3-dimensional simplices, as shown 
in Fig.4. Geometrically, the complex is represented by  two tetrahedrons, with interior vol- 
ume and faces filled, i.e., the geometric complex encompasses not only its edges, but also 
the area of the faces and the interior volume. Also, both 3-simplices share one 1-
dimensional face, {(CC, DI), (CC, OE), }.
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(CC,DI)

(CC,DI)

(CC,OE)

(F,IN)

(F,RR)

(AAA,EA)

(AAA,RR)

I

Monday, November 8, 2010

FIGURE 4 – Order Complex for the current example.

 At this point it’s worth to note that this representation does not mean to express 
fixed, rigidly defined processes. Instead, the main goal is to demonstrate that any  change 
in the process (let’s say, a fighter going rogue and acting fully autonomously), represented 
by its poset, can be reflected in the topological order complex.

 As an example, let’s show how a change in the task allocations could impact the 
topology  of the resulting order complex. Let us say that the Central Command Post (CC) 
delegates to agents performing the role of Local Command Post (LC) the responsibility 
for ordering the Fighter (F) to intercept intruder aircrafts. Now the new organizational 
model is

Ostruct : ({CC,LC,F,AAA},{CC < LC,LC < F,CC < AAA})
Ofunc : ({DI,OE,IN,EA,RR},{DI < OE,OE < IN,OE < EA,IN < RR,EA < RR})

Oassign : {(CC, {DI, OE}), (LC, {OE}), (F, {IN, RR}), (AAA, {EA, RR})}

 The dynamics is changed, so that the new interaction poset is as shown in Fig.5.

II LCCC F
DI

RR

OE

AAA

EAIN

RR

OE

Monday, November 8, 2010

FIGURE 5 – New interaction poset for the current example. Task OE was partially 
delegated to role LC.

 The new order complex now changed to
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∆o(P) = {{(CC,DI),(LC,OE),(F,IN),(F,RR)}, 
{(CC, DI), (CC, OE), (AAA, EA), (AAA, RR)}}

 The resultant order complex is still composed of two 3-dimensional simplices, as 
shown in Fig.6, but now both simplices share only  a 0-dimensional simplex, the vertex 
(CC, DI).

(CC,DI)

(CC,DI)

(CC,OE)

(F,IN)

(F,RR)

(AAA,EA)

(AAA,RR)

II

(LC,OE)

Monday, November 8, 2010

FIGURE 6 – The new order complex after task delegation.

 We can proceed even further in delegating to Local Command Post (LC) also the 
task of commanding agents performing the role Anti-Aircraft Artillery (AAA):

Ostruct : ({CC,LC,F,AAA},{CC < LC,LC < F,CC < AAA})
Ofunc : ({DI,OE,IN,EA,RR},{DI < OE,OE < IN,OE < EA,IN < RR,EA < RR})

Oassign : {(CC, {DI}), (LC, {OE}), (F, {IN, RR}), (AAA, {EA, RR})}

 The new interaction poset is as shown in Fig.7.

III LCCC F
DI

RR

OE

AAA

EAIN

RR

Monday, November 8, 2010

FIGURE 7 – New Interaction Poset for the current example. Now task OE was fully 
delegated to role LC.

16th ICCRTS: Collective C2 in Multinational Civil-Military Operations

13



 The new order complex now changed to

∆o(P) = {{(CC,DI),(LC,OE),(F,IN),(F,RR)}, 
{(CC, DI), (LC, OE), (AAA, EA), (AAA, RR)}}

and the resultant order complex is presented in Fig.8. The two 3-dimensional simplices 
now share a 0-dimensional face, different from the original (edge ({(CC, DI), (LC, 
OE)})). This fact shows, topologically, that the LC role now is in two different paths of 
interaction.

(CC,DI)

(CC,DI)

(LC,OE)

(F,IN)

(F,RR)

(AAA,EA)

(AAA,RR)

III

Monday, November 8, 2010

FIGURE 8 – The new order complex after task delegation.

 As a last case, let us say  that Anti-Aircraft Artillery  now has its own resources and 
authority that it takes to fulfill its mission, i.e., it can detect, identify, decide and act 
accordingly, and independently from Central and Local Command Posts. This new 
organization is

Ostruct : ({CC,LC,F,AAA},{CC < LC,LC < F,CC < AAA})
Ofunc : ({DI,OE,IN,EA,RR},{DI < OE,OE < IN,OE < EA,IN < RR,EA < RR})
Oassign : {(CC, {DI}), (LC, {OE}), (F, {IN, RR}), (AAA, {DI, OE, EA, RR})}

 The new interaction poset is as shown in Fig.9. The new order complex now 
changed to
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IV LCCC F
DI

RR

OE

AAA

EAIN

RR

OE

DI

Monday, November 8, 2010

FIGURE 9 – New Interaction Poset for the independent AAA case.

∆o(P) = {{(CC,DI),(LC,OE),(F,IN),(F,RR)}, 
{(AAA,DI), (AAA,OE), (AAA, EA), (AAA, RR)}}

and the resultant order complex is presented in Fig.10. The two 3-dimensional simplices 
now share a 0-dimensional face, different from the original (edge ({(CC, DI), (LC, 
OE)})). This fact shows, topologically, that there are two different paths of interaction.

(CC,DI)

(CC,DI)

(CC,OE)

IV

(AAA,DI)

(AAA,OE)

(AAA,EA)

(AAA,RR)

(F,IN)

(F,RR)

Monday, November 8, 2010

FIGURE 10 – The new order complex for the independent AAA case.

 The results obtained so far are aimed at the construction of a topological 
organizational model encompassing structural and functional specifications. To complete 
this milestone the present model will be enhanced with other parameters, e.g., timing and 
information flow, in order to represent more complex organizations.

 About the external constraints over a C2 organization, we can imagine several types 
of environment organizations could be performing in. For this goal one intended approach 
is to take the geographic space as a notional model, since many application domains 
involve actors operating in this space. In particular, Command and Control of military 
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forces is one such case, being the physical environment one of the key  domains of the 
network-centric warfare conceptual model (Evidence Based Research, Inc., 2003).

6. Conclusions

 A process to build a combinatorial topological object from the dynamics of an 
organization was presented. Although the adopted model of organization is rather 
simplistic, the applicability  of the method for several models is assured, by  taking 
common concepts, like roles and tasks.

 The process results in a simplicial complex that captures the functional distribution 
of work in the organization, by assigning a set of task for each role. Also, the dependency 
between tasks is expressed, constraining the behavior of the agents committed to perform 
the roles established by the organization.

 It is demonstrated how changes in dependencies between tasks can impact the 
topology  of the resulting complex. By  adding or removing dependencies the connectivity 
of the resulting order complex is changed. Although reorganization processes are out of 
the scope, it’s expected that these changes will condition the way possible strategies to 
reorganize could be implemented.

 Another important aspect is autonomy. For an agent performing a role, the 
respective set of assigned tasks become its goals. The further activities done by  the agent 
in pursuit of those goals are, for the agent itself, tasks. The topological model doesn’t 
make any distinction between organization tasks and agent tasks and, doing so, is immune 
to variations in the degree of autonomy. Provided that each agent enacting a role must 
comply with the structural and normative constraints of the organization, the agent  is 
completely autonomous to deliberate how it  will pursuit that function, thus creating its 
own process.

 Also, information requirements can typically  be a source of dependencies between 
tasks. Normally  information exchange is done by communication networks, which, by 
itself, represents another class of topological spaces able to influence organizational 
behavior.

 Finally, no matter which model we adopt to represent organizations, the main tenets 
of this work are: (i) any  model will have to deal with parameters derived from several 
dimensions, e.g., structure, functions, environment, cognition, capabilities and resources, 
to name just a few; (ii) the relationships between these parameters can not be captured in 
a graph-style, one dimension only; and (iii) simplicial complexes are an adequate mathe- 
matical construct to capture these higher dimensional relationships.
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