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Abstract

We propose a methodology to simulate every small task of a site-work with a multi-agent system. These agents handle resources
as a way to perform transformations on their world. The system will simulate the construction of a building through the definition
of the atomic elements of the system and the automatic recombination of these elements. This allows us to foresee parallel and
sequential tasks and handle the creation of a graph, in the form of a Petri net, that facilitates the task of accurately planning the
schedule of the site-work.
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1. Introduction

Construction success highly depends on the capacity of the
project manager to handle multiple teams with a wide variety
of tasks and with different needs. These teams must be cor-
rectly orchestrated during the realization of their labor since
the total cost of the construction depends on the total amount
of time the building takes to be constructed. Therefore, paral-
lelization of tasks is highly desirable, although this is not al-
ways achievable. Different tasks cannot be executed before a
certain amount of resources have already been created or be-
fore the team in charge of executing the task is free to start its
implementation.

It is therefore mandatory to create a timed organizational
structure of the planned work. The instruments more commonly
used to handle this need are Gantt diagrams and Critical Path
graphs. Although good planning is usually achieved through
the experience gathered by the project manager, a number of
elements are always left out. Imperfections are therefore left in
the schedule of the work site and these sometimes lead to un-
desired time delays. We present in this paper a computational
system that, through the use of agents, simulates the resources
created or exchanged by every agent in the construction site and
that self-organizes these agents to define a possible sequential
frame in which every task is to be executed. More specifically,
our goal is to provide a system that automatically constructs a
graph, in the form of a Petri net [1], representing the sequence
of jobs to be undertaken during a construction process. Actu-
ally, one of the main advantages of Petri nets is that there exists
several formal methods for analyzing them.

Our methodology uses a system of agents that recreate the
construction process in a simulated manner. Because of the
modularity of this approach, once an agent is designed, it can

take part in any new project that handles similar needs. There-
fore, the system is scalable and further increments in complex-
ity of the project do not need to increase computation times.
The methodology also allows parallelization of the tasks, which
helps to model up to a high level of detail any construction pro-
cess. Furthermore, since every agent represents a real world
agent of the construction process, it is easy to translate the char-
acteristics of the system to the construction site.

We use two types of agents: atomic and complex. Atomic
agents are a metaphor of work force. These agents are in charge
of the actual transformation of resources. A complex agent is
similar to the leader of a team. These agents are used to gather
atomic agents (and/or other complex agents) to reunite and con-
glomerate their individual properties, and arrange the order in
which they will start working.

Agents simulate the procedure of the construction of a build-
ing by exchanging resources. This is done through destroying
and creating new types of resources. In that sense, when using
our methodology one has to think a little bit different from the
real world. For example, an agent painting a wall, destroys a
non-painted wall and creates a painted one.

Agents can be reincorporated from other projects that we
have dealt with before, that is, we do not need to reconstruct
every agent each time that we want to plan a new construction
site. What we need to do is either to incorporate new complex
agents through the use of petitions or to define the new needs of
our project in terms of resources. The system will reconfigure
itself to be able to handle the demands.

Agents are introduced into a cell structure. This structure
maintains close those agents that are related in terms of the kind
of transformations that they perform. This is useful in computa-
tional means since messages between agents flow more directly.
This structure has the form of a tree, each cell acting as a parent



of its children’s cells. Agents are naturally arranged in terms of
complexity in the sense that simpler agents are inserted in the
lower level cells and when complex agents are formed they are
inserted in a higher level. A complex agent will be inserted in
a cell that is father of each of the cells that hold the agents that
it is going to use. For example, if we have a complex agent that
needs to call agentA and agentB to fulfill its task, and agentA
belongs to cell1, agentB belongs to cell2, then the complex
agents has to be inserted in a cell that is a common father of
cell1 and cell2. If such father does not exist, then a new cell is
created in the tree and the complex agent is inserted in it. This
assures that messages from the complex agent to other ones can
just be sent downwards into the tree structure. This process is
automated, needing no interaction from part of the user. The
interface of the user with the system is based on the use of pe-
titions that define the needs and the restrictions that the user
desires.

The simulation of the user preferences is achieved through
the implementation of a utility function. These functions assign
a value to each basket of resources. This allows us to measure
the quality of a certain combination of resources. For more
information on utility functions, their properties, and their rela-
tion with other mechanisms used in microeconomics, the inter-
ested reader is referred to the paper [2].

The rest of the paper is structured as follows. In Sec-
tion 2 we will briefly summarize some of the recent devel-
opments made in the multi-agent research field and its ap-
plication to project management. In Section 3 we will fo-
cus on some efforts to apply computer-aided project manage-
ment. In Section 4 we will describe our methodology. In
Section 5 we will propose a general construction site as an
example of our methodology. In Section 6 we will sum-
marize and present our conclusions. In the appendix of the
paper we will present the mathematical methodology behind
our system, as well as discuss other details of the approach.
This appendix is meant for completeness since users of our
methodology do not need to know the formal framework un-
derlying it. Finally, let us remark that we have developed a
tool that implements our approach and that can be found at
http : \\www.carlosmolinero.com\hierarchicalAgents.zip.

2. Multi-agents systems

Multi-agent systems (in short, MAS) is a field of growing in-
terest in research [3, 4]. The number of applications to which
agents can be applied is endless due to its distributed and flexi-
ble computational power. These characteristics derive from the
nature of a MAS: it is composed of several agents that commu-
nicate and work together in an environment (application field
or problem). Each of these agents is designed to give an an-
swer to a specific problem and, depending on the kind of soci-
ety formed by them, they will come to act in a specific moment
of time. The power of these systems comes, therefore, from the
combination of separate and multiple viewpoints to confront a
problem.

Another of its important features is that a MAS can be a sim-
ple translation of real world organizations and, therefore, con-

form a model (an abstraction) of that system. Similarly, it is al-
ways beneficial to have a computational tool that resembles the
real organization. Some of the work in this line consists in the
assignation of roles to agents by using organizational rules [5].

Other approaches use agents in a completely different man-
ner: agents are separate entities reacting to real world responses
and without a fixed role [6]. The role implicitly appears by the
kind of conditions that activate the agent to act upon its behav-
ior. This kind of systems belongs to a category called subsump-
tion architectures, they work in a layered fashion, constructing
in a bottom up manner a complex behavior made from the in-
teraction of several agents that react to different stimuli coming
from the outside world. The subsumption model has been used
to define a way to create the corresponding chain of events that
trigger a certain agent [7].

In the work [8] we can find an overview of the current ap-
proaches taken in the field of MAS in respect to construction
automation. This paper provides, a general explanation of what
MAS are, the problems that are yet to be solved, and the in-
sights of the most relevant work in this field are explained.

3. Approaches to Computer Assisted Project Management

Next we review some of the work on automation of project
management tasks.

The task based modeling method (TBM) for modeling pro-
cesses in project management [9]. The underlying idea is to
build a process model, by using the task components as the ba-
sic building blocks, in order to improve project efficiency and
productivity. Since it is difficult to adapt and customize the
standard process, the authors propose a new way to define com-
mon management tasks as the basic reusable software compo-
nents. For its achievement, each task must have its function
and corresponding data structure correctly defined. Moreover,
instead of trying to standardize a business process, TBM in-
tends to focus on standardizing lower level management tasks,
having each the characteristics of independency, encapsulation,
completeness and consistency. The basic structure for a task in
this methodology has three features: an action (a verb that char-
acterizes the task), a method (a manner to perform the task) and
an object (needed in the case of transitive verbs as a direct ob-
ject).

The ABSM (agent-based modeling and simulation) tech-
nique has been applied to construction in isolation or in com-
bination with traditional simulation methodologies [10]. Un-
til now, most approaches for the study of complex systems
(like CPM, PERT, productivity delay models, etc) use a discrete
event approach, while ABSM can add to those techniques con-
tinuous simulation to further understand the underlying com-
plex system. Moreover, the use of agents can explain the con-
struction discipline better than a central control approach [11].
The agent-based modeling and simulation testbed can be used
to mimic the construction environment. The authors propose
two main domains in which this technique will be of a straight-
forward use: the application to the study of the safety envi-
ronment of the workers and the reduction of the time applied
to the cycle of eradication of the waste. The paper concludes



by stating that ABMS combined with the traditional discrete
event approach provides added flexibility in modeling of com-
plex construction systems.

MAS can be used to improve the traffic flows in a construc-
tion site [12]. Since one of the main characteristics of traffic
flow in a construction site is its dynamic behavior, the use of
a system of agents is the most suitable. The authors use the
MAS as a simulation system to predict possible problems and
develop a cost-effective and quick construction process.

Petri nets have been previously used to specify the processes
of construction [13]. The approach provides an accurate, pre-
cise and flexible mechanism to specify the work-flow processes
in construction and, by doing so, to determine the weak points
of the procedure and correct them. The authors use a colored,
timed and hierarchical Petri net. The proposed methodology
will take place in several stages: draw the Petri net for the ac-
tual state of the process, simulate the process to study where
the problems reside, and redesign the Petri net, checking its
correctness.

The case handling paradigm can be used to support the con-
struction process [14]. This paradigm establishes several con-
cepts. For each case there exist activities. An activity is the
logical unit of work and corresponds to atomic pieces of work.
Each activity is executed by one worker, while a worker can
have many roles, an activity has only one; the worker that is
capable of executing that activity is a worker with that role.
Case handling is driven both by control flow and data flow and
each case has a collection of data objects which can be clas-
sified into mandatory or restricted. For each process and each
activity, three roles need to be specified: the execute role, the
redo role and the skip role (all of them can be set to no-one or
everybody).

The paper [15] proposes a conceptual model that is com-
posed of 4 sub-models: the task model, the context model,
an organization model and a case model plus its interrelation-
ships. The task model includes 4 major concepts: task, group
task, simple task and compound task. The context model is a
ternary relation of decision, condition and task. The organiza-
tion model contains role, resource, group, individual, project
team, organization and project. Finally, the case model handles
concepts like case, supporting document, classification and ex-
isting project information.

Petri nets can be used to produce construction schedules [16].
A work task is given by the combination of an input place, a
transition and an output place. In this work, the authors also
consider important to provide the construction schedule with
the ability to represent a hierarchical breakdown of the tasks.
This is achieved using hierarchical Petri nets, the incorporation
of uncertainty in the activities, represented through probabilis-
tic transitions, and the modeling of dynamic resource alloca-
tion, which is realized by using colored Petri nets where each
color represents a different kind of resource, and a extension of
Petri nets, called fusion places, that allows to consider several
places appearing in the network as a single place with the same
type and number of tokens. These concepts are applied to the
modeling of a concrete production plant [17].

Genetic algorithms (GA) [18] have been also used for the as-

signment of tasks to the available resources [19]. The technique
of genetic algorithms is based on the laws proposed by Darwin
for the evolution of the species. They use mutation, crossover
and selection of the fittest, as the means to achieve an optimal
solution to a specific problem. In this approach, the DNA of
each inhabitant uses a 2D array, with one dimension for tasks
and another one for resources, to codify this specific problem.
The project management strategy is applied to the production
of software, using an estimation of the cost of producing the
software based on the COCOMO model [20]. The user of the
system needs to specify a task precedence graph, a database of
employees, including skills and salary, and an objective func-
tion.

Genetic algorithms can be applied to project management
using a two phase model in which resources are limited [21].
Therefore, they impose a boundary on the order of execution of
tasks. This model considers time-cost trade-off and dependence
relationships between the different tasks. Tasks are given an ex-
ecution mode which determines the set of resources, duration of
the task and its possibility of being parallelized. The approach
considers four subsystems: Input subsystem, time-cost trade-
off subsystem, resource scheduling subsystem and the output
subsystem. This division facilitates that the precedence rela-
tionships, resource constraints and interruption/overlap condi-
tions are met. A similar technique [22] focused on projects that
have repetitive aspects and, therefore, use the same resources
in different periods of time. The approach considers project
duration and project costs, plus constrains of precedence rela-
tionships between activities and resource work continuity.

Ant colony optimization (ACO) [23] can be also used to find
a solution to the optimization of the schedule [24]. ACO is
an evolutionary technique in which a set of artificial ants (the
colony) are located into a graph and they move in the begin-
ning randomly leaving a trace of pheromones proportional to
the length of the path that have taken them from the nest to
the goal. In the next turns, ants are drawn by these existing
pheromone traces and eventually the colony finds the minimum
length of the path from the nest to the goal. The work [25]
shows through experimental research that the technique based
on representing the CPM as an activity on node graph with
the inclusion of dummy activities (activities with zero time/re-
sources consumption, used to mark precedence relationships)
attains a solution in a 100% of the cases and in less time than
other methods based in activity on arc graphs [26]. Ants are
also used in other problems relative to construction manage-
ment such as the use of a max-min ant system to solve the con-
struction site layout planning problem [27].

Also the swarm particle system optimization [28] (PSO)
method has been used to create critical path graphs for the ex-
ecution of a site-work [29]. PSO is a technique that uses the
movement of a set of particles imitating a flock of birds with
local and global velocities. Each particle adapts itself to the po-
sitions and velocities of their local neighbors and to the global
velocity of the whole flock. Every particle tries to attain an
improvement of their position in the fitness landscape. Thus,
by adapting to its neighbors every particle eventually arrives
to a maximum. A comparison between the PSO approach and



SOMO (self organizing map based optimization) points out that
even though both techniques provide promising results, SOMO
outperformed PSO in the cases studied [30].

Other approaches focus on the virtual construction of the
site work. The work [31] proposes a system based on MD
CAD (multi-dimensional CAD) to be implemented in the Auto-
CAD program, followed by a optimization of the work sched-
ule based on a GA, while the work [32] uses a method based
on virtual prototyping of the site-work. This process simulates
resources, such as space, equipment and crew to foresee the
implications of the construction environment.

MAS has been also used to formalize a negotiation method-
ology for the problem of distributed project schedule optimiza-
tion [33]. The motivation of this work is based on the necessity
to coordinate all the desires of the different organizations in-
volved in the construction site. Coordination of projects has
increased in complexity due to the appearance of an ever in-
creasing number of sub-constructors. This technique represents
each of the agents involved in the construction site, that is, each
sub-constructor, with its own utility functions. Each agent in
the MAS is given negotiation capabilities, in a process of syn-
chronous negotiation, coupled with another negotiation mech-
anism called recursive negotiation used in the negotiation be-
tween two specific agents.

A MAS has been also used to mimic all the participants in
a management system and the distributed localization of the
resources [34]. The approach uses several kinds of agents.
Among these agents we can find macro-agents, that are in-
tended to be a functional grouping of one or more comput-
ers, interconnected through a local area network and devoted
to local resources managing. Agents that are englobed into
these macro-agents category can be of several types: facili-
tators, chiefs, supervisors, personnel, machinery, stock man-
ager, supporting materials manager, and acquisition manager.
The approach also have a planning agent and negotiation proto-
cols that consider depreciation costs, operations costs, operator
costs, and profits. Finally, it is possible to form coalitions and
to consider modifications for the negotiation process.

There already exist some systems that handle MAS applied
to creating a schedule for a construction process. One of these
systems is the Stroboscope Simulation Environment, which can
be found at http://www.cem.umich.edu/Ioannou/StrobWeb/. It
is very complete, allowing the user to propose stochastic ac-
tions. This environment uses a system of pre and post condi-
tions to concatenate the agents. The only drawback is that the
user needs to define every small aspect of the process to be han-
dled by the agents and its main connections, which is a problem
that we intend to tackle in our approach.

4. Definition of our methodology

In this section we present our approach to specify complete
systems as well as all the agents taking part in them. We claim
that our framework is useful even if the user does not know the
underlying formalism. Therefore, we will omit the explanation
of the formal elements that compose the language which will
be presented in the appendix of this paper.

We start by showing how to represent our agents. We can
distinguish between complex and atomic agents. Atomic agents
assume the responsibility of actually implementing tasks, and
complex agents cluster and delegate in the ulterior ones to ac-
complish complex tasks. Complex agents represent a planning
of the works accomplished by the atomic agents.

Agents have unique identifiers assigned. These identifiers
can be seen as a word that denotes the concept that the agents
represent. Agents also contain a buffer for the reception of mes-
sages from other agents and a Petri net that marks its execution
procedure.

Informally, a Petri net is a state-diagram consisting of places,
transitions, tokens and directed arcs. Places are connected by
arcs to transitions, and transitions are connected to places by
arcs. Each Petri net contains a marking, which is the posi-
tion of the tokens in the places at a certain moment. The Petri
nets used along this paper are by construction 1-safe, which
means that at most one token will be in a place at a certain mo-
ment. Depending on the topology of the state-diagram, several
transitions may be fired simultaneously. This happens, for ex-
ample, when a place is connected to multiple transitions. The
formalism also allows to represent process synchronization by
connecting several places to one transition. This transition will
only fire when a token from every place is received. The firing
of a transition removes a token from its input places and puts
one in the output places. Our framework deals with time in the
Petri net, although its conception is slightly different to what is
usually considered in timed Petri nets. Usually, a timed Petri
net has intervals of time in the transitions, to represent when
this transition can be fired and tokens have an age, that is aug-
mented by a clock, and reset each time the token goes through
a transition. Our approach does not impose an interval of time
for the transition to fire, but it adds age to the tokens, this age
is not set to 0 at the firing of a transition, and time evolves not
by a global clock but by the traversal of the arcs. It is important
to remark that the user of our methodology does not need to
know how to formally define a Petri net since it is a graphical
formalism and our tool allows the user to represent them (the
interested reader is referred to [1] for further details).

The configuration of the Petri net varies depending on
whether we are dealing with an atomic agent or a complex one.
In the first case, the Petri net will just consist of two places
and a transition. The arc from the first place to the transition
will contain an identifier of the agent in charge of executing the
transformation of resources. In the case of an atomic agent, this
identifier will coincide with the identifier of the agent forcing
the agent to act upon the environment creating its transforma-
tion of resources. In the case of a complex agent, the Petri net
can have as many places, transitions and arcs as necessary to
define all the calls that will be done asking other agents to start
working. This Petri net is able to define parallel or sequential
calling of agents, depending on the kind of resources involved
in the petition.

Example 1. As a means to understand the difference between
atomic and complex agents we propose a simple example de-
picted in Figure 1. There exists an atomic agent, called agent0,
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Figure 1: Atomic agents 0, 1 and 2 (left), a complex agent that executes agents 1
and 2 in parallel (center left), a complex agent that executes 0 and 1 sequentially
(center right) and a complex agent that executes agent 0 followed by executing
in parallel agents 1 and 2 (right).

that creates 2 units of the resource of type A and agents agent1,
agent2 consume 1 unit of the resource of type A and create 1
unit of the resource of type B. Then, if we consider that the sys-
tem has 2 units of the resource of type A, and we ask for 2 units
of the resource of type B, the system will create complex agent3
placing in parallel calls to agents 1 and 2. Another possibility is
that the system has no resources and we ask for 1 unit of type B,
then the system will use agent0 and agent1 (or agent2) placing
them sequentially, creating complex agent4. The last possibility
is that the system has no resources and asks for 2 units of the
resource of type B. Then, it will create complex agent5 and use
agent0 followed by parallel calls to agent1 and agent2.

Cells serve as baskets of agents to reunite, organize, con-
glomerate and handle petitions as well as calls to the agents.
Abstractly, a cell is the macro-concept that holds the set of re-
lated instances (agents). Cells are organized following a tree
structure.

A cell holds a set of agents that are inserted inside it. They
also have an identifier and pointers to the cells that are under it
as sons, and to its father in the tree structure. Cells also have a
buffer to hold the messages that they receive.

Example 2. Continuing with the previous example, and to bet-
ter illustrate the cell concept, we will insert two cells in our
system. In the first cell we insert agent0 and in the second cell
we insert agents 1 and 2. This is shown in the left part of Fig-
ure 2.

Next, we introduce a petition in which we demand the system
to provide us with 2 units of resource of type B. The system con-
structs a complex agent that first uses agent0 to get one resource
of A, and then uses agent1 and agent2, in parallel, that con-
sume that resource and provide one resource of type B. Since
the atomic agents that the complex agent will use are located
in different cells, in order to maintain a coherent cell structure
for the sending of the messages, the system introduces a new
cell that will be a common parent to both cells and locates the
complex agent in that cell. This is shown in the right part of
Figure 2.

The cell structure is principal to the passing of the messages.
By construction, it allows a cell to send STARTJOBs messages

•
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Figure 2: Cell structure in which two cells where atomic agents are inserted
(left) and a petition is made that creates a complex agent composed of the three
atomic agents (right).

Figure 3: Passing one STARTJOB message.

downwards to its sons until it finds the specified agent. Since
the cell structure was automatically constructed by the system
having in consideration that a complex agent is inserted in a
cell that is a common parent to all the cells that hold agents in-
serted into the complex agent, these messages will follow the
shortest path possible. An example of the passing of the mes-
sages is shown in Figure 3. The system can send two families
of messages. The first one is used during the creation of a new
complex agent through a petition. These messages are either a
BROADCAST, used to ask for the creation of resources to every
agent in the system or a REPLIES, sent back by the agents that
are capable of partially fulfilling the petition. The second fam-
ily is used during the execution of a complex agent and they can
be of type STARTJOB, used to ask an agent to start its proce-
dure, and FINISHEDJOB, sent back by the agent when its tasks
have been accomplished.

The system contains in a tree-like structure, implicity defined
by the father-son relationship, the cells that conform the whole
system. This structure allows the user to have a hierarchical
organization of concepts. In order to completely define a system
we need to define the resources that it holds, the origin cell
and a threshold value that will be used to discriminate between



CELL
c1 s̄1 = [ 10, −100, 0, 0, 0, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0 ]
c2 s̄2 = [ 8, −50, −100, 0, 0, 0, −1, 1, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0 ]
c3 s̄3 = [ 2, −10, 0, 0, −100, 0, 0, 0, −0.5, 1, 0, 0, 0, 0, 0, 0, 0, 0 ]
c3 s̄4 = [ 2, −10, 0, 0, −100, 0, 0, 0, −0.5, 1, 0, 0, 0, 0, 0, 0, 0, 0 ]
c4 s̄5 = [ 30, −120, −100, 0, 0, 0, 0, 0, 0, −2, 1, 1, 0, 0, 0, 0, 0, 0 ]
c5 s̄6 = [ 10, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, −0.333, 1, 0, 0, 0, 0, 0 ]
c5 s̄7 = [ 10, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, −0.333, 1, 0, 0, 0, 0, 0 ]
c5 s̄8 = [ 10, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, −0.333, 1, 0, 0, 0, 0, 0 ]
c5 s̄9 = [ 7, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0, 0 ]
c5 s̄10 = [ 7, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0, 0 ]
c5 s̄11 = [ 7, −60, 0, 0, 0, −100, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0, 0 ]
c6 s̄12 = [ 4, −70, 0, −100, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.5, 0.5, 0, 0, 0 ]
c6 s̄13 = [ 4, −70, 0, −100, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.5, 0.5, 0, 0, 0 ]
c7 s̄14 = [ 2, −30, 0, 0, −20, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0.334 ]
c7 s̄15 = [ 2, −30, 0, 0, −20, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0.334 ]
c7 s̄16 = [ 2, −30, 0, 0, −20, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, −0.333, 0.334, 0.334 ]

Table 1: Values of the agents.

good and bad values of the utility functions defined through
the user petition. Resources are represented by a tuple. Any
negative number in that tuple indicates that the system needs to
be provided with that specific resource.

There are two ways to create agents. The first one is to insert
an atomic agent during the creation of the system. The sec-
ond one is through petitions to the system, being the system in
charge of recombining atomic and/or complex agents already
embedded in the system to create a new complex agent. In or-
der to define a petition we need to specify what resources we
need to obtain and what is the utility function to be considered.
We can understand petitions as the means that the user has to
interact with the agent.

4.1. Steps of a petition

Next we present how petitions are handled in our approach.

1. A user inserts a petition in the system asking for the com-
bination of resources objective of the petition. In addition
the user defines a utility function that encodes his prefer-
ences.

2. The system creates a new agent with a temporal configu-
ration, including a new Petri net.

3. In the next step the system discriminates depending on the
number of negative resources (resources to be fulfilled). In
the case that more than one resource is negative, it subdi-
vides the petition into different sub-petitions. This refine-
ment is performed to allow parallelization of tasks.

4. The system sends messages between the agents through
the structure of cells, asking for agents that are able to
cover the negative resources of the petition, that is, they
are able to create the resources that are currently negative.

5. The agent receives all the responses from the other agents
and configures its Petri net for the calling of other agents
upon its execution. If for the same call, there exists more
than one agent capable of fulfilling the call, parallelization
of these agents is performed as long as the utility function
does not eliminate one of them using the threshold defined
in the world.

6. The transformation functions of all the agents involved are
added and if any resource is negative another search in the

system is performed with the new needs. This execution
stops when every negative resource is covered.

7. If after this process the number of agents responding to
the petition is just one then the agent is not created be-
cause there already exists one agent capable of responding
to the petition without the need of adding a new agent in
the system. Otherwise, the agent is inserted into a cell that
is a common father to every agent that will be executed
upon execution of this agent. In the case that no cell exists
with such properties (being the least upper bound of all the
agents in the Petri net) a new cell is created and the struc-
ture of the cell tree is modified so that the father of all the
cells that hold agents will be addressed to the new cell.

4.2. Execution of an agent

The execution of an agent essentially consists in the execu-
tion of its Petri net. Every transition will make a call to the
agent that it withholds asking it to start working, so that they
implement the transformation of resources.

When a transition is fired, the system checks whether the
identifier of the transition coincides with the identifier of the
agent to which the Petri net belongs to. Two things may hap-
pen:

• If these two identifiers are the same, then the system ex-
ecutes the transformation of resources, modifying the re-
sources in the world.

• If the agent in charge of the transition is different from the
one that calls it, then a message is sent to the aforemen-
tioned agent so that its execution starts.

5. Case Study: Definition of a site work

In this section we will make use of all the capabilities of our
framework to model a simplified construction site. Obviously,
in a real planning, every phase should be further subdivided,
by the use of more agents. However, a reduced version will
allow the reader to better understand how our approach works
to model complex systems. We will also illustrate the use of
our tool to support our methodology.



Figure 4: Insertion of the agents in the cell tree.

In this section some terminology from the formal framework
will be used (for further reference refer to the appendix of this
paper).

5.1. Definition of the resources of the system

In order to complete the foreseen tasks, the system needs to
have a certain amount of resources. We will therefore begin by
adding a collection of resources. In this case, they have been
assimilated as raw materials. The resources that we are adding
(and its places in the tuple of resources) are: time(1), money(2),
concrete(3), metal(4), wood(5), and bricks(6).

The rest of the tuple of resources will be applied to the
following concepts: Terrain-movement(7), concrete-bed(8),
site-ready(9), formwork(10), concrete-pouring(11), structure-
finished(12), masonry-facade(13), carpentry-windows(14),
facade-finished(15), interiors(16), finishes(17), and built-
house(18).

Time is the only special resource in the sense that the amount
that we add at the start represents the time the agent takes to
accomplish the petition. In fact, although time is not an actual

resource, it is included as the first element of the resource tuple
to simplify notation, and so that it resembles the interface the
user receives in the program. In this sense, if the resources are
represented by x̄, the tuple represented throughout this example
will be (time, x1, x2, . . . , xn).

5.2. Definition of the atomic agents

The first step will be to create the tree that contains the cells
that will locate the agents. The system has already created the
cell c0 and we will add 7 sons to it, to be able to classify the
different types of atomic agents correctly.

Cell c1 will be used to hold agents related to terrain move-
ment. We add a first atomic agent that when executed will con-
sume 10 time units and 100 money units and create a unit of
terrain-movement. The rest of the agents definition are similar
and will be shown in the table portrayed in Table 1 (all of the
agents are atomic), including information about the cell where
they are inserted and what resources will they consume and pro-
duce.

The insertion of these agents is represented in Figure 4.



Figure 5: Close up of one of the cells, showing some atomic agents.

5.3. First petition: Prepare the site to be built

We will introduce a petition in the system that prepares the
site to be built. We consider a petition pet = ( f u, ō,Apet)
where:

• f u = 2 ∗ x1 + 1 ∗ x2 + .3 ∗ x3 + 1 ∗ x7 + 1 ∗ x8 is the utility
function (all values 0 ∗ xn are not represented). This util-
ity function indicates the proportional importance that we
give in our petition to each of the resources represented in
it. That is, we value twice the amount of time that it takes
to be fulfilled than the money, and three times more the
amount of concrete used to implement this transformation
of resources, we also give importance to the creation of the
terrain movement and to the creation of the concrete-bed.

• ō = (0, 0, 0, 0, 0, 0, 0,−1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0). This
means that we are asking for the creation of a concrete-
bed, the system will have to look also for another agent
that is capable of creating the terrain-movement, as it is a
prerequisite for the application of the concrete-bed.

• Apet = {} is the set of agents that are used by the petition
(empty in the beginning).

The system sends the message with the petition and finds a2

that supplies one unit of the resource where the negative value
of the petition is. Thus, it adds agent a2 to the petition so that
Apet = {a2}. Next, it creates agent a17, adds a place, a transition
connected to that place, and another place that connects to the
transition in which agent a2 is referenced to be executed in its
turn.

Now, agent a2 has added a new negative value in another
position of the resources tuple, because in order to create the
concrete-bed, it needs to be supplied a unit of the resource
terrain-movement (in a physical meaning, it is the represen-
tation that before proceeding with the application of the con-
crete bed, the site needs to finish the terrain-movement). The

Figure 6: Preparing to create the first complex agent: Site is ready to build.

Figure 7: Creation of the first complex agent: Site is ready to build.

petition sends a new message and agent a1 replies. The peti-
tion adds agent a1 so that Apet = {a2, a1}, adds another tran-
sition and another place with a connection that references a 1.
Since resources ≥ 0̄, the petition finishes and adds a token
to the last place created. We compute the least upper bound
of the cells that hold the agents that we are using, that is,⊔
{ci | ci ∈ C ∧ a ∈ Apet ∧ a ∈ Aci }. Since it is unde-

fined, a new cell is created, and agent a17 is inserted in it. The
transformation of resources from agent a 17 is ¯s17 =

∑
a∈Apet

s̄a.
The result can be observed in Figure 7.

5.4. Second petition: Create structure

Now we insert a new petition into the system, to construct
the structure of the building. We consider a petition pet =
( f u, ō,Apet) where:

• f u = 2 ∗ x1 + 1 ∗ x2 + .3 ∗ x3 + 1 ∗ x10 + 1 ∗ x11 is the utility
function (all values 0 ∗ xn are not represented).



Figure 8: Creation of the second complex agent, creation of the structure.

Figure 9: Creation of the third complex agent, the facade is finished.

Figure 10: Final phase, the house is created.

• ō = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0,−1, 0, 0, 0, 0, 0, 0, 0).

• Apet = {} is the set of agents that are used by the petition
(empty in the beginning).

First, we find agent a5 and re-send the petition after adding
its resources. Next, we find two similar agents that are able
to provide the new resource needed. Since both agents have
identical utility functions, it does not choose between them but
uses both of them in parallel to handle the petition quicker. If
one of the agents would have a bad utility function, that is, if
f u
ai
< φ ∗ max( f u)a3,a4,a5 , then the system would have to de-

cide whether it was under a certain threshold and, in this case
whether it was better not to use it. Since in this case all utility
functions fulfill f u

ai
≥ φ ∗ max( f u)a3,a4,a5 , then they are paral-

lelized. Next, we create two places with two connections that
start in parallel and hold agents a4 and a3. Then, we re-send the
petition and use the just created complex agent a17 as a starting
point. The petition now looks for the lub (least upper bound) of
the cells. Since it does not find it, it creates a new cell and in-
serts agent a18. Again, the transformation of resources is given
by ¯s18 =

∑
a∈Apet

s̄a, such that a = (id, ib, PN, sa). Let us remind
that now we have Apet = {a5, a4, a3, a17}. Figure 8 represents
graphically this petition.

5.5. Third petition: Create the facade

Next, we want to create the facade of the building. We insert
a new petition into the system to construct the facade. Let us
consider a petition pet = ( f u, ō,Apet) where:

• f u = 2∗ x1+1∗ x2+ .3∗ x3+1∗ x4+1∗ x6+1∗ x13+1∗ x14

is the utility function (all values 0∗ xn are not represented).

• ō = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,−1, 0, 0, 0, 0).

• Apet = {} is the set of agents that are used by the petition
(empty in the beginning).

The petition sends its messages, receives agents Apet =

{a12, a13, a6, a7, a8, a18}, and creates a cell and agent a19 and in-
serts it. Figure 9 represents the result of this process.

5.6. Fourth petition: Interiors and finishes

Finally, we will base ourselves on the agents we were creat-
ing above and finish the building by adding the interior walls
and the finishes. To do so, let us consider a petition pet =
( f u, ō,Apet), where:

• f u = 2 ∗ x1 + 1 ∗ x2 + .3 ∗ x3 + 1 ∗ x4 + 1 ∗ x6 + 1 ∗ x15 +

1 ∗ x16 + 2 ∗ x17 + 1 ∗ x18 is the utility function (all values
0 ∗ xn are not represented).

• ō = (0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,−1, 0).

• Apet = {} is the set of agents that are used by the petition
(as usual, the set is empty in the beginning).



Figure 11: Close up of the final agent a20.
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Figure 12: Resulting Petri net.



The petition sends its messages, receives the responses from
agents Apet = {a15, a14, a11, a10, a9, a19}, creates a new cell and
inserts the newly created agent a20 in it. Agent a20 already pro-
vides the built house. So, if at any other moment in time we
need to construct a house with the same characteristics, we will
just need to call upon agent a20 and it will make all subsequent
calls to every other agent. Figure 10 represents the insertion of
this last agent.

5.7. Resulting Petri net from the whole process
If we were to expand subsequently all the complex agents

into a complete Petri net of the whole process we would ob-
tain the Petri net graphically depicted in Figure 12. This ex-
panded version is equivalent to the one that agent a 20 reflects
and corresponds to insert all the atomic agents and then per-
form a petition in which we ask the house to be directly created.
This is similar to consider an agent of the construction process
in charge of personally calling every other person involved in
constructing the house and tell them what to do, without inter-
mediaries. This complex agent will be inserted in a new cell,
that has every other cell as its children, and the passing of mes-
sages would behave as any other complex agent, through the
cell structure.

6. Conclusions

We have defined a multi-agent system that allows the user to
define a hierarchical structuring of the tasks that these agents
perform. Our framework provides a natural way to plan a
schedule of tasks and permits parallel and sequential calling of
the agents, forming a structure similar to a Critical Path Graph,
that would allow a project manager to ease the definition of this
part of the project. Our goal is to provide a system that auto-
matically constructs a graph, in the form of a Petri net [1], rep-
resenting the sequence of jobs to be undertaken during a con-
struction process, forming a critical path graph.

We are aware that our formalism is difficult to understand
since there is a lot of mathematical machinery underlying the
definition of our systems. Thus, we have decided to build a tool
that fully implements our methodology. In this way, a user of
our methodology does not need to pay attention to the formal
details and can concentrate on defining the appropriate hierar-
chical structure.

Our approach allows the user to model systems that will ex-
pand with every use. Declaring all the possible atomic tasks that
a system can perform as outputs allows the system to complete
any petition that the user can foresee. This is done through re-
combining atomic agents. We continue to add complex agents
in every interaction with the tool. Thus, the system is able to
perform more complex tasks with each use, that will not need
to be re-computed. Let us note that the distinction between
atomic and complex agents is fundamental since without this
separation, every behavior of the system would need to be pre-
implemented before needing it.

We had presented a previous version of the formalism [35,
36]. It has been through working on these papers that we re-
alized some details that, when resolved, would create a more

complete and flexible approach. This led to the substitution of
paths by Petri nets and finding a way to automatically create the
cell tree. The use of Petri nets, in the enhanced model, has been
a great advance in relation with the published papers since it has
added the possibility of parallelizing tasks (agents). This does
not only allow us to shorten execution time, but in some cases
even creates new emerging behaviors. Also, the automatic cre-
ation of the cell tree, due to the computation of the least upper
bound of a cell set, is a big advantage. It allows us to keep an
order, a conceptual structure, of how agents are inserted into the
tree. Thus, with this advance, the system is able to save time in
its searches. This feature depends on the way the system sends
the messages, through its cells, and from them down to each
of their sons. Moreover, keeping close in the hierarchy agents
that perform similar tasks is an automated feature. Therefore,
this represents an improvement with respect to a manual pro-
cedure for the insertion of agents, in which agents could have
been inserted anywhere.
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Appendix

In this appendix we will present the formal framework of our
approach. We will begin by outlining some preliminary nota-
tion regarding Petri nets and message communication in Ap-
pendix A and then present the formal definition of the frame-
work itself in Appendix B.

Appendix A. Preliminaries

In this Section we briefly comment on the variant of the Petri
nets formalism that we use in our approach and define the mes-
sages that we allow to be exchanged between agents. Along
the appendix we will consider a set IDa that contains all the
possible agent identifiers.

Definition 1. In this work, a Petri net is a tuple PN =

(P, T, F,M0, FP) where:

• P = {p1, p2, . . . , p j} is a set of places.

• T = {t1, t2, . . . , ti} is a set of transitions.

• F : (P × T × IDa) ∪ (T × P) → {0, 1} assigns a weight
of one (or zero if the connection does not exist) to every
connection between places and transitions and viceversa.
It also adds an agent identifier to the connection between
a place and a transition.
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Figure 13: A complex agent used to show how time evolves in the Petri net.

• M0 : P → IN ∪ {−1} is the original marking. In this work,
the Petri net is, by construction 1-safe, that is, there is at
most one token in each place. Let us note that the marking
is returning the token age, not the number of tokens in the
place. If there is not a token in the place, the marking
returns −1. Initially all tokens are set to 0.

• FP ⊆ P is the set of final places that will be considered
as final places, that is, when one of these places is reached
the execution of the Petri net finishes.

• Let t ∈ T be a transition. We define the posset of t as
t• = {pi | ∃ fi = (t, pi) : F( fi) = 1}. We define the preset of
t ∈ T as •t = {pi | ∃ fi = (pi, t,−) : F( fi) = 1}.

Next, we define the evolution of the Petri net, as follows. We
consider that there exists a function μ : IDa → IN that returns
the time that an agent with identifier id takes to fulfill its task.
This function is formally introduced in Definition 3.

• The firing of a transition t, denoted by M →PN,t,id M′, may
happen if ∀p ∈ •t,M(p) � −1 and M ′ fulfills the following
conditions

– ∀p ∈ •t,M′(p) = −1

– ∀p′ ∈ t•,M′(p′) = max{M(p)+ μ(id)|F(p, t, id) = 1}

• We write M →PN M′ if there exists t and id such that
M →PN,t,id M′.

�


Example 3. We will introduce a simple example to show the
time evolution of the Petri net. The number in the places repre-
sent the age the token would have when the evolution takes it to
that place, and the numbers in the arcs represent the time that
the corresponding atomic agents take to fulfill its tasks. The
example is shown in Figure 13.

The following definition introduces the different kinds of
messages that can be sent in our framework.

There exists two different kinds of messages, depending if
they are used during the phase of the creation of the petition, or
during the execution of the Petri net.

• The first family of messages corresponds to the
BROADCAST and REPLIES identifiers.

• The second family of messages corresponds to the
STARTJOB and FINISHEDJOB identifiers.

Definition 2. We denote by IDm the set of identifiers for mes-
sages and byM the set of all messages.
Messages from the first family are tuples in IDm×IDt×IDa×IRn.
Therefore, if we have a message m = (idm, tact, ao, r̄) then:

• idm ∈ {BROADCAST,REPLIES} denotes the nature of the
message.

• tact ∈ IDt is the identifier of the actual transition of the
Petri net that originated the BROADCAST MESSAGE (see
Appendix 2.1 for an extended explanation).

• ao ∈ IDa is the agent that originates the message.

• r̄ is the tuple of resources needed in the BROADCAST mes-
sage and the one that can supply the agent origin of the
REPLIES message.

Messages from the second family are in m ∈ IDm × IDa × IDa.
Therefore, if we have a message m = (idm, a0, a f ) then:

• idm ∈ {STARTJOB,FINISHEDJOB} denotes the nature of
the message.

• a0 ∈ IDa is the agent origin of the message.

• a f ∈ IDa is the agent objective of the message.

�


Appendix B. Definition of the formalism
A transformation of resources is represented by a tuple s̄ ∈

IRn. Intuitively, a positive component of the tuple denotes that
the agent produces si units of the i-th resource while a negative
component denotes that the transition consumes s j units of the
j-th resource.

Next we show how to represent the agents. We can dis-
tinguish between complex and atomic agents. Atomic agents
assume the responsibility of actually implementing tasks, and
complex agents cluster and delegate in the ulterior ones to ac-
complish complex tasks. Agents have unique identifiers as-
signed. These identifiers can be seen as a word that denotes
the concept that the agents represent.

Definition 3. An agent is a tuple a = (id, ib, PN, s̄, ti) where:

• id ∈ IDa is the agent identifier.

• ib ⊆ M is the input buffer.

• PN = (P, T, F,M0, FP) is a Petri net.

• s̄ is the overall transformation of resources that the agent
accomplish. For an atomic agent this vector will be equal
to the transformation induced by the connection from the
first place to its transition and for a complex agent this
vector will be the addition of the vectors of all the agents
nested into itself.



• ti ∈ IN is the time that the agent needs to complete its tasks.
The time that an atomic agent takes to complete its task is
defined at the time of creation of the agent. In contrast, the
time for a complex agent is the age of the token in the final
place, once a simulated run from its Petri net has finished.
This is the time returned by the μ function

An agent is called atomic if it is in charge of executing a
single task. Formally, for all a = (ida, ib, PN, s̄, ti) is atomic, if
PN = (P, T, F,M0, FP), and f1 = (p1, t1, id f ), such that F( f1) =
1, then a is an atomic agent if the following restrictions hold:
| P | = 2, | T | = 1, and id f = ida.

We denote byA the set of all agents.
�


Let us note that we do not store the order in which messages
are received in the buffer. That is why we define a buffer as a
set. Let us also note that the notion of atomic agent means that
the agent is itself in charge of executing the transformation of
resources.

Cells serve as baskets of agents to reunite, organize, con-
glomerate and handle petitions as well as calls to the agents.
Abstractly, a cell is the macro-concept that holds the set of in-
stances (agents) related in between them.

Definition 4. A cell is a tuple (Acell, id, Sons, Father, ib) where

• Acell ⊆ IDa is the set of agents that belong to the cell.

• id ∈ IDc is a unique identifier for this cell. This can be
seen as the concept that it represents.

• Sons ⊆ IDc is the set of identifiers of the sons of this cell.
If Sons = ∅ then we are in a node cell.

• Father ∈ IDc is the identifier of the cell that is father of
this cell. If Father=nil then we are in the initial cell, from
which all other cells are defined.

• ib ⊆ M is the input buffer where messages will be stored.

We denote by C the set of all cells. �


Next, we define the whole system that contains in a tree like
structure implicity defined by the father-son relationship, the
cells that conform the whole system. This allows a hierarchical
structuring of concepts.

Definition 5. A system is a tuple w = (c0, x̄, φ), where

• c0 is the origin cell.

• x̄ ∈ IRn is the set of available resources in the system.

• φ is a threshold value that is used to discriminate between
good and bad values of the utility functions.

�


All agents that are not atomic are complex. There are two
ways to create agents. One is to insert an atomic agent during
the creation of the system and the other is through petitions to
the system, being the system in charge of recombining atomic
and/or complex agents already embedded in the system to cre-
ate a new complex agent.

Definition 6. Let w = (c0, x̄, φ) be a system. A petition is a
tuple pet = ( f u, ō,Apet), where

• f u ∈ F is a utility function.

• ō ∈ IRn
− is the objective of the transitions, that is, the vector

of resources that we expect to have after performing the
petition.

• Apet ⊆ IDa is the set of agents capable of answering the
petition. Initially this set is empty, and the petition fills it
as it searches through the system.

We denote by PET the set of all petitions. We say that a peti-
tion pet = ( f u, ō,Apet) is fulfilled when

∑
ai∈Apet

s̄a
i + ō + x̄ ≥ 0̄

where for each agent belonging to the set A pet we have ai =

(id, ib, PN, s̄a
i , ti). �


Next, we define a function GF that will be used to climb
through the cell tree, until we reach a cell that has as father c 0.

Definition 7. Let c = (Acell, id, Sons, Father, ib) ∈ C, and w =
(c0, x̄, φ) be a system. We define GF : C → C as:

GF(c) =

{
c If Father = c0 or Father = nil
GF(Father) Otherwise

�


A petition deepens into the cell tree structure looking for a
combination of agents capable of handling the needed transfor-
mation of resources. Subsequently, it creates an agent in the
way described below.

Definition 8. The function constrAg : PET → A, that cre-
ates an agent from a specific petition, is defined as follows.
Let pet = ( f u, ō,Apet) be a petition. Then, constrAg(pet) =
(id, ib, PN, s̄, ti), where id is a fresh agent identifier (created by
the function newIdAgent) and ib is an empty new buffer. The
resulting agent will have a connection between a place and a
transition in PN for each agent in the setA pet. An invocation of
this agent will generate a call to each of those agents to execute
their associated tasks. The transformation of resources that this
agent will accomplish is s̄ =

∑
ai∈Apet

s̄a
i , where for each agent in

the set Apet we have ai = (ida, iba, PNa, s̄a
i , tii). Finally ti will be

calculated by making a simulated run of the Petri net, in which
no resources are transformed, and assigning the value of the age
of the token in the final place. �


Before we insert the new agent into the tree structure, we
must define how to compute the least upper bound of a set of
agents.



Definition 9. The least upper bound (in short, lub) of a set of
agents, given by a function

⊔
: ℘(C) → C, is induced by the

following order relation: a ≤ b iff there exist a descending path
through the cell tree that goes from b to a. We define the lub as
the lowest cell (in terms of the level in the tree) that remains a
common path to reach all the cells in the set.

Insertion of an agent: Let w = (c0, x̄, φ) be a system and
pet = ( f u, ō,Apet) be a petition, let cellspet = {c | ∃c : c =
(Acell, id, Sons, Father, ib) ∈ C ∧ ∃a : a ∈ Apet ∧ a ∈ Acell}
be a set of cells, and anew = constrAg(pet) be the agent to be
inserted. The anew agent is inserted into a cell as follows:

• If there exists
⊔

(cellspet) and
⊔

(cellspet) � c0, then insert
anew in

⊔
(cells).

• Otherwise, let us consider the set Fcells =

{GF(c) | c ∈ cellspet}, we insert anew into
cnew = ({anew}, newIdCell(w), Fcells, c0, ib) where ib
is an empty buffer. In addition, for every element
belonging to Fcells, change the father to be cnew.

�


Appendix B.1. Steps of a petition
Next we formally present how petitions are handled in our

approach.

1. Let w = (c0, x̄, φ) be our system. Let pet = ( f u, ō,Apet) be
our petition:

• First we use a temporal vector of resources z̄ that
originally is assigned the value of ō, that is, z̄← ō.

• The petition creates a temporal agent, constrAg(pet),
apet = (idpet, ibpet, PNpet, s̄pet, ti), where we have
PNpet = (P, T, F,M0, FP). The petition creates and
inserts a place (p0) in this newly created Petri net,
that is, P = P ∪ {p0}. This place will also be added
to the final place set: FP = FP∪ {p0}. It also creates
and adds a transition t0, T = T ∪ {t0}. Finally the
petition creates a connection between the transition
and the place, that is, F = F ∪ {((t0, p0), 1)}.

• We will also consider a special transition tact initially
assigned as t0 that represents the actual transition to
which the places in the next turn must be linked.

2. Next, the petition must discriminate depending on the
number of negative resources in z̄:

• We consider a function ϕ : IRn → IN that returns the
number of negative resources.

• If ϕ(z̄) = 1, then the petition sends a message m =
(BROADCAST, tact, �, z̄) to the input buffer of every
cell in the tree.

• If ϕ(z̄) > 1, then we would use another function
χ : IRn → ℘(IRn) that subdivides the resources
from the petition in a collection of vectors of re-
sources in which only one negative resource is al-
lowed. This operation allows us to create parallel
calling of the agents in the resulting Petri net and

sends the corresponding messages. As an example
let us consider that ϕ(z̄) = 2 and χ(z̄) = {z̄1, z̄2}.
Then messages m1 = (BROADCAST, tact, �, z̄1) and
m2 = (BROADCAST, tact, �, z̄2) will be sent simulta-
neously.

3. The cells retrieve the message from their input buffers
(Choose(ib)) and retransmit the message in their input
buffer to the agents that they withhold. So, for every agent
in the set {ai = (ida, iba, PN, s̄, ti) | ai ∈ Acell} retransmit
the message to its input buffer, that is, to iba.

4. The agents handle the message from the input buffer as fol-
lows: Let ai = (ida, iba, PN, s̄, ti) be the agent that is han-
dling the message and let m = (BROADCAST, tact, �, z̄) be
the message being handled, if the agents internal transfor-
mation creates a resource that is negative in the resources
of the petition, that is there exists i such that si > 0, zi < 0
considering si as the i-th element of s̄ and zi as the i-th ele-
ment of z̄, then the agent sends back a message saying that
he can fulfill the petition: m = (REPLIES, tact, ai, s̄).

5. If the number of REPLIES messages with the same t act is
greater than one, then the petition uses the utility function
to discriminate between the different possibilities. The
way this is handled is by using a threshold value 0 < φ < 1,
defined in the system (w = (c0, x̄, φ)), we calculate the util-
ity functions of all the agents involved and using the max-
imal value max( f u) = max( f u(s̄a

1), . . . , f u(s̄a
n)), where n is

the number of agents that have answered with a REPLIES
message: In the case where one agent’s utility function is
below the multiplication of this threshold by the maximal
utility function f u(s̄a

i ) < φ ∗ max( f u) with 0 < i ≤ n then
agent ai is discarded from the set. All other agents are
parallelized, as follows:

• We create a transition t j.

• Add t j to the transition set: T = T ∪ {t j}.
• Afterwards for every agent ai = (ida, ib, PN, s̄, ti), we

do:
(a) We update the set Apet = Apet ∪ {ai}.
(b) We create a new place pi with 0 < i ≤ n, where

n is the number of agents
(c) P = P ∪ {pi}.
(d) F = F ∪ {(pi, tact, ida, 1), ((t j, pi), 1)} where ida

the identifier of the agent.
(e) We recalculate the resources needed by the peti-

tion, z̄← z̄ + s̄.
(f) We check if the petition is already fulfilled. Let

our system be w = (c0, x̄, φ), then:
– If z̄ + x̄ ≥ 0̄, then we add a token in M0

to the posset of t j, that is, M0(t j•) = 1.
And stop adding agents. Delete t j, that is,
T = T\{t j} and for every connection in F
such that fi = (t j,−) we set F( fi) = 0. Af-
terwards we insert the agent in its cell, as
explained under this lines.

– Otherwise, we update tact ← t j. and re-send
a message with the following information,
m = (BROADCAST, tact, id, z̄).



6. Last, if | T | = 1 then we just call execution of the
agent in charge of that transition. That is because, it
means that there is already an agent capable of handling
the petition in the system. In any other case, we cal-
culate the lub of the cells that hold the agents, that is,⊔
{c | ∃c : c = (Acell, id, Sons, Father, ib) ∈ C ∧ ∃a :

a ∈ Apet ∧ a ∈ Acell} as explained in its definition, and
create a new cell if it does not exist. We insert the agent in
the cell and execute it.

Appendix B.2. Execution of an agent
Let w = (c0, x̄, φ) be a system, a = (id, ib, PN, s̄, ti) be the

agent that we are executing, let PN = (P, T, F,M0, FP) be its
Petri net, we define the function execute(id) as:

1. For all p such that F(p, t, id2) = 1 ∧ M0(p) > −1 perform
the following steps:

(a)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

If id2 = id then a is an atomic agent.
Therefore, we transform the resources of
the system: x̄← x̄ + s̄.

Otherwise, we call upon execute(id2), by
sending m = (STARTJOB, id, id2).

(b) If either id = id2 or there exists m =

(FINISHEDJOB, id2, id) ∈ ib, then we continue the
evolution of the Petri net and delete the message from
ib (the buffer of id).

2. Next, we check whether the execution of the Petri net is
finished.

• If for all pi ∈ FP, we have M0(pi) = 1, then
we finish the execution and if there exists m =

(STARTJOB, id, id2) ∈ ib, then the system will send
a message m = (FINISHEDJOB, id2, id), and delete
the former message from the buffer of id 2.

• Otherwise we return to step 1 and continue.
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