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Dr.-Ing. Luis Merino Cabañas, Profesor Contratado Doctor de

Universidad



ii



UNIVERSIDAD DE SEVILLA

Memoria para optar al grado de Doctor por la Universidad de Sevilla
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Muy en especial a Luis Merino, que se ha volcado en cuerpo y alma para apoyarme

y ayudarme en todo momento.

También me gustaŕıa dar las gracias al Profesor D. Ańıbal Ollero, no sólo por

haber puesto los medios para realizar esta Tesis, sino por haberme convencido en su

momento para entrar en el mundo de la investigación.

vii



Sin duda alguna, mis dos estancias en el extranjero durante la Tesis han sido

determinantes para alcanzar mi madurez cient́ıfica. Mencionar en especial la ayuda

de Sanjiv Singh y Ben Grocholsky de la Carnegie Mellon University en Pittsburgh;
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Abstract

This Thesis focuses on cooperative active perception for robotic teams. Nowadays,

there are many outdoor and indoor applications where teams of robots can be greatly

helpful. In those cases, the complexity of the tasks or the variability of the places

to access demand the cooperation among heterogeneous robots, which can gather all

the required information thanks to their varied capabilities. Moreover, in cooperative

active schemes, not only do the robots share information to estimate the state of the

environment, but also take decisions to improve that perception.

The Thesis deals with decentralized approaches that can operate in real applica-

tions. These approaches provide more reliable solutions and can be scaled depending

on the number of robots. Besides, communication constraints are tackled by different

techniques, since they are a key issue in these scenarios.

In addition, this Thesis considers probabilistic models and representations to in-

crease the robustness of the systems in uncertain domains. Existing models in the

literature to perform active perception with multiple robots are presented. However,

most of those models either are not scalable depending on the number of robots

or make significant communication assumptions. The Thesis proposes approximate

solutions that trade off optimality for applicability. In this sense, inter-robot com-

munication is exploited, but the strict communication guarantees required by other

methods are relaxed, since they are hard to meet in multi-robot domains. More-

over, techniques for alleviating the complexity of the models derived from realistic

scenarios, and improving the scalability of the approaches are presented.

xi



Finally, the Thesis presents extensive experimental results with teams of hetero-

geneous robots and sensors. Field and indoor experiments are shown in order to

validate the methods in cooperative tracking.
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Chapter 1

Introduction

This Chapter introduces the Thesis motivation, objectives and scope. Then, the

Thesis outline and its main contributions are described, as well as the framework

in which it has been developed. Finally, a complete survey of the different existing

approaches to tackle similar problems has also been included.

1.1 Motivation

In many robotic applications, the use of teams made up of several robots can be

beneficial. In those applications, the performance of complex tasks can require the

cooperation among multiple robots. In rescue robotics for instance, the combination

of different types of vehicles (see Figure 1.1), such as aerial and ground robots, is

relevant in order to operate in hazardous places with difficult access. Besides, teams

of networking robots provided with heterogeneous sensors can prove to be greatly

helpful for surveillance applications, where bigger areas can be covered by several

robots. Service robotic applications, where robots assist people in varied tasks, also

benefit from teams with high diversity.

Even though the range of tasks that a robotic team can be aimed at is very

wide, they all are usually based on the same two phases: perception and action.

Basically, every robotic team is consists of sensors and actuators that enable the

system to gather information from the environment and take the required actions to

1



2 Introduction

Figure 1.1: Multiple heterogeneous robots that may be part of a multi-robot system.
Clockwise, starting from the top left: autonomous helicopter, aerial quadrotor, two
ground autonomous vehicles.

perform the tasks. The goals that the team must achieve also vary depending on

the application. This Thesis focuses on active perception approaches, in which the

robots must take decisions in order to improve the general perception of the whole

system. Thus, active perception may mean performing sensory actions: for instance

aiming a pan-and-tilt camera or choosing to execute an expensive vision algorithm; or

influencing a robot’s path planning, e.g., given two routes to get to a desired location,

follow the more informative one.

In these systems where heterogeneous sensors or robots have to be integrated, a

first issue is to create a common way of representing the information. The different

entities of the team need to share this common interface so that the information can
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be exchanged and merged between the platforms. This entails the development of a

communication architecture as well as a mathematical framework for data fusion.

Regarding robotic platforms working for real applications, there are other two

essential issues that should be taken into account: scalability and reliability. For

practical reasons, the approach used should be scaled depending on the number of

robots and offer certain robustness during its performance. In this sense, decen-

tralized approaches are better suited, since the need for a central node is eliminated.

First, communication constraints are alleviated, making the system both scalable and

reliable. Second, the loss or inclusion of new members is simplified, making possible

to deal with potential failures.

As it will be shown, in most of the existent architectures in the literature, either

there is no decentralization or they are not demonstrated in practical applications.

Actually, there are many decision-making approaches that are theoretically valid but

only apply to reduced domains. Due to the lack of practical approaches, this Thesis

intends to apply some theoretical frameworks to real robotic domains, focusing on

decentralized methods that can work under communication constraints, and offer

scalability and robustness at the same time.

Another issue to consider in real applications is the fact that robots have to

operate in hazardous environments which are uncertain by nature. Reasoning about

this uncertainty increases the flexibility of the system and makes the approaches more

robust. Hence, the Thesis opts for a probabilistic framework that provides robustness

to the whole system by modeling and reasoning about these uncertainties.

Even though the theoretical framework and methods developed in this Thesis are

general, the Thesis outcomes are particularized for cooperative tracking problems.

The motivation of this application is to test the Thesis results in particular robotic

scenarios and prove the applicability of the system for real situations.

1.2 Objectives

The objectives set for this Thesis tries to accomplished are the following:
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• To create a decentralized data fusion framework with a common representation

of the information for all the robots in a robotic team. This information can be

exchanged and fused among them. Approaches that model uncertainties will

be considered.

• To study methods in order to deal with communication issues when fusing

data in a decentralized manner. Convergence and differences with respect to a

centralized version will also be analyzed for different network topologies.

• To close the loop and develop decision-making approaches to enable a cooper-

ative team of robots to achieve certain goals. The final objective of this Thesis

is to propose solutions in which the robots cooperate for active perception pur-

poses. The decision-making approaches will use the cooperative perception layer

mentioned above to obtain information about the environment.

• Scalability must be considered for the proposed solutions so that they can be

applied to real robotic domains. Thus, scalability in line with the number of

robots and the domain size are required.

• To analyze the existing approaches in the literature and search for decentralized

methods for decision-making that deal with uncertainties. These previous works

will be studied in order to develop the new approaches mentioned above that

truly scale in line with the number of robots.

• The algorithms will be tested with real robotic platforms that need to perform

cooperative missions. In these real applications, implementations that cope

with communication failures and real-time issues will be considered. In this

sense, the reliability of the techniques will also be demonstrated.

1.3 Outline and main contributions

This Thesis makes contributions to the field of cooperative active perception. Basi-

cally, it derives some theoretical results for decentralized approaches that deal with
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uncertainty and apply them to real robotic teams with communication constraints.

A summary of the contents of each Chapter is presented in following paragraphs.

Chapter 1 introduces the objectives and scope of the Thesis, that is placed within

the framework of several research projects. A broad review of similar related works

in the literature is also included.

First, algorithms and systems to obtain a shared perception of the environment

in the robotic team are studied. Later, in Chapter 2, a probabilistic approach for

decentralized data fusion is presented. In order to reach the same results that would

be obtained in a centralized manner, the proposed approach maintains estimations

from the past, in such a way that the current estimation can be rebuilt when delayed

information arrives due to communication issues. Moreover, techniques to cope with

communication delays and breakdowns are included for different network topologies.

The contents of this Chapter have been published in (Capitan et al., 2009, 2011a).

In Chapter 3, the approach presented in the previous Chapter is tested in two

real scenarios: urban robotics and rescue robotics. The algorithms developed in that

Chapter are integrated into two different platforms in order to perform real experi-

ments in cooperative tracking. The robustness and reliability of the implementations

are also shown, given that the algorithms are tested in real systems and coping with

real-time and communication constraints. The results have been published in (Maza

et al., 2011a,b, 2010; Sanfeliu et al., 2010).

After these two Chapters, the problem of taking decisions that enable the team to

improve its perception is tackled. Chapter 4 defines the problem within a well-known

mathematical framework that will be used later in the Thesis, Partially Observable

Markov Decision Processes (POMDPs). Different probabilistic models are discussed

for decision-making with robotic teams, and the related work about these models is

reviewed thoroughly.

A first contribution on decision-making is presented inChapter 5, which proposes

a coordinated approach for controlling a team of robots in a decentralized manner.

The decentralized data fusion scheme from previous Chapters is used, combined with

decision-makers based on POMDPs. Even though each robot does not reason about
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the others, the decentralized data fusion algorithm is able to arouse certain coor-

dination among them. Results of this approach in coordinated tracking have been

published in (Capitan et al., 2010, 2011b).

In Chapter 6, a cooperative approach for controlling multiple robots is presented.

Again, a decentralized data fusion scheme together with POMDP controllers are used.

However, in this case the decision-makers also exchange additional information in

order to distribute different behaviors among the members of the team. This work

resulted in experiments with real robots that have been published in (Capitan et al.,

2011c) and submitted to (Capitan et al., 2011d).

Finally, Chapter 7 summarizes the conclusions of the Thesis and proposes some

guidelines for further research.

1.4 Thesis framework

An important part of the work in this Thesis has been developed within the framework

of the projects AWARE1 (platform for Autonomous self-deploying and operation of

Wireless sensor-actuator networks cooperating with AeRial objEcts, IST-2006-33579)

and URUS2 (Ubiquitous Networking Robotics in Urban Sites, IST-045062), both of

them funded by the European Commission.

The general goal of theAWARE project was the design, development and demon-

stration of a platform composed of heterogeneous systems able to operate coopera-

tively in disaster management scenarios (see Figure 1.2) without pre-existing infras-

tructure (or damaged infrastructure). The platform also provided self-deployment ca-

pabilities and integrated unmanned aerial vehicles, wireless sensor networks, ground

fixed cameras, ground vehicles with actuation capabilities, etc.

In order to reach the main goal mentioned above, the project had the following

technical objectives:

1. Develop a scalable and self-organized ground sensor network integrating cameras

and wireless sensors.

1http://grvc.us.es/aware.
2http://urus.upc.es.
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Figure 1.2: On the left, humanoid robots in an urban scenario of the URUS project.
On the right, disaster management scenario for the application of the AWARE project.

2. Develop the architecture and middleware required for the cooperation of the

heterogeneous systems including aerial vehicles, static sensor-actuator nodes,

and mobile nodes carried by ground vehicles and people.

3. Develop functionalities for the platform, such as surveillance, localization, and

cooperative tracking.

4. Develop new cooperative techniques for tasks requiring strong interactions be-

tween vehicles and between vehicles and the environment, such as lifting and

transporting the same load by means of the cooperation of several Unmanned

Aerial Vehicles (UAVs).

In particular, the objectives 1, 2 and 3 are highly related to this Thesis, since they

involve the integration of information provided by different sensors in order to carry

out cooperative applications with several entities.

The general goal of the URUS project was the development of new techniques

for the cooperation between networking robots and human beings and/or their en-

vironment in urban areas (see Figure 1.2), in order to achieve tasks efficiently that

would be too complex, time consuming or costly for single systems. The project was
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focused on urban pedestrian areas, where there is a growing interest in reducing the

number of cars and improving the quality of life.

The following technical objectives were considered in the project:

1. Develop an architecture for networking robots integrating cooperative urban

robots, intelligent sensors (video cameras, acoustic sensors, etc.), intelligent

devices (PDA, mobile telephones, etc.) and wireless communications.

2. Develop functionalities for the system, such as cooperative localization and nav-

igation, cooperative environment perception, cooperative map building, human-

robot interaction and multi-task negotiation.

3. Test the whole architecture in two different urban tasks: guiding and trans-

portation of people; and surveillance.

Again, all the above objectives are connected to this Thesis, since they entail

fusion of information from heterogeneous sensors and cooperative perception. In

particular, this Thesis is more focused on the applications of cooperative tracking

and surveillance. Actually, most results for cooperative tracking contained in this

Thesis have been validated in the experiments of the projects AWARE and URUS,

which provided an excellent framework.

Additionally, this work has been supported by the Cooperating Objects NET-

work of Excellence CONET3 (contract FP7-ICT-224053). The CONET Consortium

is funded by the European Commission and aims at building a strong community in

the area of cooperating objects (Marron et al., 2011) including research, public sector

and industry partners from the areas of embedded systems, pervasive computing and

wireless sensor networks. The project has instantiated several research clusters to ac-

complish the previous objectives. In particular, this Thesis contributes to the cluster

of Mobility of Cooperating Objects, which tackles mobility issues among cooperative

objects in dynamic environments. Indeed, most of the experiments of the Thesis in-

volving decision-making have been carried out in an integrated testbed developed by

the CONET Consortium (see Figure 1.3).

3https://www.cooperating-objects.eu.
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Figure 1.3: Scheme of the multi-robot testbed of CONET project. Moving robots are
integrated with a Wireless Sensor Network (WSN).

This Thesis was also partially supported by the project ROBAIR (contract

DPI2008-03847) funded by the Spanish government, and the project ”Robótica

Ub́ıcua en entornos urbanos” (contract P09-TIC 5121), funded by the local gov-

ernment of Andalućıa.

Finally, it should be mentioned that parts of this Thesis have been developed

during two stays at the Carnegie Mellon University (June-October 2008), Pittsburgh

(USA); and at the Instituto Superior Tecnico (July-October 2010), Lisbon (Portugal).

1.5 Multi-robot active perception

This Thesis focuses on cooperative approaches for active perception with multiple

robots. This type of approaches can be applied to a wide variety of real problems
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that require the cooperation among several robots. In order to clarify the notion of

active perception, a general definition of the problem is defined as follows:

• There is a team of several robots that need to accomplish a certain mission.

The nature of the robots can be heterogeneous, so different types of robots are

considered: aerial or ground robots, moving or fixed robots, etc.

• The robots have on-board sensors that determine their perception capabilities

and allow them to gather information from the environment.

• The robots can share the information they gather in order to increase their

knowledge (perception). However, the available bandwidth is bounded and the

robots should consider communication delays and breakdowns.

• The robots are autonomous and they have to be able to make their own deci-

sions. These decisions should promote a cooperation among the different robots

so that they can perform certain tasks together.

• In an active perception approach, the robot decisions are aimed at improving

the perception of the whole team, i.e. they have to act actively to increase their

level of information about the environment or its accuracy.

There exist many robotic applications in which active perception is a remarkable

solution to achieve the given objectives. In some of them, the cooperation among

multiple robots also becomes essential. For instance, in tracking or surveillance ap-

plications, getting information about a target or a certain area as accurately as pos-

sible is a typical goal. Moreover, in fire-fighting or rescue missions the quality of the

information that the robots gather becomes crucial for the final success. Therefore,

the different entities involved have to act to improve this critical knowledge in an

efficient manner.

There are many ways of approaching this problem, and hence different methods to

measure the level of information that the robots gather with each action. Therefore,

depending on the particular approach or mission, the concept of improving your

perception can vary. In the following section, an overview of the existing approaches

is given.
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1.6 Related work

There is already a wide variety of decision-making and control algorithms that tackle

the problem of active perception for multi-robot and/or multi-sensor systems. This

Section intends to give an overview of these previous works and classify them accord-

ing to some criteria.

1.6.1 Different formulations

A first criterion to classify the approaches could be the formulation that is given to the

problem. According to this, the problem could be formally described as a discounted

infinite-horizon dynamic programming problem (Bertsekas, 2005) with deterministic

models and solved by means of conventional optimization techniques (Furukawa et al.,

2003; Spletzer and Taylor, 2003; Derenick et al., 2007) or, alternatively, it could be

addressed by means of techniques incorporating other formulations.

In (Furukawa et al., 2003), a fully centralized approach in which the problem is

solved by deterministic techniques is presented. It is described as a time-optimal

problem, which means that the performance time is the variable to minimize. Then,

an optimal controller is obtained by a control parametrization and time discretization

technique in order to achieve a numerical solution.

In addition, Spletzer and Taylor (2003) present an approach to optimize the con-

figuration of a robot team. The goal is to choose the configuration that optimize a

quality function. This quality function is a measurement of the target uncertainty

and its distribution is represented by particles. In order to find an optimal configura-

tion for the quality function, gradient methods and the Simplex method are proposed.

The algorithm could also be distributed but robots would need to share measurements

and poses from the rest.

Another optimization framework for dynamic target tracking is considered in

(Derenick et al., 2007). They propose a variable objective function that can be re-

placed as long as it is convex. Constraints about network connectivity and target

coverage (at least one robot is tracking each target) are also tackled. The problem is
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formulated as a semi-definite program so it can be solved efficiently by using gener-

alized interior-point methods from convex optimization theory. In order to deal with

the above constraints, some graphs and graph theory methods are used to guarantee

connectivity.

However, for any relatively complex scenario, these deterministic techniques be-

come intractable and alternative techniques, such as heuristic (Parker, 2002; Pirjanian

and Mataric, 2000) or probabilistic ones (Stroupe and Balch, 2005; Zhao et al., 2002;

Bourgault et al., 2004; Wong et al., 2005) can be used.

For instance, the formulation by Parker (2002) is heuristic and each robot calcu-

lates its own speed vector in a distributed way. The optimization problem is based

on maximizing the number of observed targets during a certain time. This is applied

to the tracking of multiple moving targets by a team of robots. Each member of

the team can access the poses of the nearby robots and their corresponding target

measurements. Then, the speed vector is calculated heuristically by weighting the

other robots’ and targets’ poses. Thus, each robot attempts to repel the other robots

at the same time that attracts the targets. Although the approach is cooperative and

distributed, the teammates need to share measurements and local positions.

Pirjanian and Mataric (2000) propose another heuristic approach based on mul-

tiple objective behavior applied to multi-robot target acquisition. The problem is

formulated with a task-level description and solved by fuzzy logic methods. Besides,

teammates negotiate their tasks in a cooperative and distributed manner.

Techniques for decision-theoretic planning under uncertainty have also been ap-

plied increasingly to robotics in the last years (Vlassis et al., 2006). For instance, in

(Stroupe and Balch, 2005), the MVERT (Most Value Estimation for Robot Teams)

algorithm is presented. This is a decentralized approach in which each robot makes

a decision about its next movement so that a value function is optimized. In this

work, the application is mapping and tracking, and the value function is related to

the target location uncertainty. Additionally, probabilistic models are used for the

sensors and robots. Despite the decentralization, the members of the team need to

share sensor models, targets’ estimations and location data from other members.
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In (Zhao et al., 2002), the application is tracking a moving target by means of a

sensor network and its energy function is the one to be optimized. Due to this, the

final aim is not to use the whole network all the time. Therefore, each node computes

the current state belief (probabilistic formulation), decides which will be the next

active node, and sends the belief to it. The decision about the next node to consider

is made locally (distributed approach) by using information-utility measurements.

In this sense, several information-utility measurements are proposed and compared

throughout the paper.

Besides, in (Wong et al., 2005; Bourgault et al., 2004), decentralized Bayesian

approaches for multi-target optimal search are described. Each robot calculates an

estimation of the target position and tries to figure out which is the optimal trajectory

so that a utility function is maximized. The optimal control actions are obtained by

using a non-linear programming technique called Sequential Quadratic Programming

(SQP). Utility functions are Bayesian as well, and they represent the probability to

detect the targets. In (Bourgault et al., 2004), no control actions are shared among

the robots, but their predicted measurements.

1.6.2 Centralized vs decentralized

Another relevant feature to classify works on active perception could be the distribu-

tion of the algorithm. The final goal of the system is always to solve a control/planning

problem in some optimal manner. However, this control problem can be solved in a

centralized or decentralized scheme. On the one hand, in a fully centralized approach

(Furukawa et al., 2003), a single control problem is solved for the whole system. There

is a central node that is able to access all the information. On the other hand, fully

decentralized systems (Waslander et al., 2003; Stroupe and Balch, 2005; Wong et al.,

2005; Bourgault et al., 2004) solve a different controller for each agent, so the algo-

rithm is totally distributed. In the middle, semi-decentralized approaches (Burgard

et al., 2005; Jung and Sukhatme, 2006) could be also considered. They exploit the

distributed computational capacity that multiple platforms offer but they require a

single central node to fuse information or resolve global constraints.
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Waslander et al. (2003) propose a decentralized algorithm. The problem is stated

as a conventional control problem and then solved by means of a penalty method.

Despite being a decentralized version, each agent must know the current optimal

solution for the rest of the members. In such a case, this work proves that the

algorithm converges to a Nash equilibrium solution (Nash, 1950).

Burgard et al. (2005) consider a semi-decentralized algorithm. This work coor-

dinates a team of robots to explore an unknown environment. Each robot is sent

to an area so that distance and utility are optimized. Then, the utility of each area

is reduced as long as other robots visit it or are close to it; and a probabilistic grid

representation for the environment map is used. Furthermore, the algorithm is par-

tially distributed and areas to explore are assigned to each robot hierarchically. It

means that sub-teams of robots within communication range are created and, for each

sub-team, areas are assigned by a central node.

Another example of a semi-decentralized algorithm for cooperative multi-robot

tracking is (Jung and Sukhatme, 2006), where each robot calculates its own control

law independently but they share position information about themselves and the

targets (which may be located by some central entity). A utility function based on

robots’ and targets’ densities is used. The density functions are evaluated along the

environment, and the main goal is to choose the control law that minimize this utility

function (gradient descent method). Hence, densities of robots and target are kept

equalized.

In the decentralized case, further classifications can be made with regard to the

information that the multiple agents share. Despite being decentralized, some algo-

rithms require that some global information is available for all the agents; whereas

in others, agents are just required to access local information. The need to maintain

global sensor and robot models or any other global information can make a difference.

In (Grocholsky et al., 2003), for instance, a distinction is made between a coop-

erative and a coordinated solution. In the first one, a predicted optimal negotiated

group decision is taken. In the second one, however, there is no negotiation or need

to share global information or models. Even though decision makers act locally and

do not have knowledge about the rest of robots’ models or control actions, they
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exchange some information that may influence implicitly other agents’ subsequent

decisions. Therefore, that work focuses on a coordinated information-theoretic ap-

proach to control a fleet of robots. An estimation of the environment is calculated by

means of a decentralized data fusion scheme where every agent attempts to maximize

locally its information gain. Within this data fusion framework, despite not being

aware of the control actions carried out by the other teammates, the robots share

some perception information that influences indirectly the eventual control perfor-

mance of the team. Thus, the control problem can be solved locally at each agent by

means of an optimal control method.

The same idea explained above about coordinated approaches is applied in (Math-

ews et al., 2008, 2006). They both describe the same decentralized approach for mak-

ing decisions in a coordinated manner. The objective function, which is based on

information gain, is optimized by a descent gradient method. Furthermore, agents

do not need to know control actions carried out by the others, only local models

and the impact of other agents’ control actions over the objective function are con-

sidered. They assure the convergence of the algorithm under some communication

assumptions.

1.6.3 Abstraction level

Decision-making algorithms can also be distinguished by the level of abstraction they

consider. Thus, many of them act directly over control inputs of the robots, whereas

others work in a higher level of abstraction where the commands to the robots are

simply tasks. This second branch includes all the multi-robot task allocation systems,

which distribute a set of tasks among a set of robots in some optimal manner. Of

course, tasks are no longer basic control actions but higher-level commands, such as

visiting certain points.

Marked-based techniques (Dias et al., 2006; Zlot et al., 2002) are very well-known

approaches in the literature for multi-robot task allocation. The system performs

a negotiation based on market rules where each task has an associated cost and a

reward (which can depend on the type of robot). Finally, tasks are allocated in
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such a way that a goal function is optimized. Furthermore, these techniques are

quite suitable for distributed platforms since tasks and resources can be allocated

and then, performed by different teammates. Despite this, a centralized entity with

global knowledge about the team components and their features is usually required

in order to distribute the tasks optimally. Due to this, many of these algorithms can

be seen as semi-decentralized approaches.

An extensive overview and state of art of the marked-based methods for robot

coordination can be found in (Dias et al., 2006). In this work, the authors go over the

main advantages and drawbacks of these techniques, their varied sub-branches and

some future developments.

A specific marked-based approach for cooperative exploration is detailed in (Zlot

et al., 2002). Each robot proposes some goal points to visit and a negotiation is

carried out by the team. In that case, travel distance and information gain are,

respectively, the cost and reward considered in the negotiation stage. Even though

there is a centralized entity, the algorithm is shown to be robust when communication

with it is lost.

As seen above, some methods work directly over control inputs and others over

a task workspace. Nevertheless, some techniques could be placed in a middle posi-

tion, since they exploit features from both branches. This is the case of POMDP

(Partially Observable Markov Decision Process) techniques, which provide an elegant

way to model the interaction of an active sensor with its environment. Based on

prior knowledge of the sensor models and the environment dynamics, policies which

indicate the sensor how to act can be computed.

Therefore, the abstraction level of the actions which POMDPs deal with can vary.

A POMDP model could be solved to determine a set of low-level control inputs over a

robot, or on the contrary, the actions could be modeled simply as higher-level tasks.

In fact, within the same framework, both low-level and high-level actions, can be

modeled without changing the formulation. Furthermore, POMDPs allow the system

to combine different kinds of objectives at the same time, just by optimizing a merged

goal function. In this sense, the main goal of gathering information could be traded
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off for other priorities. For instance, a fleet of robots can gather as much information

as possible but also minimize the energy or the movements of the robots.

Due to this variability mentioned above, POMDPs will be chosen as a base frame-

work for the methods in this Thesis. Thus, POMDP-based methods will be used

to design active perception techniques. These techniques and their extensions for

multi-robot teams will be addressed in the Chapter 4 of the Thesis.

1.6.4 Time horizon

The time horizon is another interesting consideration for decision-making algorithms.

Control algorithms usually try to calculate an optimal action to take in the next time

step. However, the optimization problem could consider future steps to evaluate the

goal function. Therefore, when the optimization is carried out just over the current

time step, the algorithm is called greedy, whereas planning is performed when actions

along a time horizon are considered.

Most of the previously presented approaches apart from POMDPs perform an op-

timization and take a decision in a greedy manner, that is, they do not plan forward,

so the time horizon is reduced to the current step. However, POMDP techniques can

work with a variable time horizon and long-term goals in order to learn a control

policy. This represents a higher level than just calculating the current control action,

since a control policy describes the behavior of a robot along a wide variety of situ-

ations. Despite this, once the POMDP is solved and the optimal policy found, this

policy translates into a set of control actions for every situation. This control actions

are applied directly to the robot at each sample time, so the algorithm output works

eventually over a control input level as well.

1.6.5 Summary and current works

Throughout this Section, several criteria have been used in order to differentiate

among a wide range of active perception approaches. Different criteria can lead to



18 Introduction

FORMULATION

Deterministic Heuristic Probabilistic

ABSTRACTION

LEVEL

VariableTask level Low-level control

DISTRIBUTION

Semi-decentralizedCentralized Decentralized

Cooperative Coordinated

TIME HORIZON

Greedy Planning

Figure 1.4: Classification criteria for active perception approaches.

different families of algorithms, so multiple classifications are possible. Figure 1.4

depicts a diagram with the algorithm features used here to establish a certain classi-

fication. The formulation of the algorithm indicates the nature of the mathematical

framework used by each approach. Thus, conventional optimization techniques with

deterministic models have been compared to heuristic and probabilistic techniques.

Moreover, the analysis can also be focused on the degree of distribution that the

algorithms present. In this sense, centralized, semi-decentralized and decentralized

approaches have been cited. The abstraction level is highly relevant as well. Algo-

rithms can be aimed at dealing with control actions at different levels, from low-level
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Formulation Distribution Abstraction Horizon References

Deterministic Centralized Low-level control Greedy (Furukawa et al.,
2003; Spletzer
and Taylor, 2003;
Derenick et al.,
2007)

Heuristic Semi-decentralized Low-level control Greedy (Burgard et al.,
2005; Jung and
Sukhatme, 2006)

Heuristic Cooperative Low-level control Greedy (Parker, 2002)

Heuristic Cooperative Task level Greedy (Pirjanian and
Mataric, 2000)

Probabilistic Cooperative Low-level control Greedy (Stroupe and
Balch, 2005; Zhao
et al., 2002; Bour-
gault et al., 2004;
Wong et al., 2005;
Makarenko et al.,
2009)

Deterministic Cooperative Low-level control Greedy (Waslander et al.,
2003)

Probabilistic Coordinated Low-level control Planning (Grocholsky
et al., 2003;
Mathews et al.,
2006, 2008)

Heuristic Semi-decentralized Task level Greedy (Dias et al., 2006;
Zlot et al., 2002)

Probabilistic Variable Variable Planning POMDPs

Table 1.1: Summary of previous works on active perception.

control commands to high-level task definitions. Finally, according to their time hori-

zon, greedy and planning algorithms have been described. POMDP techniques have

been introduce briefly within the planning group, but they will be detailed further in

next Chapters.

Table 1.1 summarizes all the previous work on active perception that has been

described in this Chapter. In addition to this, the features mentioned previously have

been included in order to group the works into several categories.
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The methods developed in this Thesis can also be placed within the above cat-

egories. A probabilistic formulation will be used throughout the Thesis, which only

focuses on fully decentralized schemes. In this sense, coordinated as well as coop-

erative approaches are proposed. In the former, the robots do not share explicitly

information about their actions, but an implicit coordination arises due to other in-

formation they may share. In the latter, robots make decisions reasoning about what

the others are doing, so this kind of information is exchanged explicitly. Besides,

the Thesis considers planning solutions that set a horizon time in the future to rea-

son about the decisions and a variable abstraction level. In this sense, algorithms

that reason about both low-level actions and high-level behaviors for the robots, are

developed.

Finally, note that in addition to all these previous works that have been classified,

additional research guidelines can be developed. For instance, in (Balch, 2000) an even

higher abstraction level is considered. The behavioral diversity of a team of robots is

explained as similar robots may perform some tasks in different manners. This way,

control policies according to the robot perception are compared, and measurements

to describe the diversity of a robot society proposed, defining as homogeneous those

societies in which all the robots use similar control policies (they all behave equally).

The measurements mentioned are mainly simple social and hierarchical social entropy

(based on Shannon entropy). The paper explains how to calculate the diversity of a

robot society when the feature that distinguishes the robots is their behavior. It also

addresses the problem of quantifying the difference between robot behaviors (policies).

Once it is known how to quantify the diversity of a group of robots, it could be studied

how it influences the final performance of the experiments. In (Mathews et al., 2008)

some of these techniques are proposed to make sub-clusters within a robot team. This

is a method to cope with the exchange of information, since members of the same

sub-cluster would communicate more often. Finally, the idea of taking into account

similarity issues to group the different robots could be extremely profitable for future

developments.



Chapter 2

Decentralized delayed-state

information filter for cooperative

decentralized tracking

Robotic teams can undertake active perception procedures in two basic steps: (i) the

robots build a common perception of their environment by means of their sensorial

capabilities; (ii) based on that information, each robot takes decisions in order to con-

tribute to the improvement of the team perception. In this Chapter, the first problem

is tackled, and a decentralized data fusion approach is developed for the robotic team

to cooperatively obtain a common view of the environment from data gathered from

heterogeneous sensors, which can be static or carried by robots. Particularly, a De-

centralized Delayed-State Information Filter (DDSIF) is described, where full-state

trajectories (that is, current and delayed states) are considered to fuse the informa-

tion. This approach enables the robots to obtain an estimation equal to that provided

by a centralized system and reduces the impact of communication delays and data

losses into the estimation. Moreover, the filter proposed manages the information in

an efficient manner, thus maintaining the communication overhead at a reasonable

level.

21
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2.1 Introduction

Scenarios in robotic applications have evolved in the last decades from very simple

and controlled environments to real-world dynamic applications. The cooperation

among robots and heterogeneous sensors embedded in the environment for different

tasks, such as surveillance in urban scenarios (Sanfeliu and Andrade-Cetto, 2006) and

disaster management (AWARE, 2006), is as a very important issue. The Thesis deals

with these real scenarios involving dynamic environments and varying conditions for

perception, where the robustness and reliability of autonomous perception are critical.

In most cases, a single autonomous entity (e.g., a robot or a static surveillance camera)

is not able to acquire all the information required for the application because of the

characteristic of the particular task or the harmful conditions (e.g., loss of visibility)

and, hence, the cooperation of several entities is relevant.

Therefore, the goal would be to develop a data fusion framework that combines

information provided by a wide variety of heterogeneous sensors, such as cameras,

laser range-finders, and other sensors. There are different approaches for this purpose.

For instance, some authors employ Dempster-Shafer theory of evidence (Dempster,

1968; Shafer, 1976) for information fusion (see (Yanli et al., 2005), where the authors

present a multi-robot map-building approach based on evidential reasoning). Some

approaches are based on possibility theory (Zadeh, 1999), built over the arithmetic

of fuzzy sets, as in the case in (LeBlanc and Saffiotti, 2009), where the authors

employ such theory for cooperative localization and ball position estimation in the

Robocup. Other approaches work with probabilistic beliefs but employ Consensus

Theory to combine them, by using what is called an opinion pool. These approaches

were largely ignored within the multi-robot research until recently (Blanco et al.,

2007; Pahliani and Lima, 2007). These kinds of techniques also try to deal with the

issue of disagreement (i.e., a situation in which two or more robots have inconsistent

estimations).

However, most works for fusing data gathered from a network of heterogeneous

sensors are based on Bayesian approaches, whereby the sensors are modeled as uncer-

tain sources. This is the method used in this Thesis, since it makes possible to model
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the dynamics of the uncertain environments that are considered. Furthermore, rea-

soning about uncertainties also increases the robustness and reliability of the system,

which are key issues for real robotic applications.

A first potential solution would be a centralized scheme, in which each sensor

just sends all its measurements to a central node where the data fusion is performed.

However, this architecture presents some disadvantages that make it unsuitable for

real-world applications. These drawbacks include: (i) high bandwidth requirements,

especially for transmission of high-frequency motion data; (ii) limited range, since

each sensor should be within communication range of the central node; and (iii)

robustness issues, because a failure in the central node entails that the whole system

fails.

The approach should be scalable, robust to communication failures and delays, and

work properly under limited bandwidth. It has been demonstrated that decentralized

approaches can cope with these requirements better than centralized ones (Makarenko

et al., 2004). With these decentralized approaches, each node of the network only

uses information from local sensors and shares its estimations with its neighbors

without any knowledge of the topology of the whole sensor network (which will change

dynamically if mobile robots are considered) or of the broadcast facilities. Thus,

the need for a central node is eliminated and, since only local communications are

performed, scalability is achieved. Moreover, the different members of the multi-

robot platform can work more independently without the need to keep continuously

communication range with a central node.

This Chapter considers the use of a delayed-state Information Filter (IF) to solve

the decentralized cooperative perception problem. As it will be described, the filter

considers the trajectory of the state; that is, it maintains information about past

states. The main contribution is that using this full-state trajectory (not just the

latest state) the nodes can recover the same information as in a centralized version,

though incurring the cost of higher message sizes. The Chapter shows how using a

conventional decentralized IF (without past states), the exact solution that would

be obtained in a central node fusing all the measurements at their right time steps,
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cannot be achieved. In the case of dynamic states, some information is proved to be

missed when the fusion is carried out by using just the latest state.

This previous concept is applied efficiently to the Gaussian case thanks to the IF.

The proposed delayed-state IF keeps a constant computational complexity when the

trajectory grows. In addition, the sparse structure of the information matrix, whose

size grows linearly with the trajectory, is exploited in order to limit the communication

requirements.

Another advantage of this proposal is the possibility to cope with latency in the

network, as past information can be fused. Indeed, the approach is able to deal with

data that arrive out of order naturally. Besides, information about the state trajectory

becomes quite important for the multi-target case, in which data association turns

out to be a key issue. Since past information is maintained, this technique would

enable the filter to cope with previous wrong associations. Once a wrong association

is detected in a past time step, the trajectory could be recalculated from then onward.

The Chapter reviews related works and discusses general issues about decentral-

ized fusion. Later, it describes the overall decentralized data fusion framework pro-

posed and details the use of state trajectories in the fusion process. Finally, some

simulated examples are also included to show some of the concepts explained during

the Chapter.

2.2 Related work

Fusion of data gathered from a network of heterogeneous sensors is a highly relevant

problem in robotics that has been widely addressed in the literature. Even though

there are other possible approaches, most works are based on Bayesian approaches,

where the sensors are modeled as uncertain sources. In particular, this Chapter deals

with Bayesian information fusion. The simplest way to solve the problem is by fusing

all the information from the network in a central entity. In (Capitan et al., 2007), for

instance, a centralized Extended Kalman Filter is proposed to perform cooperative

tracking. Measurements provided by cameras and a wireless sensor network are sent

to a central node where the filter is running.
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Nevertheless, in many works (Makarenko et al., 2004; Grocholsky et al., 2003;

Grocholsky, 2002) the advantages of a decentralized scheme are highlighted. These

previous works propose decentralized data fusion approaches where active sensor net-

works share information by means of Bayesian filters. The idea is to do it in a

consistent manner, not fusing the same information twice. The so-called Channel

Filters and specific network topologies are considered in all of them for this purpose.

In (Grocholsky et al., 2003), the decentralized data fusion algorithm is also used to

control a group of robots maximizing locally the expected information. Even though

there is no explicit negotiation, the exchange of information among the members may

influence others. This concept is introduced as coordinated control.

On the contrary, in (Julier and Uhlmann, 1997) the Covariance Intersection algo-

rithm is presented. Basically, this consists of a conservative fusion rule that achieves

consistent estimations without the need for Channel Filters or fixed network topolo-

gies. Moreover, Uhlmann (2003) presents the Covariance Union method, which tries

to deal with disagreement in a Gaussian decentralized fusion setup.

The main issues and problems with decentralized information fusion can also be

traced back to the work (Grime and Durrant-Whyte, 1994), where the Information

Filter (IF, dual of the Kalman Filter) is used as the main tool for data fusion for

process plant monitoring. The IF has very nice characteristics for decentralization,

and for instance it has been used for decentralized mapping with aerial vehicles in

(Sukkarieh et al., 2003; Nettleton et al., 2003). These works demonstrate that, for

the case of static states (for instance, in mapping applications), the decentralized

implementation of the IF obtains locally a final estimation that is the same as that

obtained by a centralized node with access to all the information. In particular, this

is applied in (Sukkarieh et al., 2003) to the project ANSER, where a team of UAVs

(Unmanned Aerial Vehicles) was developed in order to perform decentralized tracking

and SLAM.

In the case of dynamic states, for instance in tracking applications, it was noticed

in (Rosencrantz et al., 2003; Bailey and Durrant-Whyte, 2007) that if only information

about the current estimation is exchanged, information can be missed with respect to

a centralized estimation. The problem is due to the fact that there is some information
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not taken into account when performing the prediction steps in each fusing node. In

both approaches, delayed information is considered to tackle this problem. To the

best of the author’s knowledge, (Bailey and Durrant-Whyte, 2007) is the closest work

to the approach presented in this Chapter. It also shows how delayed information can

be used to overcome some of the problems of decentralized systems. However, only

results in simulation are shown. Rosencrantz et al. (2003) add a protocol that enables

to selectively communicate maximally informative measurements. Hence, there is no

need to send all the delayed information every time.

Furthermore, in (Nettleton, 2003) is shown how the exact centralized solution can

be obtained with a single IF just when the measurements arrive in order. Thus, when

a measurement arrives, some predictions are made backward to calculate the previous

state and add the updated information at its right time. Once this information is

incorporated, the state can be predicted forward again. However, when the informa-

tion can arrive out of order, they propose to keep a history of the previous states to

recover the centralized solution.

Delayed-state filters have been increasingly used by the SLAM community (Thrun

et al., 2004; Eustice et al., 2006), but mainly due to the sparseness characteristics of

the IF for Markov processes with high-dimensional states. In (Thrun et al., 2004), the

Sparse Extended Information Filter is introduced. When the links between the robot

and the features are bounded, a sparse information matrix can be maintained by this

filter. Moreover, in (Eustice et al., 2006) it is demonstrated that the information

matrix (for the SLAM problem) is exactly sparse in the delayed-state framework.

In (Caballero et al., 2008), the authors take into account both advantages, easy

decentralization and sparseness, at the same time for decentralized mapping of sensor

nodes based on signal strength.

Finally, in (Makarenko et al., 2009) graphical models are proposed in order to

solve similar decentralized data fusion approaches. Even though the approach is

probabilistic too, the solutions are obtained by means of graphical algorithms.
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2.3 Decentralized data fusion

A decentralized data fusion approach is characterized by the following (Nettleton

et al., 2003):

• Each node only accesses measurements from its local sensors and obtain a local

estimate.

• Each node communicates with its neighbors its local estimate, and receives

estimates from its neighbors.

• There is no broadcast facility, in the sense that it cannot be ensured that the

information sent will reach all the network nodes.

When a decentralized data fusion approach is considered, some relevant issues

must be taken into account carefully. These issues are highly important in the sense

that they could lead to inconsistent estimations. In this context, if the estimated

covariances are higher than the actual ones, the estimation is considered to be con-

sistent. In the case of inconsistent estimations, the filter may end up diverging.

First, decentralized information fusion raises the problem of rumor propagation (or

double-counting of information). This problem consists of incorporating locally the

same received information more than once. Actually, this would reduce the covariance

of the estimation artificially, what could lead to inconsistent estimations. Therefore,

when non-independent sources of information are fused, their correlation (common

information) must be removed in order to assure consistent outcomes (Julier and

Uhlmann, 1997).

If a pair of nodes maintain a communication link, they both will fuse all the infor-

mation received from each other. However, the information previously incorporated

from the other node should be discarded. For instance, a multi-path network could

lead to a situation where a node receives a message which has been previously received

by an alternative path (see Figure 2.1(a)).

Thus, the common information between two nodes (information previously shared

by them) should be removed before fusing in order to avoid propagation, which can
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Figure 2.1: (a) Rumor propagation example due to multi-path communication. (b)
Tree-like network solution.

lead to non-consistent estimations due to the loss of independence between the sources

(Grime and Durrant-Whyte, 1994; Sukkarieh et al., 2003). In the literature, some

typical solutions to cope with this problem can be found. The simplest one is to

force a tree topology in the network, as it is depicted in Figure 2.1. In case of

considering fixed network topologies such as tree-like structures, this problem can

be overcome by means of Channel Filters that maintain the common information

through a communication channel along time (Makarenko et al., 2004; Grocholsky

et al., 2003). These fixed topologies can be too rigid for fleets of mobile robots

though. Gaussian filters also provide analytical solutions for fusion under unknown

common information by using the covariance intersection (CI) algorithm (Julier and

Uhlmann, 1997), which leads to conservative estimations. Furthermore, as it will be

seen, the use of delayed states allows the filter to avoid common information due to

common prediction functions, which is not considered by the canonical IF.

A second important issue is the loss of information when a decentralized approach

is used instead of a centralized one. In the ideal case, all the decentralized estimations

of the system should converge to the centralized solution, which is considered to be

optimal. This can be achieved easily when the states are static. For dynamic states
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though, further constraints are required. In this case, the marginal belief of the last

time step is not enough to recover the centralized solution (Rosencrantz et al., 2003),

since some information can be missed during the prediction steps if measurements

are not incorporated at their right moment and order. As it will be shown in detail in

following Sections, a filter which considers delayed states can cope with this problem.

Thus, past information which is received later due to communication delays could be

added correctly into the filter.

2.4 Bayesian decentralized data fusion

In a Bayesian setup, the objective is to estimate a degree of belief b(st) of the state st

of the environment by using all the measurements gathered by the sensors on the N

robots of a fleet1, z0:t = [(z10:t)
T , . . . , (zN0:t)

T ]T . This belief is the conditional probability

distribution of the state given the real data, p(st|z0:t) . Assuming that the data

gathered by the different robots at any time instant t are conditionally independent

given the state at that instant st (this is a typical assumption for data fusion that

requires that the state carries enough information to model the measurement process;

as it will be seen, this assumption is adequate for the experiments shown in this

Thesis), and the usual Markovian assumptions, the Bayes filter to compute the belief

state b(st) is given by:

p(st|z0:t) = η
′

N(t)
∏

i=1

p(zit|st)

︸ ︷︷ ︸

update

∫

p(st|st−1)p(st−1|z0:t−1)dst−1

︸ ︷︷ ︸

prediction

(2.1)

with N(t) the number of observations obtained at time t, and η
′

a normalization

constant.

The belief state b(s0:t) for the state trajectory (from time 0 up to time t) can also

be derived:

1A sub-index indicates the time instants to which the information refers, while a super-index
indicate the robot’s number. Thus, si

0:t
would be the state up to time t for robot i, whereas si

t
would

be the state at time t.
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p(s0:t|z0:t) = η
′′

p(s0)

τ=t∏

τ=1

[
N(τ)
∏

i=1

p(ziτ |sτ)
]
p(sτ |sτ−1) (2.2)

where p(s0) is the prior and η
′′

another normalization constant. In these centralized

filters, access to all the information provided by the team at any moment is required

to compute (2.1) or (2.2).

In a decentralized approach, however, each robot only uses its local data zi0:t

and then shares its belief with its neighbors. The received information from other

teammates is locally fused in order to improve the local perception of the world. The

belief state bi(st) for robot i is:

bi(st) = p(st|z
i
0:t) = η

′

ip(z
i
t|st)

∫

p(st|st−1)p(st−1|z
i
0:t−1)dst−1 (2.3)

Considering the full trajectory it results in:

bi(s0:t) = η
′′

i p(s0)
τ=t∏

τ=1

p(ziτ |sτ )p(sτ |sτ−1) (2.4)

Comparing Equations (2.3) and (2.1), the relation between the complete belief

and the local ones is given by:

b(st) = η
′

N∏

i=1

bi(st)
∫
p(st|st−1)bi(st−1)dst−1

∫

p(st|st−1)b(st−1)dst−1 (2.5)

If the predicted belief is represented by b̂(st) =
∫
p(st|st−1)b(st−1)dst−1, the same

Equation can be written as:

b(st) = η
′

N∏

i=1

bi(st)

b̂i(st)
b̂(st) (2.6)

Figure 2.2 describes Equation (2.6) in logarithmic form. This Equation produces

the same output as a centralized version only if each robot sends its belief any time

they update it with new data. Otherwise, information will be missed and, clearly, the

result will be different from the belief state that would be computed in a centralized
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Figure 2.2: A scheme of the fusion procedure of Equation (2.5) or (2.6), in loga-
rithmic form. The block z−1 represents a time delay. The predicted belief for each
robot is subtracted from the received belief to obtain the likelihood p(zit|st), which
is then added to the centralized predicted belief. In the dynamic case, delays in the
transmission or missing information will lead to errors with respect to the optimal
centralized estimation.

system that received all data at any time (Rosencrantz et al., 2003; Bourgault and

Durrant-Whyte, 2004; Merino, 2007).

The problem is that, when the state is dynamic, the predicted belief state at any

given time depends on all the past observations, so the predicted belief for a node

with access to all the information is not the same as the predicted belief for each

individual robot. Moreover, the importance of these differences is strongly related

to the prediction model and the number of prediction steps carried out in the local

nodes between consecutive communications (Bourgault and Durrant-Whyte, 2004).

As noted in (Rosencrantz et al., 2003), in a dynamic state the belief state over

the full state trajectory up to time t, b(s0:t), is required to obtain the exact solution.

Therefore, comparing (2.4) and (2.2), it is possible to obtain the global belief from

the local ones:

b(s0:t) = ηp0(st)
N∏

i=1

bi(s0:t)

p0(st)
(2.7)

where p0(st) = p(s0)
∏τ=t

τ=1 p(sτ |sτ−1) (predicted prior). Then, if a node of the network

receives all the beliefs from the other nodes, the fusion operation consists of combining

all the local beliefs after removing the common information they share (the prior over
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the trajectory p0(st)). Applying this Equation, the centralized belief can be recovered

exactly.

If (2.1) is considered, another possibility is to communicate to a central node

only the likelihood p(zit|st) at a given instant. In this case, the problem is that the

transmission of information cannot be delayed (otherwise, information is lost with

respect to the fully centralized filter). Besides, with this method the use of a robot as

data mule is lost: one robot that collects the evidence from a group of local neighbors

will communicate it to other robots that could be initially disconnected from the first

ones. Moreover, if the connection between two robots is lost, it will lose information

that would have been available in future transmissions in the case that the robots

had sent their complete beliefs.

Another advantage of using delayed states is that the belief states can be received

asynchronously. Each robot can accumulate evidence (b(s0:t)), and send it whenever

it is possible. However, as the state grows over time, the size of the message needed

to communicate its belief also does. For the normal operation of the robots, only

the state trajectory over a time interval is needed, so these belief trajectories can be

bounded. However, the trajectories should be longer than the maximum expected

delay in the network in order not to miss any information about past measurements.

In decentralized systems, not only does each robot receives from its neighbors, but

also sends information to them. In this case, the fusion equation is slightly different.

If robot i received information from j, its belief would be updated as it follows:

bi(s0:t)← η
bi(s0:t)b

j(s0:t)

bij(s0:t)
(2.8)

where bij(s0:t) represents the common information between the robots (i.e., the com-

mon prior mentioned above but also information previously exchanged between the

robots). This common information can be maintained by a separate filter called

Channel Filter (Bourgault and Durrant-Whyte, 2004), which is basically in charge of

predicting the common information up to time t. Every time a node i sends or re-

ceives information to/from another node j, its common information must be updated

as follows (assuming beliefs in logarithmic form):
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log bij(s0:t)← log bij(s0:t) + log bj(s0:t)− log bij(s0:t)
︸ ︷︷ ︸

j→i

+ log bi(s0:t)− log bij(s0:t)
︸ ︷︷ ︸

i→j

(2.9)

where the new information received or transmitted is added to the previous common

information.

The previous Channel Filter equations can only be applied if the belief network

topology is tree-shaped, that is, if there is a unique path between any pair of providers

and receivers (Utete and Durrant-Whyte, 1994). If there are loops in the information

channels, each robot cannot determine locally if the received data were previously

added. Thus, the same information could be counted twice, what can lead to over-

confident estimations.

As a conclusion, all the previous equations have not, in general, an analytic solu-

tion. Next Section will present how, for Gaussian filters, there is an analytic solution,

which, employing delayed states, is able, in theory, to obtain the same results as a

centralized node for the case of dynamic states.

2.5 Decentralized delayed-state information filter

2.5.1 Delayed-state information filter

In the particular case of Gaussian distributions, there are analytical solutions to the

previous filters, e.g. the well-known Kalman Filter (KF). The Information Filter is a

more natural approach for decentralized estimation. The IF corresponds to the dual

implementation of the KF. The constraints for the application of both filters are the

same (Thrun et al., 2005): Markovian processes, linear prediction and measurement

functions, Gaussian noises and initial Gaussian prior. Whereas the KF represents

the distribution using its first µ and second Σ order moments, the IF employs the

so-called canonical representation. The fundamental elements are the information

vector ξ = Σ−1µ and the information matrix Ω = Σ−1. Prediction and update

equations for the (standard) IF can also be derived from the usual KF. In the case of
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non-linear prediction or measurement, first order linearization leads to the Extended

Information Filter (EIF). For more details, see (Thrun et al., 2005; Merino, 2007).

The IF presents some advantages and drawbacks when compared to the KF. One

of the advantages of the canonical representation is that it can consider complete

uncertainty seamlessly in the filter, by setting Ωt = 0. Furthermore, the prediction

and update steps are dual in the KF and IF, in the sense that the prediction is more

complicated in the IF than in the KF, but, on the other hand, the update steps

are easier. Moreover, the additive nature of its update step is what makes the IF

interesting for decentralized applications.

The information form also presents some interesting properties when the full-

state trajectory b(s0:t) is considered, which enable the filter to run efficiently. If the

assumptions for the IF hold, it can be seen that the joint distribution over the full

state is also Gaussian. The IF considering delayed states can be derived from the

general Equation (2.4) (Merino, 2007). In order to consider a more general case,

the EIF equations can also be used to describe the full-state trajectory filter. The

following system is considered:

st = ft(st−1) + νt (2.10)

zt = gt(st) + εt (2.11)

where νt and εt are additive Gaussian noises. In general, ft and gt could be non-linear

functions, so a linearization would be required. Defining the matrices At and Mt as

At = ∇ft(µt−1) and Mt = ∇gt(µ̄t), and knowing the information matrix and vector

up to time t− 1, Ω0:t−1 and ξ0:t−1, the prediction steps are:
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Algorithm 1 (ξ0:t,Ω0:t)←EIF(ξ0:t−1,Ω0:t−1, zt)

1: Ω̄0:t = Add Block Matrix( Ω0:t−1)+





(
I
−AT

t

)

R−1
t

(
I −At

)
0

0 0





2: ¯ξ0:t = Add Block Vector(ξ0:t−1)+





R−1
t (ft(µt−1)− Atµt−1)

−AT
t R

−1
t (ft(µt−1)− Atµt−1)

0





3: Ω0:t = Ω̄0:t +

(
MT

t S
−1
t Mt 0
0 0

)

4: ξ0:t = ξ̄t +

(
MT

t S
−1
t (zt − gt(µ̄t) +Mtµ̄t)

0

)

Ω̄0:t =







0 0 0

0 Ωt−1t−1 . . .

0
...

. . .







+

+







R−1
t −R−1

t At 0

−AT
t R

−1
t AT

t R
−1
t At 0

0 0 0







(2.12)

ξ̄0:t =







0

ξt−1

ξ0:t−2







+







R−1
t (ft(µt−1)− Atµt−1)

−AT
t R

−1
t (ft(µt−1)− Atµt−1)

0







(2.13)

And, if one measurement is received, the update Equations are:

Ω0:t = Ω̄0:t +







MT
t S

−1
t Mt 0 0

0 0 0

0 0 0







(2.14)

ξ0:t = ξ̄0:t +

(

MT
t S

−1
t (zt − gt(µ̄t) +Mtµ̄t)

0

)

(2.15)
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Figure 2.3: Structure of the information matrix for the full trajectory. The informa-
tion matrix is a block-tridiagonal symmetric matrix, due to the Markov structure of
the process.

where Rt, St are the corresponding covariances of the additive noises for the prediction

and measurement models (2.10) and (2.11), respectively. Further details can be seen

in (Merino, 2007). Then, the delayed-state EIF is summarized in Algorithm 1, where

Add Block Matrix adds a block row and a block column to the previous information

matrix and Add Block Vector adds a block row to the previous information vector.

Note that the information matrix and vector for the full trajectory are composed of

blocks (sub-matrices) of the same size as the state for a single time step. One new

block is added to the information vector of the trajectory at each time step (ξt),

whereas three are added to the information matrix (Ωtt,Ωtt−1,Ωt−1t).

Evidently, the state grows along time. In the general case of an information matrix,

for a L-dimensional state, the storage required is O(L2). However, in this case, as it

can be seen from the prediction and update equations, the matrix structure is block-

tridiagonal and symmetric (see Figure 2.3) at any time, and thus the storage required

is O(L) (where L is the number of time steps). In general, if the measurements

only depend on part of the state, the matrix will be sparse. Also, the computational

complexity of the algorithm itself is O(1), as the prediction and updatr computations

at each time instant only involve the previous block. These considerations enable the
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proposed approach to cope with the delayed states more efficiently than the classical

KF.

State reduction

In certain situations, the length of the estimated trajectory should be limited, for

instance due to storage or bandwidth restrictions. Therefore, a method to reduce the

state whenever the size of the trajectory grows over a given threshold is required.

In order to do this, the removed part of the trajectory should be marginalized out.

The marginal of a multivariate Gaussian in the canonical form can be computed in

closed form (Eustice et al., 2006). Moreover, due to the structure of the information

matrix for this case, the computations required only involve local block matrix op-

erations (see Figure 2.4). In addition, this marginalization operation maintains the

block-tridiagonal structure of the matrix. In general, if the information at time t is

eliminated, the only blocks affected are those linked to it (that is, t − 1 and t + 1),

following:

Ωt−1t−1 ← Ωt−1t−1 − ΩT
tt−1Ω

−1
tt Ωtt−1

ξt−1 ← ξt−1 − ΩT
tt−1Ω

−1
tt ξt

Ωt+1t+1 ← Ωt+1t+1 − Ωt+1tΩ
−1
tt Ω

T
t+1t

ξt+1 = ξt+1 − ΩT
t+1tΩ

−1
tt ξt

Ωt+1t−1 ← −Ωt+1tΩ
−1
tt Ωtt−1

(2.16)

2.5.2 Decentralized information filter

The proposed EIF can be extended easily to the multi-robot case, considering a

decentralized approach. In this case, each robot will run locally Algorithm 1, updating

its full-trajectory state with the information obtained from its sensors. When a robot

i is within the communication range of other robot j, they can share their beliefs,
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Figure 2.4: Marginalization of a removed point of the trajectory. Due to the structure
of the information matrix, the marginalization only involves local block operations.

represented by their information vectors ξi0:t and ξj0:t, and matrices Ωi
0:t and Ωj

0:t. For

Gaussian distributions, Equation (2.8) leads to a quite simple fusion rule:

Ωi
0:t ← Ωi

0:t + Ωj
0:t − Ωij

0:t (2.17)

ξi0:t ← ξi0:t + ξj0:t − ξij0:t (2.18)

which only requires using a separate EIF to maintain Ωij
0:t and ξij0:t (which represent

the common information exchanged between i and j in the past). It is important to

remark that, if the IF constraints are fulfilled, using this fusion Equation and con-

sidering delayed states, the local estimator can obtain an estimation that is equal to

that obtained by a centralized system as long as enough information is exchanged.

Nevertheless, note that in the case of considering an EIF, local and centralized esti-

mations are no longer exactly the same. This is because the Jacobians (linearization)

calculated for each one could be evaluated for different points (µt) at certain time

steps.

The common information can be locally estimated assuming a tree-shaped network

topology (with no cycles or duplicated paths of information). However, this fixed

network topology is a constraint too strong on the potential communication links

among the (mobile) robots. If there are no assumptions about the network topology,

before combining the beliefs, unknown common information should be removed. If
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not, non-consistent estimations could be obtained due to the fact of adding several

times the same information. Another option is to employ a conservative fusion rule,

which ensures that the system does not become overconfident even in presence of

duplicated information. As mentioned previously, for the case of the IF, there is an

analytic solution for this, given by the Covariance Intersection algorithm (Julier and

Uhlmann, 1997). Therefore, the conservative rule to combine the local belief of a

robot i with that received from another robot j is given by:

Ωi
0:t ← ωΩi

0:t + (1− ω)Ωj
0:t (2.19)

ξi0:t ← ωξi0:t + (1− ω)ξj0:t (2.20)

for ω ∈ [0 1]. It can be proved that the estimation is consistent (in the sense that no

overconfident estimations are done) for any ω. The value of ω can be selected following

some criteria, such as maximizing the obtained determinant of Ωi
0:t (minimizing the

entropy of the final distribution).

Although employing the CI formula avoids the need to maintain an estimation

of the common information transmitted to the neighboring systems, as these fusion

rules are conservative, some information is lost with respect to the purely centralized

case.

Finally, Figure 2.5 depicts the scheme that follows the approach proposed here.

The local DDSIF for a robot with its corresponding functional blocks is shown.

Synchronization of the trajectories

Special care has to be taken about synchronization issues when combining different

trajectories. The trajectories are represented at discrete time intervals. The combi-

nation formula for two trajectories will work provided that the differences in the time

steps of their intervals are bounded. Therefore, trajectories should be adjusted so

that the state space is the same in both cases. Figure 2.6 depicts an example of the

method proposed.
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TRAJECTORIES 

SYNCHRONIZATION

NETWORK

PREDICTION

UPDATE

SENSOR

FUSION

+

EXTERNAL *

LOCAL *

Figure 2.5: Flow chart of the local DDSIF proposed for each robot. For simplicity,
only an example with trajectories of two time instants is shown. In the prediction
and update stages, the blocks of the information matrix and vector that are modified
are colored green.
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Figure 2.6: Example of the method to synchronize two trajectories.

In this method, first, the newest time steps are predicted by using Equations

(2.12) and (2.13), and the oldest ones are marginalized out (2.16) until trajectories

are adjusted. Thus, in the example, T ′
0 must be removed and T ′

4 predicted. Then,

each time step is matched with the closest one of the other trajectory. Furthermore,

matchings are just allowed if the time difference is lower than a certain threshold.

Time steps without matching must also be marginalized out before fusing (T2 in the

example).

Finally, notice that the algorithm cannot allow crossed matchings such as the

one labelled as WRONG in Figure 2.6 This kind of wrong matchings could result in

serious errors in the estimations.

2.6 Simulated example

In this Section, some simulations in Matlab are shown. These simple examples were

simulated in order to show the concept of missing information when full trajectories

are not considered in the estimation of the state. Similar examples are shown by

Nettleton (2003) for the same purposes.

The simulations consist of two robots with sensors tracking a moving vehicle,

which is able to move along the x axis (see Figure 2.7). The state to estimate is
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SENSOR A SENSOR B

X

Figure 2.7: Example simulated in Matlab.

composed by the position x in meters, and the velocity vx in meters per second of the

vehicle at every time step:

st =
(

x vx

)T

(2.21)

Each robot has a noisy sensor that can measure the vehicle’s position directly, so

the update model used is linear:

zt =
(

1 0
)

· st + εt (2.22)

with the noise variance St = 1m2. The simulated vehicle always starts at x = 5m

and moves with a constant velocity (8m/s). As a generic motion model of the target,

a discrete version of a continuous white noise acceleration model or second-order

kinematic model is used (Bar-Shalom et al., 2001; Stone et al., 1999). In this model,

the velocity is assumed to be affected by an acceleration modeled as a white noise

of zero mean and with power spectral density q. The discrete version of this linear

motion model is characterized by:

At =

(

1 ∆t

0 1

)

(2.23)

and
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Robot 1 Robot 2

Measurement Time step Measurement Time step
46.18 5 165.91 20

Table 2.1: Simulated measurements for the experiment 1

Robot 1 Robot 2

Measurement Time step Measurement Time step
46.18 5 84.41 10
205.63 25 125.12 15

165.91 20

Table 2.2: Simulated measurements for the experiment 2

Rt =

(
1
3
∆t3 1

2
∆t2

1
2
∆t2 ∆t

)

q (2.24)

where ∆t = 1s and q = 0.05m2/s3.

Two similar experiments with the same two robots tracking the vehicle were per-

formed. The measurements gathered locally by each robot’s sensors are summarized

in Tables 2.1 and 2.2. In these examples, the measurements are positions in meters

and each time step corresponds to 1 second.

For every experiment three different approaches were run: (i) a centralized IF, (ii)

a decentralized IF without considering delayed states (that is, the proposed algorithm

but considering only the last state), and (iii) the proposed delayed-state IF. Moreover,

since there were just two pursuers, a Channel Filter was able to compute exactly the

common information between the two perception entities. Thus, no CI rules were

needed during the performance.

The filter initialization was the same for all the simulations and both robots:

µ0 =

(

5

10

)

Σ0 =

(

2.5 0

0 3

) (2.25)
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The values shown in the Tables 2.1 and 2.2 were obtained by simulating the

previous models of the vehicle and the sensors for 25 seconds. In both experiments,

at the time step 25 the robot 1 fused information received from the other one. The

measurements of the sensors were taken at previous time steps in order to show what

happens when the fusion is not done every time a local measurement is updated.

Thus, between the initialization (which is the same for both robots) and the fusion

step, there are several local predictions and updates that are not transmitted until the

end of the experiment, what leads to some differences between the tested approaches.

Figure 2.8 depicts the results of the simulations. Regarding the vehicle’s position,

standard deviations of the three approaches are compared for the experiment 1 and

2. For simplicity, only the results for the robot 1 are shown. In both experiments,

a zoom has been made at the time step 25 in order to highlight the differences after

the fusion.

The specific values of experiment 1 try to show how, even in such a simple exam-

ple, the centralized solution is not recovered with the decentralized filter which does

not consider the full-state trajectories. However, the delayed-state filter is able to re-

cover this centralized estimation. Besides, experiment 2 is included to show another

remarkable result: the estimation without delayed states can become overconfident

(its variance is smaller than the centralized one after the fusion). This fact indicates

that, without considering the trajectories, the estimation could become inconsistent

in some cases.

These simulations intend to be a proof of concept for the delayed-state filter

proposed. In the next Chapter, extensive results will be shown in order to prove the

performance of the approach with real teams of robots and sensors.

2.7 Conclusions

The Chapter presented a decentralized data fusion scheme valid to perform coopera-

tive active perception tasks using a set of heterogeneous sensors. An extension of the

usual EIF considering delayed states was proposed, which obtains locally the same
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(a)

(b)

Figure 2.8: Standard deviations for the experiment 1 (a) and the experiment 2 (b).
Black solid line is the centralized estimation, the red solid line is the decentralized
estimation without considering delayed states and the green solid line refers to the
proposed delayed-state IF. On the left hand side, both experiments are zoomed in at
the fusion instant to show that the delayed-state IF is superimposed on the centralized
solution.
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estimation as a centralized filter, and makes easier to overcome the usual delays and

breakdowns in inter-process communication.

In addition, methods to match trajectories from different filters and to fuse the

information in a conservative way were explained. This is particularly important in

decentralized architectures in order to face the problem of double-counting informa-

tion.

Simple simulations were proposed in order to illustrate how some information

may be missed with respect to the centralized case when a standard IF is used in a

decentralized manner. The presented approach was proved to be valid to overcome

this problem.

The proposed method is attempted to be a generic approach. Hence, some ap-

proximations were described so that non-linear models could be considered and no

constraints about the network topology had to be made. It should be noticed that

when the information is fused in a conservative manner or linearized models are used,

the centralized solution is no longer reached.

Nevertheless, considering state trajectories can still be a powerful tool for other

purposes and it improves the robustness of the system. For instance, maintaining

delayed states, wrong data associations made in the past could be detected later and

fixed by recomputing the trajectory up to the current time step. Besides, in certain

applications, such as tracking, recording the trajectory of the target would provide

more useful information when a prediction of its movement has to be made before

planning actions.

In addition, another advantage of the Delayed-State Information Filter is that

the communication bandwidth is increased at an affordable rate and the trajectories

can be bounded in time by using the presented algorithms. The length of these

trajectories must be chosen to reach a compromise between missing information and

required bandwidth.



Chapter 3

Experimental results in

cooperative tracking applications

In order to test the decentralized perception scheme presented in Chapter 2, a tracking

application is considered in this Chapter. The method will be applied to cooperative

tracking in two different environments: a disaster management scenario and an urban

scenario. In both of them, a potential target will move along outdoor and indoor areas,

so the fusion of data provided by heterogeneous sensors is beneficial.

All of the results presented in this Chapter were obtained during the experimental

sessions of the European projects AWARE and URUS. The experimental setups of

both projects and their results in cooperative tracking are also shown.

3.1 Experimental setup of the AWARE project

The AWARE project and its objectives were introduced in Chapter 1. The project in-

cluded the development of an architecture for the cooperation of heterogeneous sensors

and robots, both aerial and ground. To verify the success in reaching the objectives,

the AWARE project considered the validation in Disaster Management/Civil Security

applications. In particular, some of its functionalities were cooperative tracking of

fire-fighters and cooperative fire monitoring.

47
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An experimental scenario was installed in the facilities of the Protec-Fire company

(Iturri group) located in Utrera (Spain). A structure was used to emulate a building

where an emergency had occurred. During the experiments, fire and smoke machines

were used to produce controlled fires in the building. In the surroundings of the

building, fire-fighters were allowed to operate.

Three general experiments, one per year of the project, were conducted in a com-

mon scenario (see Figure 3.1). The particular components integrated in the AWARE

platform during the experiments were the following:

• three Unmanned Aerial Vehicles (UAVs) equipped with visual/infra-red cam-

eras.

• a network of ground cameras mounted on tripods at known positions. In partic-

ular, two visual cameras to monitor the area of interest and an infra-red camera

to monitor possible fires in the building.

• a Wireless Sensor Network (WSN) equipped with different types of sensors

(temperature, humidity, CO, smoke, etc.) and with mobile nodes. This network

made possible the detection of potential alarms, such as a fire in the area. If a

fire-fighter carried one of the mobile nodes, information about its location could

also be obtained.

3.2 Real experiments in the AWARE project

Cooperative tracking is one of the functionalities of the AWARE project, and the

algorithms presented in Chapter 2 were applied within the framework of this project

in order to track real fire-fighters in an outdoor disaster management scenario.

The AWARE platform is composed of different Perception Sub-Systems (PSS)

cooperating among them in order to achieve common objectives (see Figure 3.2). In

Chapter 2, each robot was modeled as a perception node (with its own sensors) inte-

grated into a network that estimated the state of the environment in a decentralized

fashion. Here, each PSS represents one of these perception nodes and runs a percep-

tion process (an instance of the decentralized filter in Chapter 2) which is in charge of
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(a)

(b) (c)

Figure 3.1: (a) Situation of the different components of the experimental setup during
the AWARE experiments. (b) UAVs flying over the experimental area. (c) Ground
cameras used to gather visual information during those experiments.
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Figure 3.2: AWARE sub-systems. The UAVs carry the aerial cameras, whereas GCN
stands for Ground Camera Network and WSN for Wireless Sensor Network.

updating the sub-system status. Thus, this process incorporates the local information

obtained by its sensors as well as the information provided by other PSSs (neighbors’

beliefs).

Experimental results obtained during real field experiments integrating three sources

of information (ground cameras, aerial cameras and a wireless sensor network) are

presented. The information provided by these sensors was used to track the position

of a fire-fighter moving around the experimental area by means of the decentralized

data fusion approach.

A C++ implementation of the decentralized data fusion scheme called Perception

Sub-System (PSS) was used to process locally the data gathered by each sensor.

These processes performed a prediction/update step every 0.2 seconds and included

measurements from local sensors as well as the information provided by other PSSs

(neighbors’ beliefs). In these experiments, there were only two different kinds of

PSSs, since two types of sensors were used: visual cameras and the WSN. Moreover,

cameras provided local measurements at 1 Hz to 3 Hz approximately, while the WSN

updated local measurements at 10 Hz. By default, beliefs were communicated to

other neighbors only when new local measurements were incorporated. A PSS for
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each perception entity (either camera or WSN) was launched during the experiments.

The models for the different sensors and for the prediction of the state are detailed

in the next Sections.

3.2.1 State prediction

The state estimated and shared between PSSs consists of the 3D position and velocity

of the person to track, both expressed in a global coordinate system:

s =
(

x y z vx vy vz

)T

(3.1)

The prediction model is the same second-order kinematic model (Bar-Shalom

et al., 2001; Stone et al., 1999) that was used in the examples of Chapter 2, where the

acceleration was modeled by a white noise. In this case, ∆t = 0.2s and q = 0.05m2/s3:

At =

(

I ∆tI

0 I

)

(3.2)

and

Rt =

(
1
3
∆t3I 1

2
∆t2I

1
2
∆t2I ∆tI

)

q (3.3)

3.2.2 Measurements from the WSN

When dealing with heterogeneous PSSs, different measurement models have to be

used for each type of sensor. In this case, the whole WSN acts as a single sensor with

a PSS associated. In particular, the network is composed of Mica2 nodes1 (see Figure

3.3(a)) that are able to sense different quantities, such as pressure, temperature,

humidity, etc. Moreover, they have wireless communication devices, and they are

able to form networks and relay the information that they gather to a gateway.

In addition, the signal strength (Received Signal Strength Indicator, RSSI) re-

ceived by a set of static nodes whose positions are known can be used to infer the

1These nodes are provided by the manufacturer Crossbow (http://www.xbow.com).
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(a) (b)

Figure 3.3: (a) Mica2 node. (b) Particles (red) are used to represent person hypothe-
ses. The signal received by a set of static nodes can be used to infer the position of
the node. The filter is initiated when the first message is received by sampling uni-
formly from a spherical annulus around the receiver. Map information is also taken
into account (only free spaces within the annulus are considered).

position of a mobile object or person who is carrying one of the nodes (the emitter).

The algorithm to estimate and track the node position is based on particle filtering.

In the particle filter, the current belief about the position of the mobile node is rep-

resented by a set of particles {p(i)t } which represent hypotheses about the position of

the person that carries the node at time t (see Figure 3.3(b)).

In each iteration of the filter, kinematic models of the person motion and map

information are used to predict the future positions of the particles. The likelihood of

these particles is updated any time new messages are received from the static network.

The technique is summarized in Algorithm 2, where ojt is the measurement provided

at time t by a static node j, consisting of its position pj and the strength of the

received signal from the mobile node, RSSIjt . Next subsections describe further the

main steps in this Algorithm.
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Algorithm 2 {p(i)t , ω
(i)
t ; i = 1, . . . , L} ← Particle filter({p(i)t−1ω

(i)
t−1; i = 1, . . . , L}, ojt =

{pj, RSSIjt })

1: for i = 1 to L do
2: p

(i)
t ← sample kinematic model (p

(i)
t−1)

3: end for
4: if Message from network ojt then
5: for i = 1 to L do
6: Compute d

(i)
t = ‖p(i)t − pj‖

7: Determine µ(d
(i)
t ) and σ(d

(i)
t )

8: Update weight ω
(i)
t = p(RSSIjt |p

(i)
t )ω

(i)
t−1 with p(RSSI|p(i)t ) =

N (µ(d
(i)
t ), σ(d

(i)
t ))

9: end for
10: end if
11: Normalize weights {ω(i)

t }, i = 1, . . . , L

12: Compute Neff =
1

∑L

i=1(ω
(i)
t )2

13: if Neff < Nth then

14: Resample with replacement L particles from {p(i)t , ω
(i)
t ; i = 1, . . . , L}, according

to the weights ω
(i)
t

15: end if

Prior prediction and importance functions

Regarding the prior function, the option used is to initialize the filter with the first

message received from the mobile node, by considering a uniform distribution on a

spherical annulus around the receiver. The map of the scenario, if available, is taken

into account when sampling from this prior (see Figure 3.3(b)), by assuming that the

person cannot be inside any building or forbidden place.

Each time step, the positions of the particles are predicted from their previous

positions (line 2 of Algorithm 2). The prediction function uses the same Brown-

ian motion model as in the previous Information Filters (Stone et al., 1999). This

model is combined with map information to discard unfeasible motions (like going

through walls); particles arriving at occupied places are rejected and substituted by

new sampled particles.
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The likelihood function

The likelihood function p(RSSIt|pt) plays a very important role in the estimation

process, since each time a message is received this likelihood is used to update the

particles weights (lines 5 to 9). This likelihood models the correlation that exists

between the distance that separates two nodes and the RSSI value. This correlation

decreases with the distance between the two nodes, transmitter and receiver (Ca-

ballero et al., 2008). This is mainly caused by radio-frequency effects such as radio

reflection, multi-path or antenna polarization.

The model used here considers that the conditional density p(RSSIjt |pt) can be

approximated as a Gaussian distribution for a given distance djt = ‖pt − pj‖ between

the mobile node and a static node j, as follows:

RSSIjt = µ(djt) +N (0, σ(djt)) (3.4)

where the mean µ(djt) and the standard deviation σ(djt) are non-linear functions of

the distance (which itself is a non-linear function of the state). These functions are

estimated during a calibration procedure. Figure 3.4 shows the experimental data

used in a calibration, and the estimated relations.

Measurement model

The person being tracked carried a wireless sensor node that was used by the WSN

to provide position information based on the previous Algorithm. The deviation of

these measurements was provided by the localization Algorithm and depended on the

density of the WSN deployed. In the case of the AWARE experiments, the deviation

ranged from 3 to 10 meters for x and y axis. Since the output provided by Algorithm

2 consisted of poses referenced to a global frame, it was also used to initialize the

track.

The wireless sensor network (see Algorithm 2) provides a probability distribution

(particles) over the position of the person. Once this distribution has converged to

a uni-modal distribution, it can be assumed to be a Gaussian with mean µ(pt) and

covariance matrix Σ(pt). Since this information is referenced to the global coordinate
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Figure 3.4: RSSI-distance functions, µ(d) and σ(d). These functions relate the dis-
tance between two nodes and the RSSI received in mean and standard deviation. They
have been computed experimentally by using a large set of RSSI/distance pairs. The
RSSI representation is the one used in the Mica2 nodes, 0 is the maximum signal
strength and 375 the minimum. Dots: A sub-set of the experimental set of data.
Solid line: Estimated mean µ(d). Dashed lines: standard deviation confidence inter-
val based on σ(d).

system, its relation with the state in Section 3.2.1 is straightforward, and it can be

used as a measurement to estimate that state:

zwsn
t =

(

xwsn
t ywsn

t zwsn
t

)T

= µ(pt) (3.5)

3.2.3 Measurements from the cameras

In addition, the cameras were used to detect fire-fighters into their field of view,

providing bearing-only information about the position. These measurements can

be modeled by a non-linear pin-hole model. For all the cameras, the intrinsic and

extrinsic calibration parameters were assumed to be known.



56 Experimental results in cooperative tracking applications

(a) (b) (c)

Figure 3.5: Samples of the output of the visual detector. The images are taken from
two different fixed cameras (right, left) and a camera mounted on a UAV (middle).
The centers of the red ellipses indicate the measurements of the detector.

Image processing was applied to detect new candidates in the image by using

background learning techniques, and this information was matched with a color seg-

mentation output to build blobs of homogeneous color around each cluster (Forssén,

2004). Finally, a classifier was used to differentiate between fire-fighters and other

objects by using information and scores obtained from blobs and color clusters (Cap-

itan et al., 2007). Some examples of the detector output are shown in Figure 3.5.

The uncertainty associated with the person measurements provided by this approach

(they are expressed in pixel coordinates u and v on the image plane) are approxi-

mately σu = 15 and σv = 12 when images with a resolution of 640 × 480 pixels are

considered. To avoid false positive detections, the image detector makes use of the

RSSI estimation (which is very noisy but with a very low rate of false positives) to

discover and remove outliers. This is only done in the initialization of the image

processing algorithm.

Therefore, each camera provides a measurement composed of the position (u, v)

and velocity (u̇, v̇) of the target referenced to its image plane, expressed in pixel and

pixel/s, respectively.

zcamt =
(

ucam
t vcamt u̇cam

t v̇camt

)T

(3.6)

In order to obtain the measurement model, it is needed to relate objects on the

image plane with their positions in the 3D world. Cameras project points in the
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space into points on the image plane and are usually modeled by using the tools of

projective geometry (Hartley and Zisserman, 2004; Faugeras and Luong, 2001). This

projection can be modeled as a pin-hole projection. Following this model, each point

in the space, p and its corresponding image pixel m on the image plane of the camera

are related by Equation (3.7), where p and m are given in homogeneous coordinates:

η ·m = K
(

Rot −Rot · pcam

)

p (3.7)

Here, K is the upper triangular intrinsic calibration matrix of the camera; Rot is

the rotation matrix from the global reference system to the camera system; pcam is

the translation camera vector in the global system; and η is a scale constant.

Previous Equations imply a non-linear relation between the state and the mea-

surements (due to the homogeneous coordinates). Actually, if the camera pose is

uncertain, it has to be considered when obtaining the corresponding likelihood (and,

also in this case, the relation among variables are non-linear). Therefore, if an IF

is to be used, a previous linearization is required. In this case, a first order Taylor

expansion was used in order to derive an EIF. Although camera poses at each step

were assumed to be known, their uncertainties were also considered and propagated

through the Jacobians of the models. In such a way, the noise vector was composed by

the additive noises from the measurement itself (they depended on the segmentation

algorithm accuracy) and the camera pose uncertainties.

It can be seen that the measurements obtained by the cameras and the wireless

sensor networks depend only on the position and velocity of the target (the state),

and thus the conditional independence assumption among measurements of Chapter

2 is applicable here.

3.2.4 Data association

Regarding the data association problem, some considerations have to be done. For

the measurements from the WSN, since each moving node reports its identifier, the

data association is straightforward. In the case of the cameras, local data association

is solved by projecting the state estimation on the image plane and computing the
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Mahalanobis distance to the measurements. Finally, note that the WSN was used

to initialize the estimations of the objects of interest and assign univocal identifiers

to them (wireless nodes identifiers). Thus, all the objects had the same identifier at

each sub-system, removing the need to deal with data association among them.

3.2.5 Experiment 1

Three different experiments are presented with the AWARE platform. In all of them,

the results of the proposed decentralized algorithm are compared with the results ob-

tained by a centralized implementation. In that version, all the measurements were

processed offline by a centralized EIF without considering communication issues or

delays. The centralized filter has access to all the information provided by all the sen-

sors instantly, and it is not affected by double counting of information, asynchronous

data or partial information. A comparison of the estimations of the decentralized

perception system with a centralized filter provides a good measure of the efficiency

of the proposed approach. In addition, it indicates how far the decentralized approach

is from the optimal centralized filter, which is proposed as ground-truth.

Particularly, this Section presents an experiment integrating two ground cameras

and a WSN. The estimated x, y and z positions of the target provided by the filter

attached to camera 1 are shown in Figure 3.6. It can be seen how the error with

respect to the centralized estimation is, in mean, about one meter. Besides, the

estimated standard deviation of the filter is coherent with the errors with respect

to the centralized estimation (ground-truth), which is always inside the 3σ confident

interval.

Note that in this case, thanks to the fusion between different sources, the bearing-

only information provided by the cameras can be used to estimate the full target

position. This issue would have been hardly addressed with a single camera.

Another important aspect in decentralized approaches is to verify that the esti-

mations obtained by the different filter instances converge to a single solution. This

is shown in Figure 3.7, where the estimated xy trajectory provided by camera 1,

camera 2 and the wireless sensor network are plotted together with the centralized
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Figure 3.6: Position estimation of the person using the decentralized approach pre-
sented in Chapter 2 (red solid line) in camera 1. The estimation provided by a cen-
tralized filter is also presented (black dotted line). It can be seen how the centralized
estimation is always inside the 3σ confident interval (blue dashed line).
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work, and centralized estimation. A sensor network was deployed into the experimen-
tal area, pink squares denote the position of each sensor node.

estimation. It can be seen how all of the estimations converge to the same solution

with errors in the order of one meter.

The estimated standard deviation computed by the decentralized approach and

the estimated by the centralized filter are presented in Figure 3.8. The decentralized

approach presents more conservative estimations than the centralized filter. The

difference between the solutions in this case is explained by different linearization

points for the Jacobians in the centralized and decentralized filters; and, mainly,

by the use of the covariance intersection algorithm. During all the experiments in

AWARE, this conservative fusion rule was employed, since the network topology had

to be flexible as a project requirement (no tree-like topologies were possible). The
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criterion to select the value of ω parameter was to use a fixed weight that setups the

system confidence in its own estimation and the neighbor’s ones.

However, it is worth to mention the closeness of the decentralized and centralized

estimations, which differ in no more than half a meter. This fact remarks the con-

sistency and benefits of the proposed approach. In general, the standard deviation

grows during the prediction steps and decreases after updating with local or external

information, showing a high-frequency component. Since the centralized filter is ac-

cessing all of the information at every time step, it is updated more often, presenting

a lower variation over the mean standard deviation.

In general, the experiments showed that the proposed decentralized approach is

able to provide estimations with small errors (one meter) with respect to centralized

filters and very similar standard deviation estimations (less than half a meter differ-

ence), but with the advantage of processing the information in a fully decentralized

manner, which basically improves the fault tolerance and scalability of the system.

3.2.6 Experiment 2

This Section presents an experiment to show how the algorithm works when the

transmission frequency between the fusion nodes is increased. Results can be seen

in Figure 3.9. In these experiments, with the same three sources of information

that were used above, the transmission frequency was varied from 1 second to 5

seconds. It can be seen how, after the fusion steps, the estimation is very similar

in all cases due to the use of delayed states. Clearly, between the fusion steps, the

differences are higher when the frequency is lower (however, after the fusion steps,

the past states are also recovered, and hence the same solution as in the central filter

is achieved, although with latency). This is an expected result and it indicates that

the transmission frequency is a parameter that should be chosen as a compromise

between performance and required bandwidth. Considering the network facilities

and the maximum communication delays for the AWARE/URUS setups, in all the

experiments of this Chapter, 5-second trajectories were used so that no information
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Figure 3.8: Estimated standard deviation using the decentralized approach (red solid
line) versus standard deviation computed by the centralized filter (black dashed line).
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Figure 3.9: Estimated standard deviation using the decentralized approach varying
the transmission latency versus standard deviation computed by the centralized filter.

was missed during the performance. Again, differences with respect to the centralized

estimation are mainly due to the CI algorithm.

3.2.7 Experiment 3

Finally, this experiment contains some figures in order to provide a clear picture

of the sensor capabilities used in this platform and how the proposed decentralized

data fusion approach benefits the global estimation. In particular, an experiment

integrating a WSN and two aerial cameras is presented.

The estimated position of the fire-fighter based only on the WSN is shown in

Figure 3.10. This estimation comes from the received signal strength (RSSI) provided

by the sensor node that the fire-fighter carries. It can be observed that the sensor is

very noisy, with an average error between 2 and 3 meters. It is important to mention

that until sample 100 the centralized filter (used as ground-truth) only integrated

information from the received signal strength filter, and for this reason the centralized

filter matches very well with the RSSI sensor in the first samples.

Although noisy, the RSSI-based estimation provides valuable information to the

system. It becomes critical when bearing-only estimations are considered, like the one

from a single camera. The absence of scale factor could lead the filter to diverge if the
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Figure 3.10: Estimated x and y positions of the fire-fighter based on the received
signal strength provided by the wireless sensor network. Red: Estimation provided
by the received signal strength filter. Green: Estimated 3σ confidence interval. Black:
Centralized estimation with all the sensors used as ground-truth.

camera does not triangulate enough with respect to the target position. The RSSI-

based estimation intrinsically provides a bound on the scale of those cameras. This

benefit will always be produced when absolute estimations (RSSI-based, beacons,

GPS, etc.) are integrated into the global estimation.

The estimated position of the fire-fighter based only on the images from the cam-

eras on board the helicopters is represented in Figure 3.11. The single estimation of

each helicopter is not shown because they are bearing-only estimations, so triangula-

tion from a different position is needed. The figure shows how the helicopters began

the estimation at about sample 100 and how this estimation is good until sample 800

approximately, at which point one of the helicopters moved to a position where the

fire-fighter was out of the field of view and the estimated position diverged due to the

lack of range information with a single camera. It is easy to see that the estimation

would be improved if another source of information, such as a ground camera or the

received signal strength localization were integrated with the helicopter’s information.

In fact, the decentralized data fusion approach presented in this Thesis integrates all

the data sources automatically, taking into account their associated uncertainties and

achieving a consistent global estimation better than that provided by isolated sensors.
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Figure 3.11: Estimated x and y positions of the fire-fighter based on the images
gathered by the UAVs. Red: Estimation provided by a centralized filter integrating
the images of both helicopters. Green: Estimated 3σ confidence interval. Black:
Centralized estimation with all of the sensors used as ground-truth.

In Figure 3.11 is also shown how the estimation provided by the UAVs is accurate

when compared to the centralized filter. The optimal positions at which the UAVs

took the images of the fire-fighter are very relevant to explain these good results.

These positions where computed online during the experiment to keep the fire-fighter

within the field of view.

Finally, the estimation of the fire-fighter position by means of the decentralized

approach fusing information from all the sources (two aerial cameras and the WSN)

is shown in Figure 3.12 for comparison.

3.3 Experimental setup of the URUS project

In order to validate the URUS project, two robotic applications in an urban scenario

were considered. The first application involved transporting a person or goods to

a destination; and the second one was devoted to drive people slowly and orderly

towards the main exit in public spaces at closing hour. In the first case, a person

called, by means of a mobile phone, for a robot in order to receive the service. The

robot that had the transport functionality and was closest to that person, approached
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Figure 3.12: Estimated x and y positions of the fire-fighter fusing all the available
information. Red: Estimation provided by the decentralized approach. Green: Es-
timated 3σ confidence interval of the decentralized approach. Black: Centralized
estimation used as ground-truth.

the person, identified the person, and guided him or her to the requested final des-

tination. All this, with the aid of the distributed sensor network for the tasks of

localization, identification, guidance, and robot navigation. In the second case, the

trigger signal for the surveillance service of the public space was the closing time or

a human gesture. Then, the appropriate robots available for this service approached

the area where people were gathered and led them toward the exit.

The experimental sessions of the project were carried out at the Barcelona Robot

Lab (see Figure 3.13), which is an outdoor urban experimental site located at the

campus of the Universidad Politécnica de Cataluña (UPC), which includes 6 uni-

versity buildings on a 10, 000m2 area. This outdoor facility is also equipped with 9

WLAN antennas with complete area coverage.

The components of the URUS architecture used during the experiments described

in this Chapter are shown in Figure 3.14:

• A network of 22 fixed cameras that were placed in the experimental area. The

positions of several of these color video cameras are shown in Figure 3.13.

• A Wireless Sensor Network (WSN) of 30 Mica2 nodes for location purposes.

These nodes were the same as in the AWARE experiments.
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Figure 3.13: Barcelona Robot Lab. The fixed cameras offer images of the scenario
from different points of view.

• Several moving ground robots equipped with cameras to detect and track people.

3.4 Real experiments in the URUS project

Cooperative tracking is one of the functionalities of the URUS project, and the al-

gorithms presented in Chapter 2 were also applied within its framework in order to

track people in an outdoor urban scenario. Moreover, one of the applications of the

project was to guide a mobile robot with a person that was walking aside. For this

purpose, the position of that person has to be estimated with a high accuracy by the

system.

In this tracking application, the estimated state consisted of the position and

velocity of the person tracked. The prediction model and the update rate for the

filters were the same as in the experiments presented in this Chapter previously. In

these new experiments, measurements from three different sensors are integrated:

the WSN, the network of fixed cameras and the cameras on board the robots. The
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Figure 3.14: A block description of the URUS perception system. The different sub-
systems are integrated in a decentralized manner through a set of decentralized data
fusion nodes. Locally, each system can process and integrate its data in a central way
(like the WSN) or in a distributed way (like the camera network). Some systems can
obtain information from the rest of the network even in the case that they do not
have local sensors.

processing and models for the WSN measurements are the same as in the AWARE

experiments. However, there are some differences with the algorithms of the camera

measurements, which will be explained in the next Sections. Besides, it is worth

mentioning that data association was also tackled as it was explained in previous

Sections of this Chapter.

3.4.1 Measurements from the cameras on board the robots

The robots carried on-board cameras that were used for person tracking. These

cameras could be used to obtain local estimations on the position of the person to

be guided (see Figure 3.15(b)). The algorithms employed for this are based on a

combination of state-of-the-art algorithms for person detection and tracking.

The person detection algorithm applied to the image is the one in (Viola and

Jones, 2004). This detection module is launched when a robot is requested to guide a

person who is waiting close to its location. Once the person is detected, it is tracked
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(a)

(b)

Figure 3.15: (a) Tracks obtained by the camera network. (b) Tracks obtained by the
camera on board the robot.

by using a tracking algorithm which is based on the CamShift technique (Bradski,

1998).

While this algorithm is able to handle temporal occlusions due to changes in

illumination, the changing field of view of the camera due to the robot motion, or

even the person going out of the field of view, the tracking system is not enough

to maintain the track on the person continuously. Therefore, the results from the

tracking and the detection applications are combined so that the robot employs the

person detector whenever the tracker is lost to recover the track. The algorithm

determines that the person is lost employing some heuristics, such as the track going

out to the limits of the image or size restrictions on the blobs. As a result, the robots

can obtain estimations of the pose of the person on the image plane.

Each camera provides a measurement composed of the position (u, v) and velocity

(u̇, v̇) of the target referenced to its image plane, expressed in pixel and pixel/s,

respectively. The same pin-hole model that was detailed previously in this Chapter

is used here to relate these measurements to the person state. Moreover, the rotation
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and position of the camera could be measured by means of the sensors on board the

robots.

Finally, note that some improvements can be made in order to cope with illu-

minations changes (Villamizar et al., 2009). However, in general the system is not

robust enough to guide a person along the whole scenario, or it could track the wrong

people sometimes. Besides, from the information provided by a single camera, it is

not possible to estimate the full 3D position of a person. Therefore, local camera

information can be combined with information from the other sub-systems (camera

network and WSN) in order to overcome these problems.

3.4.2 Measurements from the fixed cameras

There was a network of fixed cameras covering a wide area of the experimental site,

which provided a foundation for the fusion of the other sensors within the system.

By means of the techniques in (Gilbert et al., 2009), it is possible to track objects of

interest both on and across different cameras without explicit calibration periods.

To detect moving objects within an image, the static background is modeled in a

similar fashion to that originally presented by KaewTrakulPong and Bowden (2003).

The foreground objects are identified from the background mask through connected

component analysis. This provides a bounding box centered over each object, and

a path track of each object over time is created using correlation between frames.

A Kalman Filter is used to provide temporal correspondence between the detected

foreground objects inter frame. A histogram is used as an object descriptor as it is spa-

tially invariant and, through quantisation, a degree of invariance to illumination can

be achieved. Each object is then given a unique label for identification. Figure 3.15(a)

shows an example of tracking several moving objects on different cameras.

When the object of interest enters a new camera, the transfer of the object’s label

to the new camera is a challenge as the cameras may not have overlapping fields

of view, making many traditional image plane calibration techniques impossible. In

addition, the large number of cameras means traditional time consuming calibration

is unfeasible. Therefore the approach needs to learn the relationships between the
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cameras automatically. This is achieved by way of two individually weak cues, mod-

eling the color, and movement of objects inter camera. These two weak cues are then

fused to determine if objects have been previously tracked on another camera or are

new object instances. The approach learns these camera relationships, though unlike

previous work does not require a priori calibration or explicit training periods. By

incrementally learning the cues over time, the accuracy is able to increase without

any supervised input.

With these previous techniques, the cameras can provide measurements of the

position of the object on the image plane in pixel coordinates (u, v). However, since

the all the cameras were fixed, a prior calibration process was perform in order to

obtain homographies for all of them. Thus, the measurements on the image plane can

be transformed into measurements referred to a 3D coordinate system (3.8). After

this transformation, the state to estimate (person’s position) and the measurement

are expressed in the same 3D coordinates, so their relation is straightforward.

zcamt =
(

xcam
t ycamt zcamt

)T

= Hcam

(

ut vt

)T

(3.8)

3.4.3 Experiment 1

In this first experiment, one moving robot, a WSN of 30 nodes and 7 fixed cameras

were used. During the experiment, one person was following the robot, which was

manually controlled. In this case, there were a PSS on the robot, one for the WSN

and 2 for the fixed cameras, one integrating measurements from 3 cameras and the

other from 4 cameras.

Along the whole trajectory of the person, of more than 350 meters, there were

gaps in the camera coverage. Moreover, the robot lost its track in certain moments

due to the changes in illumination, etc. Finally, the WSN coverage was limited to a

certain part of the campus.

The estimated position of the person with the full system running is shown in Fig-

ure 3.16(a). The total length of the experiment is around 350 meters and 5 minutes.

The person is usually besides the robot (which means that the x or y coordinates are
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similar). The system is able to maintain the estimation on the person position for the

full trajectory. There is WSN coverage between 0 and 150 seconds, approximately.

A specific interval of the trajectory is zoomed in Figure 3.16(b). In this part, only

information from the WSN and the robot are available. Although the WSN measure-

ments have low precision, they enable the filter to bound the error from the monocular

camera. At time 75 seconds approximately, the person enters under coverage of the

camera network, which leads to a remarkable reduction in uncertainty.

During the experiments, the communication between the PSSs on board the robots

and the ones related to the camera network and the WSN was done using Wi-Fi and

3G technologies. A software running on the robot was able to measure the quality

of the Wi-Fi link, and switch to 3G whenever this quality dropped below a certain

threshold.

The switch between communication networks created from time to time blind

periods of several seconds. Moreover, although 3G had more stable coverage in the

scenario, it had also lower bandwidth and higher latencies. In order to cope with this,

it was very important the use of a decentralized system with delayed states. The use of

decentralized nodes enabled the system to cope with communication drops, as in the

mean time, the local nodes were accumulating information. When the communication

links were recovered, the nodes exchanged their estimations. Moreover, as delayed

states were considered, this delayed information (and also information delayed due to

the latencies) could be fused in a correct way, and no information was lost.

3.4.4 Experiment 2

In this second experiment, the decentralized estimation is compared to a centralized

implementation. The results are shown in Figure 3.17. In this experiment, 4 different

cameras and the WSN were running. For the centralized implementation, all the

information was received and fused in a single PSS; whereas for the decentralized case

three PSSs were used (two of them processing information locally from 2 cameras;

the remaining one processing information locally from the WSN). The estimation

obtained by one of the PSS is shown in Figure 3.17. It can be seen how, with some
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latencies depending on the conditions, a decentralized node obtains an estimation

quite close to the centralized one, even though some information is lost due to the

conservative fusion rule employed in this case (Covariance Intersection, see Chapter

2). Again, as in the AWARE setup, the flexibility required in the URUS network did

not allow the enforcement of tree-like topologies.

3.5 Conclusions

This Chapter presents some results obtained during real experiments for a cooperative

tracking application. The algorithms described in Chapter 2 are particularized for

such an application and tested in two different scenarios: a disaster management

scenario and an urban scenario. All the experiments included in the Chapter were

performed within the framework of the European projects AWARE and URUS, whose

experimental setups are also described.

The various sensors used and their corresponding models are explained as well

as part of the real-time implementation of the whole system. Due to the nature of

some of the heterogeneous sensors, non-linear models are considered. Besides, no

constraints about the network topology are taken into account and conservative data

fusion is done. Even though the information is fused in a conservative manner, the

use of delayed states led to more robust estimations, thus enabling the system to cope

with temporal communication breakdowns efficiently.

In general, the experimental results showed that the proposed approach is able to

track the position of a moving object in a fully decentralized manner with small errors

with respect to a centralized filter, obtaining results with similar mean (an error of

around one meter) and standard deviation (a difference of around half a meter).

The combination of information provided by heterogeneous sub-systems achieves

accurate tracking in more challenging situations. Actually, very complex algorithms

employing just one source of information are usually unable to cope with all the

potential situations in real scenarios, which are affected by changes in illumination

and clutter and in which a wide area must be covered. Therefore, the combination
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of complementary systems can be useful for these applications. For instance, signal-

based localization is less accurate than camera-based localization, but the former is

less affected by occlusions. Cameras attached to moving robots usually have narrower

fields of view, but they can adapt to cover places occluded for a camera network.

Instead, camera networks can provide overall information on the scene.

Finally, the decentralized scheme proposed solved the scalability issues, since the

addition of new sub-systems does not affect the rest of the perception system in terms

of storage, as only local communication and local processing are used.
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Figure 3.16: Estimated position of the person (blue) compared to the position of the
robot (green). Dashed lines represent the standard deviation of the estimation. (a)
Complete trajectory. (b) A section of the trajectory. The person is following the
robot with the same x coordinate up to time 80 seconds. Then the robot changes
orientation. The person is separated from the robot around 3-4 meters.
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Figure 3.17: Estimated variance by a central node receiving all the information
(dashed and red) compared to the estimation in a decentralized node (solid and
black).



Chapter 4

Partially observable Markov

decision processes for active

perception

In Chapter 2, a probabilistic framework was presented in order to estimate the state

of the environment in a decentralized manner with a group of robots. In Chapter

3, such framework was applied to cooperative tracking and extensive experiments

with different networks of robots and sensors were shown. Basically, these previous

Chapters presented a solution to the problem of cooperative perception with a team

of robots. However, the final goal of this Thesis is cooperative active perception,

where the robots in a team need to decide which actions are better to improve their

perception. For this purpose, unlike those in Chapters 2 and 3, the approach must

incorporate the ability of making decisions into the system. Partially Observable

Markov Decision Processes (POMDPs) extend the approach shown in Chapters 2

and 3 and create an active perception framework that can cope with uncertain en-

vironments. Thus, not only would robots perceive their environment, but could also

make appropriate decisions to enhance that information.

Therefore, this Chapter presents POMDPs as a solution for active perception and

explains their mathematical description. POMDPs (Thrun et al., 2005; Kaelbling

77
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et al., 1998) are a rich and general mathematical framework that facilitate the model-

ing of stochastic environments for taking optimal decisions. Due to their well-founded

theory and their elegant design when modeling dynamic systems, they have been

widely applied by the artificial intelligence and robotics communities to planning un-

der uncertainties. POMDPs extend the Markov Decision Processes (MDPs) (Thrun

et al., 2005) by considering that the system’s information is not fully observable (it

cannot be accessed directly but through noisy sensors). Moreover, the mathematical

framework that POMDPs offer is quite general, since varied optimization objectives

can be considered just by designing properly a function that they optimize. Further-

more, the models described by POMDPs can also be learnt online, which increases

the number of applications for which they are suitable.

Even though there are many algorithms that can solve these kinds of models

for large belief spaces, the majority of them work with discrete state spaces (the

possible states of the system are finite). Due to the lack of efficient algorithms for

solving POMDPs in continuous spaces, this Thesis focuses on discrete POMDPs.

Besides, as it will be shown, there are not so many algorithms that can cope with

multi-agent POMDPs (i.e. several agents or robots taking decisions) when the state

space is moderately large. Therefore, the Thesis intends to contribute by proposing

alternative approaches that enable the use of current POMDP techniques in multi-

robot systems.

This Chapter describes the mathematical models for single-agent POMDPs (ap-

plied to active perception) and some of the more extended algorithms that solve these

models. Besides, the Chapter surveys the literature to give an overview of the differ-

ent types of POMDPs and their applications. Finally, existing POMDP-based models

for multi-agent systems are introduced and discussed at the end of the Chapter.



4.1 POMDP framework 79

4.1 POMDP framework

4.1.1 Mathematical model

Formally, a POMDP is defined for a single agent (or robot) by the tuple 〈S,A, Z, T, O,R, h, γ〉.

The meaning of each component is the following:

State space

All the relevant information about the environment is encoded in the state, which is

not fully observable. This means that this state cannot be observed directly, and a

probability distribution over the set of possible states has to be maintained based on

observations from noisy sensors. The system’s state at each time step is defined by

st ∈ S, where S is the finite set of all the possible states.

Action space

The agent in the environment can take an action each time step. This actions can

modify the state in a stochastic manner. A is the finite set of possible actions, whereas

at ∈ A is the action taken at a certain time step.

Observation space

Given a time step t, after executing an action, an agent can make a measurement

or observation zt ∈ Z, where Z is the finite set of all the possible observations. An

observation is information about the environment that can be perceived by the agent.

Transition function

When an agent executes an action, the state can vary probabilistically. This proba-

bility density function is modelled by the transition function T : S×A×S −→ [0, 1],

where T (s′, a, s) = p(st = s′|at−1 = a, st−1 = s). It represents the probability of

ending at state s′ if the agent performs the action a at state s.
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Observation function

The observations gather information from the current state and are related probabilis-

tically to this state. This probability density function is modelled by the observation

function O : Z × A × S −→ [0, 1], where O(z, a, s′) = p(zt = z|at−1 = a, st = s′).

It gives the probability of observing z if the action a is performed and the resulting

state is s′.

Reward function

A POMDP selects the best actions so that a utility function is optimized. Thus, the

behavior of the system is determined by this function, which will depend on a reward

function. R : S × A −→ ℜ is that reward function, where R(s, a) is the reward

obtained by executing action a at state s. In fact, the reward itself may include a

cost associated with the execution of the given action. Here, the reward is assumed

to be bounded. Since it can model quite complex goals, the reward function is a very

powerful tool, and hence, its correct design is crucial.

Horizon and discount factor

Then, the goal of an agent is to maximize the expected reward earned over some time

frame. The horizon h defines this time frame by specifying the number of time steps

the agent can plan for. Thus, the objective is to maximize the sum:

E

[
h∑

t=0

γtrt

]

(4.1)

where rt is the reward at time t, E[ ] is the mathematical expectation (with respect

to the possible states), and γ ∈ [0, 1) is a discount factor, which ensures that the sum

in (4.1) is finite when h→∞. Moreover, this factor indicates how rewards should be

weighted at different time steps.
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4.1.2 Belief computation

Given that the state is not directly observable, the actual state cannot be known by

an agent. Instead, the information about the environment should be encoded in a

belief distribution, which indicates a probably density function over the state space.

In order to calculate the current belief state b(st) from a initial belief state b(s0),

a complete trace of all the observations made and actions executed until t would be

necessary. This trace is called the history of the system and grows as time goes on.

However, due to the Markov assumption, it is well-known that the belief state at a

certain time step can be calculated by just considering the belief at the previous step:

b(st) = p(st|zt, at−1, zt−1, · · · , a0, b(s0)) = p(st|zt, at−1, b(st−1)) (4.2)

Since the belief distribution b(st) is a sufficient statistic for the history, instead of

maintaining a growing sequence of past observations and actions, this belief can be

updated recursively by using only the previous belief b(st−1), the most recent action

at−1 and the most recent observation zt. Thus, a belief b(s) can be updated assuming

an action a and an observation z with a Bayesian filter in the following way:

bza(s
′) =

1

p(z|a, b)
O(z, a, s′)

∑

s∈S

T (s′, a, s)b(s) (4.3)

where p(z|a, b), the probability of observing z after taking action a in belief b, acts

as a normalizing constant such that bza remains a probability distribution:

p(z|a, b) =
∑

s′∈S

O(z, a, s′)
∑

s∈S

T (s′, a, s)b(s) (4.4)

Applying the definitions of T and O, it can be seen that (4.3) is equivalent to

Equation 2.3 in Chapter 2. The only differences are that (2.3) expressed the belief

update for continuous state spaces and assumed that there were no actions from the

agents that could varied the state.
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4.1.3 Optimal policy

Once the agent has computed the belief state, the next and most relevant step is to

choose which is the best action for that given belief. This action is determined by a

strategy or policy π(b), which defines the action to execute for all possible beliefs the

agent may encounter. Therefore, the policy is an attempt to map beliefs to actions

so that the amount of reward earned over the time horizon is maximized. The main

objective of a POMDP algorithm is to find this policy in the form:

π(b) −→ a (4.5)

where b is a belief distribution and a is the action chosen by the policy π.

The policy π(b) is a function over the continuous set of belief states, and it can

be characterized by a value function V π(b), which is defined as the expected future

discounted reward that the agent can gather by following π starting from belief b:

V π(b) = E

[
h∑

t=0

γtr(bt, π(bt))|b0 = b

]

(4.6)

where r(bt, π(bt)) =
∑

s∈S R(s, π(bt))bt(s). Therefore, the optimal policy π∗ is the

one that maximizes that value function V π:

π∗(b) = argmax
π

V π(b) (4.7)

Note that computing an optimal policy for a POMDP may be challenging mainly

for two reasons. The first one is the dimensionality of the belief space. Even for a

finite set of |S| states, π is defined over an (|S| − 1)-dimensional continuous belief

space, which can be quite complex depending on the problem. The second source

of complexity is the length of the history. A POMDP can be solved by searching

through the space of possible histories, but the number of distinct possible action-

observation histories grows exponentially with the planning horizon. An algorithm

to solve POMDPs should tackle both sources of complexity in order to be efficient.
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4.1.4 POMDP model for multiple robots

The previous framework can be extended to multi-agent systems in a straightforward

manner. Provided that a set of N robots is considered, the Multi-agent POMDP

(MPOMDP) model can be used, which expands the single-agent model as follows:

• Each robot i can execute an action ai from a finite set Ai. The set of joint

actions is aJ ∈ A1 × · · · × AN .

• Each robot i can receive an observation zi from a finite set Zi. The set of joint

observations is zJ ∈ Z1 × · · · × ZN .

• The transition function T (s′, aJ , s) is defined over the set of joint actions.

• The observation function O(zJ , aJ , s′) relates the state to the joint action and

the joint observation.

• The reward function is now defined over the joint set of states and actions

R : S × A1 × · · · × AN → R. That common reward includes all the individual

objectives for each agent as well as the team’s ones.

Given the above definitions, the goal in this case is to compute an optimal joint

policy π∗ = {π1, · · · , πN} that maximizes the expected discounted reward. That pol-

icy is defined over the joint belief, which is the belief obtained with all the information

of the team. This belief must be updated considering joint actions and observations,

and the transition and observation functions defined above.

This Thesis is aimed at active perception with multi-robot teams, so this POMDP

model and its derivatives will be used for such a purpose. The model itself can cope

with the main problems in the Thesis: it considers systems with multiple robots; it

allows cooperative perception; and optimal decision-making under uncertain environ-

ments. Moreover, the goals of the system are encoded into its reward function, which

designed properly, will lead it to active perception.

In general, within the POMDP framework, there are a lot of possible approaches

to perform active perception. Most of them consist of rewarding preferentially actions
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that gather more information from the environment. For instance, sensors may be

focused on areas where the lack of information is higher, or robots should be sent to

certain areas according to the characteristics of their sensors. In particular, in the

cooperative tracking application presented in Chapter 3, the perception is improved

by reducing the uncertainty in the target position. Therefore, configurations that

achieve this goal should be given a higher reward. For instance, cameras that point

at the target from different directions, or robots that explore areas with a higher

uncertainty.

4.2 POMDP solvers

4.2.1 Value iteration

A key result for POMDPs is that the value function at horizon n can be constructed

from the value function at horizon n− 1 by means of the Bellman Equation (Thrun

et al., 2005):

Vn(b) = max
a

[
∑

s∈S

R(s, a)b(s) + γ
∑

z∈Z

p(z|a, b)Vn−1(b
z
a)

]

(4.8)

where bza is the belief update in (4.3). Thus, given an initial value function V1, the value

function at a desired horizon h can be obtained recursively by iterating (4.8). This

procedure is called value iteration (Sondik, 1971) and is the base of many POMDP

solvers.

Another essential result is shown in (Smallwood and Sondik, 1973), where the

optimal value function for any finite horizon is proved to be piecewise linear and

convex (PWLC). It means that the value function at iteration n can be expressed by

a set of vectors: Γn = {α1, α2, · · · , α|Vn|}. Each of these vectors, so-called α-vectors,

is an |S|-dimensional hyperplane and defines a region in the belief space for which

this vector is the maximizing element of Vn:

Vn(b) = max
α∈Γn

∑

s∈S

α(s)b(s) (4.9)
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Besides, there is an action a ∈ A associated with each α-vector. That would be

the optimal action to execute at the current step in case its associated vector is the

one that maximizes Vn. In other words, the value of Vn in a certain belief state is

the maximum value returned by one of the α-vectors for this belief state, whereas the

best action is the one associated with the α-vector that returned this best value.

There are many exact algorithms in the literature exploiting the PWLC properties

of the value function (Sondik, 1971; Smallwood and Sondik, 1973; Monahan, 1982;

Littman, 1996; Cassandra et al., 1997; Zhang and Zhang, 2001). However, the main

problem that these approaches encounter is that the number of α-vectors required to

represent the value function grows exponentially with the number of observations at

each iteration. Hence, the computational complexity at each iteration also grows, so

the set Γn should be efficiently pruned in order to optimize the performance.

4.2.2 Perseus

Apart from the growing size of the value function set explained above, another major

source of intractability of exact POMDP solutions is the fact that an optimal action

must be computed for every possible belief point within the belief space. This can

be tackled by computing an approximate solution in which only a finite set of belief

points is considered. Thus, (4.8) would only be computed a bounded number of

times at every iteration, reducing the computational cost and the number of α-vectors

generated.

Methods using this approximation are called point-based methods and they reach

a compromise between the loss of optimality and the ability to compute policies for

larger problems. In particular, Perseus (Spaan and Vlassis, 2005), one of the most

well-known algorithms performing point-based value iteration, is described thoroughly

in this Section.

First, the inner product (·) is introduced to simplify the notation as β(s) · γ(s) =
∑

s∈S β(s)γ(s). Using this operator, (4.9) can be rewritten as:

Vn(b) = max
α∈Γn

α · b, (4.10)
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whereas (4.8) is transformed as:

Vn(b) = max
a

[

Ra · b+ γ
∑

z∈Z

p(z|a, b)Vn−1(b
z
a)

]

, (4.11)

where Ra(s) = R(s, a).

When performing value iteration, applying (4.11) for a particular belief point is

straightforward. Thus, given Vn−1 and a certain belief point b, the vector αb ∈ Γn

such that:

αb = argmax
α∈Γn

b · α (4.12)

can be calculated easily. This operation is denoted by αb = backup(b) and it computes

the optimal vector for a given belief b by back-projecting all the vectors in the current

horizon value function one step backward from the future and returning the vector

that maximizes the value of b.

Then, Equation (4.11) can be expanded:

Vn(b) = max
a

[

Ra · b+ γ
∑

z∈Z

p(z|a, b)Vn−1(b
z
a)

]

(4.13)

= max
a



Ra · b+ γ
∑

z∈Z

p(z|a, b) max
α∈Γn−1

∑

s′∈S

bza(s
′)α(s′)



 (4.14)

= max
a



Ra · b+ γ
∑

z∈Z

max
α∈Γn−1

∑

s′∈S

∑

s∈S

p(z|a, s′)p(s′|a, s)b(s)α(s′)



 (4.15)

= max
a



Ra · b+ γ
∑

z∈Z

max
α∈Γn−1

b ·




∑

s′∈S

p(z|a, s′)p(s′|a, s)α(s′)







 (4.16)

Therefore, the backup operator can be defined as:

backup(b) = argmax
a∈A

b · αa , where (4.17)
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αa = Ra + γ
∑

z∈Z

argmax
α∈Γn−1

b ·




∑

s′∈S

p(z|a, s′)p(s′|a, s)α(s′)



 (4.18)

As said before, even though the backup operation for the whole belief space may

be extremely hard, such a complexity is alleviated when operating on a finite set of

points B. Perseus, like other point-based algorithms, relies on the assumption that

the policy generated will also work properly for belief points not included in B. The

fulfillment of that assumption depends on the nature of the POMDP problem itself,

and of course it is highly related to the way in which the belief points are selected. In

many cases, a good selection of B can be sufficient to calculate a policy that performs

well for the whole belief space.

Therefore, an essential issue for the performance of the policy is how to build

the set B. A first approach may be to choose the belief points in a regular grid

(Lovejoy, 1991). A second simpler alternative is to sample randomly a number of

beliefs. Finally, there is another option consisting of simulating the POMDP model

with some initial policy and gathering visited beliefs (Pineau et al., 2003, 2006).

In this case, B will be composed of beliefs which are more likely to appear in real

situations.

An additional key idea in Perseus is that, at each iteration, the value function is

improved (or at least it is not decreased) for all the belief points in B by performing

the backup operation on a subset of the points. Thus, the value function is always

increasing its value at each iteration for the whole set B:

Vn−1(b) ≤ Vn(b), ∀b ∈ B (4.19)

The complete procedure for Perseus is summarized in Algorithm 3. First, a set

of beliefs B is built by means of any of the techniques previously mentioned. The

value function is initialized (line 2) as a single vector with all its components equal to

the minimum possible reward that the agent may obtain during the execution of any

policy. Thus, the initial value function is assured to be a lower bound on the optimal
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Algorithm 3 Perseus(S,A, Z, T, O,R, h, γ)

1: Sample set of reachable beliefs B
2: Initialize Γ0 = {

1
1−γ

mins,a R(s, a)}
3: n = 0
4: repeat
5: n = n+ 1
6: Γn = ∅
7: B̃ = B
8: while B̃ 6= ∅ do
9: Sample b ∈ B̃
10: α∗ = backup(b)
11: if b · α∗ ≥ Vn−1(b) then
12: Γn = Γn ∪ {α∗}
13: else
14: α′ = argmax

α∈Γn−1

b · α

15: Γn = Γn ∪ {α
′}

16: end if
17: B̃ = {b ∈ B̃ : Vn(b) < Vn−1(b)}
18: end while
19: until convergence
20: return Γn

value function. Then, Perseus performs a number of value iteration steps approxi-

mating new value functions. The Algorithm can stop at a fixed number of iterations

or when some convergence criterion is met (line 19). Even though several criteria

are possible, the most common is to measure the improvement between consecutive

estimations maxb∈B(Vn(b) − Vn−1(b)). Another possibility would be to measure the

changes in the policies, i.e. the number of b ∈ B which vary their optimal action from

one step to the next one.

At each value iteration, Perseus improves Vn−1(b) for all b ∈ B by backing up

as few belief points as possible. The auxiliary set B̃ keeps the non-improved points

for the current iteration. The Algorithm proceeds sampling belief points b ∈ B̃ and

applying the backup operator to them (lines 9 and 10). If the value for b is improved,

the new generated α-vector is added to the value function Vn(b). Otherwise, the

α-vector from Γn−1 which maximized the value for that b is maintained in Γn (lines
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11 to 16). Every time a new vector is created and included in Γn, all the improved

belief points are removed from B̃ because no additional backup is necessary for them

(line 17). The idea is that performing the backup for a subset of B and generating

a reduced number of α-vectors, all the belief points in B could be improved, mainly

at the first iterations. Once the new values for all points in B are greater or equal to

the former ones, B̃ is empty and the current iteration is over (line 8).

Given the increasing nature of the value function computed by Perseus, the conver-

gence proof is simple. Since the value function is initialized to the minimum possible

value and is growing at every step, it will always be below the optimal V ∗(b). Be-

sides, the number of vectors required for this convergence is not as large as for other

methods. Due to the fact that a backup vector for a belief also improves other beliefs,

fewer vectors are needed to build the complete value function.

Finally, note that Perseus loses somehow the notion of exact planning horizon.

Since the belief points are backed up asynchronously to focus on the regions of interest,

performing n iterations will not result exactly in a plan n steps into the future.

4.2.3 Symbolic Perseus

Point-based algorithms produce near-optimal value functions by means of policies

generated with a reduced number of α-vectors. Despite this low complexity, these

policies can be good enough and solve large POMDPs. Nevertheless, due to the

possible high dimensionality of each α-vector, these algorithms are still restricted to

work with problems of thousands states.

Factored POMDPs (Poupart, 2005) are based on the fact that belief states are

sparse and they usually maintain more information than necessary. Provided that

there exists a significant structure (e.g., conditional independence, context-specific

independence, additive separability), the dimensionality of vectors can be reduced by

using compact representations, such as algebraic decision diagrams (ADDs) (Hoey

et al., 1999).

In a POMDP, the reward, transition and observation functions are specified over

the whole state space S. However, sometimes the state can be represented by a set
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Figure 4.1: Function U1 can be represented by a table (left) and an ADD (right).

of random variables {χi}, i = 1, · · · , k with domains {Si}, i = 1, · · · , k, such that

S = S1 × S2 × · · · × Sk. The same can be applied to actions and observations in

order to decompose them into sets of variables. Thus, in many domains a factored

representation of the reward, transition and observation functions in terms of these

variables instead of the complete states, actions or observations is feasible.

Factored representations exploit the conditional independence, i.e. the fact that

some variables are probabilistically independent of each other when the values of

other variables are held fixed. In this case, the conditional probabilities T (s′, a, s)

and O(z, a, s′) can be expressed using the well-known dynamic Bayesian networks

(DBNs) (Dean and Kanazawa, 1989) and their conditional probability tables (CPT)

(Poupart, 2005). Actually, they can even be further compressed by using Algebraic

Decision Diagrams (ADDs).

An ADD is a tree that stores in its leaves the values of a function defined over some

variables. Moreover, its branches are allowed to merge together. Thus, a function

defined over a set of variables can be represented compactly by aggregating together

values that are identical. Figure 4.1 shows an example of a same function represented

by a table and an ADD. It can be seen how the decision tree can encode with only 3

leaves the 8 values of the table.

In (Poupart, 2005), an extension of Perseus is presented. The aim is to overcome

the explained curse of dimensionality in the performance of Perseus by combining a
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point-based method with ADDs, and thus, be able to solve efficiently larger POMDPs.

The resulting approach is called Symbolic Perseus, since it is a version of Perseus

where matrix operations are carried out symbolically. Hoey et al. (1999) describe

how to implement efficiently classic value iteration with ADDs. That integration can

be applied to Perseus directly. The idea is simply to represent α-vectors and beliefs

by ADDs and perform all the matrix operations and backups symbolically. Reward

functions and CPTs for the transition and observation models are also represented

by ADDs. Since ADDs aggregate together the entries of vectors that are identical,

matrix operations can be done efficiently by performing the arithmetic operations

applied to identical entries only once.

Some further steps are taken in Symbolic Perseus in order to optimize the process.

Depending on the problem, it may be the case where the generated beliefs and α-

vectors have not got many identical but similar values. In these cases, the compact

representation introduced by the ADDs is no longer helpful, leading to large trees.

Therefore, in Symbolic Perseus non-equal branches of the ADDs are aggregated as

long as the absolute difference between the values of their leaves is below a certain

threshold (St-Aubin et al., 2001). Besides, the number of α-vectors for each value

function is bounded, so the backup process within a value iteration is stopped when

this limit is reached. The last approximation consists of factorizing the belief states

as the product of their independent marginal probabilities.

Symbolic Perseus (see Algorithm 4) is quite similar to the original Perseus, but

ADDs and factored representations are introduced as data structures. Nonetheless,

there are a couple of variations with regard to the version in Algorithm 3 that should

be noticed. First, the value function in Symbolic Perseus is not always increasing

for all b ∈ B. For a sampled b, the backed-up vector α∗ is calculated (line 11), and

this vector is added to the new value function Vn if it improves at least one of the

values for the current Vn (lines 12 to 14). Thus, it may occur that α∗ is added anyway

without improving the particular point b, i.e. Vn(b) < Vn−1(b). Furthermore, now the

value function can converge to a near-optimal solution oscillating up and down, so

the initial value function is no longer required to be a lower bound. Here, the initial

value function is set to the immediate reward obtained for every action instead of the
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Algorithm 4 Symbolic Perseus(S,A, Z, T, O,R, h, γ)

1: Sample set of reachable beliefs B
2: Initialize Γ0 = {Ra |a ∈ A}
3: n = 0
4: repeat
5: n = n+ 1
6: Γn = ∅
7: B̃ = B
8: while B̃ 6= ∅ and |Γn| < MAXSIZE do
9: Sample b ∈ B̃
10: B̃ = B̃ r {b}
11: α∗ = backup(b)
12: if Γn = ∅ or maxb∈B(b · α∗ − Vn(b)) > 0 then
13: Γn = Γn ∪ {α∗}
14: end if
15: B̃ = {b ∈ B̃ : Vn(b) < Vn−1(b)}
16: end while
17: until convergence
18: return Γn

minimum possible reward (line 2). Finally, note that each value iteration is stopped

when the size of Γn reaches its maximum allowed value (MAXSIZE) (line 8).

4.2.4 Sarsop

Sarsop, which stands for Successive Approximations of the Reachable Space under

Optimal Policies, is another point-based algorithm that exploits the notion of opti-

mally reachable belief spaces to improve computational efficiency. For further details

(Kurniawati et al., 2008) can be consulted.

Many point-based algorithms sample B, a subset of belief points reachable from

a given initial point b0 ∈ B, and keep it fixed during the execution of the algorithm.

That is the case of Perseus, for instance. However, Sarsop attempts to sample a subset

of belief points reachable from b0 under optimal sequences of actions B∗, which would

be smaller than an arbitrary B. Since the optimal sequences of actions constitute



4.2 POMDP solvers 93

Algorithm 5 Sarsop(S,A, Z, T, O,R, h, γ)

Initialize Γ0, representing the lower bound V . Initialize the upper bound V .
Insert the initial belief point b0 as the root of the tree TR
n = 0
repeat
sample(TR,Γn)
Choose a subset of nodes from TR. For each chosen node b, backup(TR,Γn,b)
prune(TR,Γn)
n = n + 1

until Gap between V and V is small enough or time limit is reached.
return Γn

exactly the POMDP solution, which is unknown in advance, this optimal subset

must be approximated.

The key idea in Sarsop is to compute successive approximations of B∗ converging

iteratively. A heuristic exploration is performed to sample the belief space by means

of an online learning technique. Besides, a bounding technique to avoid sampling in

regions that are unlikely to be optimal is used. This sampling method leads to a

substantial gain in computational efficiency.

Sarsop can be summarized in Algorithm 5 and is mainly based on three functions,

sample, backup and prune. The set of sampled beliefs is stored in a tree TR, where

each node represents a sampled point and the root is b0. Moreover, in order to focus

the sampling on B∗, Sarsop maintains both a lower bound V and an upper bound V

on the optimal value function V ∗. The set of α-vectors Γ can represent a lower bound

with a correct initialization (e.g. using a fixed-action policy). The upper bound is

obtained by means of a sawtooth approximation (Hauskrecht, 2000) and it can be

initialized by using the MDP or the Fast Informed Bound technique.

The sample function is in charge of sample new beliefs at each iteration and

include them into the tree. In order to sample a new point b′, a node b is picked up

from TR and an action and an observation are chosen according to suitable probability

distributions or heuristics. Then, b′ can be computed with (4.3) and inserted into TR

as a child of b. Thus, all the sampled beliefs are reachable from b0. Moreover, Sarsop

uses the upper and the lower bounds to bias sampling toward B∗.
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Next, the backup function performs the standard vector backup operation (4.17)

at selected nodes from TR. Even though new sampled points and α-vectors are gen-

erated with every sample and backup operations, not all of them are useful for con-

structing an optimal policy and are pruned to improve computational efficiency with

the function prune.

Therefore, Sarsop is an any-time algorithm that returns the best policy found

within a pre-specified amount of time. It gradually reduces the gap (average distance)

between the upper and lower bounds on the value function at b0, until it reaches either

a pre-specified gap size or the time limit.

4.3 Literature about POMDPs

In this Section, previous works about POMDP techniques are reviewed. Different

approaches to solve POMDPs and a wide variety of applications are cited. A basic

presentation of the POMDPs for active perception is included in (Spaan, 2008). How-

ever, for a complete theoretical description the reader is directed to (Thrun et al.,

2005; Kaelbling et al., 1998). In particular, the exact algorithm to solve the discrete

POMDPs is shown in (Thrun et al., 2005), but it proves not to be efficient and several

approximate methods are proposed instead.

4.3.1 Exact POMDPs

A POMDP for a specified finite horizon h can be solved optimally by using the

value iteration algorithm described in (Sondik, 1971). This algorithm uses dynamic

programming to compute increasingly more accurate values for each belief state.

Smallwood and Sondik (1973) also show that the optimal value function for a finite-

horizon POMDP can be represented by hyperplanes, and is therefore convex and

piecewise linear (PWLC). This PWLC feature of the value function is exploited by

most of the exact algorithms in the POMDP literature (Monahan, 1982; Littman,

1996; Cassandra et al., 1997; Zhang and Zhang, 2001).
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The main challenge for these approaches is to cope with the number of α-vectors

needed to represent the value function, which grows exponentially at each iteration.

Besides, since the technique typically requires solving multiple linear programs to

find candidate belief points where the value function is sub-optimal, the computation

cost can be high. Furthermore, to guarantee that an exact solution is found, relevant

beliefs must be generated systematically, meaning that all reachable beliefs must be

considered. Therefore, these kinds of solvers can only be scaled for a reduced set of

states/actions/observations.

Most of the work on exact approaches focuses on finding efficient manners to

prune the set of α-vectors, as well as to effectively reduce computation. For instance,

in (Zhang and Zhang, 2001), point-based updates are interleaved with standard dy-

namic programming updates to further accelerate value iteration. This approach is

guaranteed to converge to the optimal solution.

4.3.2 Offline approximate POMDPs

Exact POMDP solvers are, in general, expensive algorithms which require offline

computation. A POMDP is usually divided into two steps: first the optimal policy

is calculated offline beforehand; and then, the best action is chosen and performed

online at each iteration. Solving POMDP models offline can be implemented by

computing a value function over the belief space, which defines a policy. Executing

such a policy online is computationally cheap, but computing the value function can

be very expensive.

Even though the first phase is performed offline and once, its computational cost

may be exponentially high with the number of possible states. Due to such a high

complexity, exact solvers are not feasible for large POMDPs and many researchers

have worked on developing approximate offline approaches that can be applied to

larger problems.

A first approach is to approximate the value function of the POMDP by the

value function of its underlying MDP. This approach provides an upper bound on the
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original value function. See for instance the well-known QMDP method in (Littman

et al., 1995; Hauskrecht, 2000).

A second method is to approximate the value function in a grid-based manner,

which means to build the value function from a finite set of belief points distributed

in a grid and their corresponding values. These methods (Lovejoy, 1991; Bonet, 2002)

create a fixed-resolution regular grid over the entire belief space, so that the value

interpolations can be calculated quickly by considering only neighboring points of

the grid. Zhou and Hansen (2001) also propose a grid with variable resolution by

subsampling the regular grid proposed in (Lovejoy, 1991). Thus, some parts of the

grid can be more densely sampled than others.

Although the grid-based approaches ignore the convexity of the value function,

point-based methods (Pineau et al., 2003; Spaan and Vlassis, 2005; Smith and Sim-

mons, 2004, 2005; Hauskrecht, 2000) take advantage of it and maintain a finite set of

α-vectors to describe this value function. These are the most popular POMDP solvers

and they approximate the value function by updating it only for some selected be-

lief points. The set of belief points used can be obtained by simulating the POMDP

model in different ways (Pineau et al., 2006). Then, the value function is just updated

over those sampled beliefs, coping with the complexity of the exact solvers.

Pineau et al. (2003) propose a point-based value iteration (PBVI) algorithm that

performs point-based backups only for beliefs that are reachable. The algorithm

alternates between point-based backups and forward search to generate new reachable

belief points. This technique tends to perform very well in practice, since for many

POMDPs, the optimal value function of the reachable belief region can often be

approximated well by a small set of α-vectors. Spaan and Vlassis (2005) propose a

randomized version of PBVI called Perseus (see Section 4.2.2) that performs partial

point-based backups by stopping early the generation of supporting vectors once

the values of all the points have improved. Smith and Simmons (2004, 2005) also

combine heuristic search with point-based value iteration to obtain a new algorithm

called HSVI that simultaneously computes lower bounds (by point-based backups)

and upper bounds (by heuristic search) on the optimal value function. Another point-

based algorithm that maintains lower and upper bounds is Sarsop (Kurniawati et al.,



4.3 Literature about POMDPs 97

2008), which stands for Successive Approximations of the Reachable Space under

Optimal Policies. Here, the key idea is to work with a belief tree that is expanded

at each iteration with the more optimal policy calculated up to the moment. Thus,

only more likely belief points are considered in the belief region, which is updated

continuously. The algorithm was described in Section 4.2.4. Poupart (2005) presents

an extension of Perseus. It is called Symbolic Perseus and uses Algebraic Decision

Diagrams (ADDs) (Hoey et al., 1999) in order to optimize the operations in the

original Perseus for factored POMDPs (see Section 4.2.3).

The above algorithms are all based on value iteration since they calculate iter-

atively an optimal value function by applying the Bellman Equation. Nevertheless,

there exist a different kind of approaches based on policy iteration (Sondik, 1971,

1978; Hansen, 1997, 1998; Meuleau et al., 1999a,b). These methods search for the

optimal solution directly within the space of policies.

Hansen´s classic policy iteration (Hansen, 1997, 1998) uses finite state controllers

to represent policies. It incrementally improves the controller by alternating between

two steps, policy improvement and policy evaluation, until converging to an optimal

policy. Besides, the execution of policies represented by finite state controllers can be

done in real time since there is no need for belief state monitoring. Ji et al. (2007)

describe a point-based policy iteration (PBPI) algorithm for infinite-horizon POMDPs

which replaces the exact policy improvement step of Hansen´s policy iteration with

point-based value iteration (PBVI). Meuleau et al. (1999a) and Aberdeen and Baxter

(2002) also propose gradient descent algorithms to find the best stochastic finite state

controllers of a given size. In (Ng and Jordan, 2000), they search for tailored policies

within a restricted class of compactly representable policies. When interested only in

a policy for a given initial belief state, tailoring the policy to the belief region reachable

from that initial belief state can be an effective way of reducing the complexity of

policy representations. Thus, if the reachable belief region is a small subset of the

entire belief space, tailored policies can be much simpler to find and represent than

full policies. Poupart (2005) presents the Bounded Policy Iteration algorithm, which

also optimize the original policy iteration (Hansen, 1997, 1998).
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4.3.3 Online POMDPs

Online approaches (Ross et al., 2008) attempt to avoid the complexity of computing

a complete policy by planning online only for the current information state, i.e. the

most updated information the system has available at each moment. Whereas an

offline approach would compute an exponentially large plan considering all possible

situations, an online search only considers the current situation and a small horizon

for the plans. Moreover, online approaches are suitable for many applications in

which offline methods fail, since they allow real-time variations in the environment

and the models. However, online methods also need to meet real-time constraints for

computation, which is their major drawback.

Recent developments in online POMDP algorithms suggest that combining ap-

proximate offline and online approaches may be the most efficient way to tackle large

POMDPs. In this case, a rough policy can be computed offline by means of any value

iteration algorithm or equivalent, and then be used as a heuristic function to guide

an online search algorithm. Thus, real-time constraints can be held without losing

so much precision. Furthermore, the resulting time of running the offline and online

parts of the algorithm could be reduced dramatically due to the combination of both.

An online algorithm is divided into a planning phase, and an execution phase,

which are applied alternately at each time step. In the planning phase, based on the

current belief state, the algorithm computes a tree with all the reachable belief states

for a given horizon by considering the different available actions and observations.

Then, an estimation of the value function at each belief from the tree can be made by

means of an approximate value function computed offline (sometimes the algorithm

maintains two value functions, an upper bound and an lower bound).

Once the planning phase terminates, the execution phase executes the best action

found for the current belief in the environment, and updates the current belief and

tree according to the observation obtained.

In (Paquet et al., 2005, 2006) those nodes from the tree that are known to be

sub-optimal are pruned in order to prevent the expansion of unnecessary lower nodes

and improve the efficiency of the search. Chang et al. (2004) propose expanding the

tree by sampling a subset of observations at each expansion and only considering the
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beliefs reached by these sampled observations. The algorithm uses a set of initial

policies that may be calculated offline.

Ross and Chaib-draa (2007) try to focus the search on the most relevant reachable

beliefs. The most relevant reachable beliefs are selected by means of heuristics so that

the search is optimized, i.e. as few nodes as possible are expanded.

Another online approach, called SOVI (Shani et al., 2005), extends HSVI (Smith

and Simmons, 2004, 2005) to an online value iteration algorithm without using any

tree. This approach maintains a priority queue of the belief states encountered during

the execution and performs α-vector updates for the current belief state and the belief

states with highest priority at each time step. The priority of a belief state is computed

according to how much the value function changed at successor belief states since the

last time it was updated.

4.3.4 Hierarchical POMDPs

In many applications, the large number of states required to represent the environ-

ment makes the POMDP intractable or really hard to solve. Despite this, certain

environments may be represented with different levels of resolution, depending on

the application. For instance, when considering robot navigation indoors, each state

can model a region of fixed size and the robot can take actions such as ”turn-left”,

”turn-right” or ”go-forward”. Unfortunately, thousands of states could be necessary

to model a real environment with a reasonable level of accuracy. However, for this

example, a multi-resolution approach would fit perfectly. In such a case, there would

be a mapping from abstract states (e.g whole corridors) to macro-actions (e.g, ”go

down the corridor”) at an abstract level, whereas local plans (”exit a corridor” or

”reach a goal location” within the corridor) would be produced at lower resolutions.

This is the main idea lying behind the Hierarchical POMDPs (Theocharous et al.,

2001; Theocharous and Mahadevan, 2002; Theocharous et al., 2004). These Hierar-

chical POMDPs derive from the Hierarchical Hidden Markov Models (HHMM) (Fine

et al., 1998) by adding primitive and abstract actions and reward functions. With

this HHMM approach, there is a hierarchy of homogeneous representations of the
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environment in which each layer of the hierarchy maintains a probabilistic model of

the environment defined at a certain resolution. The tree structure of HHMM mod-

els also provides a natural approach for rapid model learning by reusing previously

learned sub-models.

Theocharous et al. (2001) and Theocharous and Mahadevan (2002) generalize the

HHMM to formulate the Hierarchical POMDPs and apply them to robot navigation

in indoor environments. Theocharous et al. (2004) extend the previous works to

represent the Hierarchical POMDPs by means of dynamic Bayesian Networks (DBNs).

Pineau et al. (2001) propose to decompose the space of actions into a hierarchy of

actions instead of a state-based decomposition. Toussaint et al. (2008) combine the

Hierarchical POMDPs with a maximum-likelihood estimation technique for policy

optimization. Foka and Trahanias (2007) compare some of the previous approaches

to a novel Hierarchical POMDP technique aimed at navigating with an autonomous

robot in real time.

The main problem of these approaches is that the hierarchical models must be

created manually and there is not a method to compute them automatically yet. Due

to this, it is more difficult to determine which are the abstract states, and that makes

these approaches useful only for structured environments. Besides, further research

is still needed to apply hierarchical models to other applications. In the literature,

hierarchical POMDPs have been used to solve problems with thousands of states

for single-robot navigation. However, many of the computation is done online, so

adapting these approaches to multi-robot settings, where the number of states grows

exponentially, is not straightforward.

4.3.5 MOMDPs

Some authors try to cope with the high dimensionality of the belief space by exploiting

the idea that many robotic systems often have mixed observability, i.e. although the

robot’s state is not fully observable, some components may be. Thus, a factored

model can be built to separate the fully and partially observable components of the

state, leading to a lower-dimensional representation of the belief space.
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This method is named Mixed Observability Markov Decision Processes (MOMDPs)

and is proposed in (Ong et al., 2009) to perform some robotic tasks with large be-

lief spaces. In order to overcome the computation problems derived from such large

belief spaces, some components of the state are assumed to be fully observable (this

is reasonable when there are available sensors which are accurate enough). Then,

this new representation is used in conjunction with a point-based algorithm to com-

pute approximate POMDP solutions. A related idea is applied to medical therapy

planning (Hauskrecht and Fraser, 1998) for the diagnosis of ischemic heart diseases.

Hsiao et al. (2009) also use an MOMDP for grasping objects robustly with a robot.

They assume that the robot’s position is approximately observable based on propri-

oception, and they do not include it in the uncertain part of the state. Therefore, a

POMDP with fully and partially observable components is solved.

MOMDPs are used in some of the approaches proposed throughout this Thesis

and will be further analyzed in Chapter 5.

4.3.6 Continuous POMDPs

Given the numerous optimization techniques for discrete models, a common approach

for continuous models consists of discretizing or approximating the continuous com-

ponents with a grid (Roy et al., 2005). This usually entails to trade off complexity

for accuracy by varying the coarseness of the discretization. More precisely, as a

discretization is refined, computational complexity increases.

In (Hoey and Poupart, 2005) a further step is taken by extending point-based value

iteration to continuous observation spaces, using the fact that observations are useful

only to the extent that they lead to different courses of action. The observation

space can therefore be partitioned by calculating the thresholds at which different

observations require different actions.

In the case of complete continuous POMDPs, a highly detailed work is done in

(Porta et al., 2006). The algorithm Perseus (Spaan and Vlassis, 2005) is extended

for solving continuous state POMDPs with discrete sets of actions and observations.

The value function to optimize is proved to be PWLC over the belief space when
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the beliefs are represented by means of particles or Gaussian Mixtures. Furthermore,

reward, observation and transition models are also represented by linear combinations

of Gaussians. At the end, the problem of continuous observations and actions is also

tackled by introducing sampling methods that approximate the whole sets of actions

or observations, respectively.

The work by Porta et al. (2006) is a generalization of (Duff, 2002), where a special

case of continuous POMDPs in the context of model-based Bayesian reinforcement

learning is considered, in which beliefs are maintained over the space of unknown

parameters of the transition model of a discrete-state MDP. As those parameters are

probabilities, the corresponding POMDP is defined over a continuous domain. Duff

(2002) demonstrates that, for this special case, the optimal value function of the

POMDP is parametrized by a set of functions, and for finite horizon it is piecewise-

linear and convex (PWLC) over the belief space of multinomial distributions.

On the contrary, in (Brooks et al., 2006) probability distributions over the state

space (beliefs) are represented in parametric form using low-dimensional vectors of

sufficient statistics. The belief space, over which the value function has to be es-

timated, has dimensionality equal to the number of sufficient statistics. This work

provides a dimensionality reduction and an efficient closed-form solution for belief

updates. However, the value function is no longer PWLC, so a fitted value iteration

algorithm is required.

4.3.7 POMDP applications

Over the years, there have been numerous examples demonstrating how POMDPs

can be used for robot localization and navigation (Theocharous and Mahadevan,

2002; Theocharous et al., 2004; Roy et al., 2005). In particular, Foka and Trahanias

(2007) propose a hierarchical model to perform robot navigation, localization and

obstacle avoidance in an integrated manner. Results solving a POMDP in real time

as well a as comparison to other hierarchical approaches are shown. The limitations

of the hierarchical models have been stated above: they only suit highly structured

environments. In (Foka and Trahanias, 2007), even though the complexity of the
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models is alleviated by means of hierarchical models and the number of states is

increased with respect to previous approaches, they assume that the observation and

transition models are not dependent on the environment, which makes the approach

unfeasible for active perception. Besides, the extension of the method to multi-robot

settings is stated as future work.

There have also been applications for active sensing, which is highly related to the

problem tackled in this Thesis. For instance, Darrell and Pentland (1996) propose a

visual gesture recognition system, in which a POMDP controller steers the focus of

the camera toward regions in the image which are most likely to improve recognition

performance. Guo (2003) describes a POMDP framework for active sensing in which

the actions are using a particular sensor (with an associated cost) or, when enough

information has been gathered, outputting a particular classification label. Ji and

Carin (2007) consider a similar setting, but they couple it with the training of HMM

classifiers. In a multi-agent setting, Nair et al. (2005) and Varakantham et al. (2007)

consider a distributed sensor network in which each sensor has to choose its gaze

direction, in order to track targets. They can cope with teams of more than two

agents, but the number of states remains quite reduced.

In a more recent work (Hoey et al., 2010), a very large POMDP is solved in order

to develop a real-world system designed to assist elderly persons with cognitive defi-

ciencies to carry out simple daily tasks, such as hand-washing. This is a remarkable

approach for models that have an implicit structure, since POMDPs can be factor-

ized. However, for a general application, it is not always straightforward to find these

kinds of factorized models.

4.3.8 Multi-agent models

All the previous work in this Chapter was focused on single-agent systems, i.e. systems

in which there is a sole agent that can take actions and gather information from the

environment. That agent is the one in charge of estimating the state. However, this

Thesis focuses on multi-robot systems, in which there are different agents that can

perform cooperative actions, and take observations from the environment through
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Figure 4.2: Classification of multi-agent POMDP approaches according to interde-
pendence and level of communication between the agents. “Coordinated POMDPs”
refers to the approach proposed in Chapter 5, and “Auctioned POMDPs” to the
approach proposed in Chapter 6.

their sensors. The state is estimated by the whole set of robots, so all their actions

and observations may affect a model of the system. The main problem of this multi-

agent systems is that, unlike the single-agent systems, the dimensions of the action

and observation spaces increase exponentially with the number of robots. Therefore,

the complexity of solving POMDPs that consider all the mentioned variables is not

always straightforward.

In the literature, there exists a wide variety of decision-theoretic models that ex-

tend POMDPs to deal with multi-agent systems (Seuken and Zilberstein, 2008), such

as Multi-agent POMDPs (Pynadath and Tambe, 2002) and Decentralized POMDPs

(Bernstein et al., 2002), which can be compared in terms of agent interdependence

and communication assumptions. The level of interdependence between agents is

determined by: (i) the amount of information that an agent needs to know about

other agents; and (ii) how coupled the final policies are. Thus, a system is highly

interdependent if a change in one of the agents’ model requires re-computing the
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policies for all the other agents. Many models from the literature are highly inter-

dependent, for instance Multi-agent POMDPs (MPOMDP), Decentralized-POMDPs

(Dec-POMDPs), Network Distributed POMDPs (ND-POMDPs) (Nair et al., 2005),

and Iterative-POMDPs (I-POMDPs) (Gmytrasiewicz and Doshi, 2005).

Figure 4.2 presents a possible classification of existing multi-agent models with

respect to their interdependence and the grade of communication that is assumed for

the agents. The simplest approach is to map the global task as well as possible into

a set of individual tasks, and model these as independent POMDPs (see Figure 4.2,

bottom left). Thus, each agent can solve its own POMDP and execute its own policy

without any communication. In this case, the interdependence between agents is very

low, but since each agent ignores the others, there is no cooperation or even coor-

dination either. Many interesting multi-agent planning problems cannot be tackled

adequately with such a loosely coupled approach.

On the other hand, MPOMDPs and Dec-POMDPs solve a single decision-theoretic

model for the whole team reasoning about all the actions and observations of each

agent (see Figure 4.2, right column). The MPOMDP model assumes perfect com-

munication and each agent has access to joint actions and observations at every

moment, whereas the Dec-POMDP model assumes no communication at all. Such

models achieve a tight cooperation, but they present a high interdependence, since

any small change in one of the agents entails a recalculation of the policies for the

whole team. Furthermore, if due to imperfect communication agents do not have

access to other agents’ observations, the behavior of the MPOMDP model is not de-

fined. The Dec-POMDP model, on the other hand, does not exploit communication

at all, which in many scenarios could be beneficial to improve team performance.

Due to the fact that no communication is assumed, Dec-POMDPs become com-

plex models hard to solve (NEXT-complete problem). In this sense, most of the

current algorithms for planning in Dec-POMDPs are based on some version of policy

search (Szer et al., 2005; Varakantham et al., 2007; Bernstein et al., 2005). Nonethe-

less, some applications have been developed with Dec-POMDPs for simple domains.

For instance, in (Emery-Montemerlo et al., 2005) the viability of approximate Dec-

POMDP techniques for controlling a small group of robots is demonstrated, whereas
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in (Becker et al., 2004) an application about multi-robot space exploration is ad-

dressed.

Other works are concerned about whether similar value functions than the ones in

the single-agent case (Porta et al., 2006) can be defined for Dec-POMDP models, and

how policies can be extracted from such value functions. In (Oliehoek et al., 2008),

two different forms for the optimal value function in Dec-POMDPs are defined: one

that gives a normative description as the value function of an optimal pure joint policy

and another one that is sequentially rational and thus gives a recipe for computation.

This computation, however, is unfeasible for all but the smallest problems, so various

approximate value functions that enable an efficient computation are analyzed.

Game theory can also be applied to the multi-agent decentralized problem. In

(Emery-Montemerlo et al., 2004) a Partially Observable Stochastic Game (POSG)

with common pay-offs is proposed instead of Dec-POMDPs. Due to its intractability,

the Partially Observable Stochastic Game is approximated by a set of Bayesian games.

In between MPOMDPs and Dec-POMDPs there are several models in which some

communication is assumed (Nair et al., 2004; Roth et al., 2005; Spaan et al., 2008).

These models try to exploit the fact that agents actually share information, but just

partially and at certain instants. Furthermore, most of them assume that communi-

cation arrives instantly.

4.3.9 Literature classification

Throughout this Section, several criteria have been used in order to classify the

wide range of different POMDP approaches. Even though multiple classifications are

possible, the most common areas in the existing literature have been addressed. Thus,

exact POMDP solvers as well as approximate approaches have been cited. Then,

within the approximate methods, offline and online techniques were differentiated.

Finally, works on continuous POMDPs, hierarchical POMDPs, MOMDPs and multi-

agent models have also been presented. All these previous works are classified in

Table 4.1 by grouping them according to the explained categories.
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4.4 Conclusions

This Chapter presented POMDP models for systems based on a single agent or mul-

tiple agents. It also discussed how these models can be used for active perception.

An extensive review of the literature was provided, including different multi-agent

models and active perception applications.

The main goal of this Thesis is to perform active perception with a team of multiple

robots; the multi-robot model described in Section 4.1.4 suits such purpose. However,

as it was highlighted throughout the Chapter, this model cannot scale in line with

the number of robots, since its complexity grows exponentially as more agents are

included. In addition, the dimension of the state space itself introduces a second

source of complexity and, as the environment size grows, the model may become

intractable. Hence, these two features make the model feasible only for domains with

a few states and agents.

Similar problems were noted in Section 4.3.8 for other multi-agent systems. There-

fore, in Section 4.1.4 the Thesis proposes approximations of the initial model in order

to apply the methods to larger domains in robotic applications. In general, the ob-

jective is to exploit the power of decision-theoretic multi-agent methods, but keeping

in mind the possibilities and constraints posed by multi-robot systems. Of particu-

lar relevance in this context is the fact that communication between robots is often

possible, but the quality of the communication channel can vary. This precludes

centralized solutions as well as methods requiring communication guarantees.

A first approximation is to consider mixed observability in the system. That

notion was introduced in Section 4.3.5 and leads to a severe reduction in the com-

plexity of the models for certain applications. Chapter 5 will detail how to alleviate

high-dimensional domains under the assumption of mixed observability and how this

approximation suits the robotic applications considered in this Thesis.

Another approximation is to separate the initial MPOMDP model into several

decoupled models which are less complex, but can be used together to emulate the

optimal behavior derived from the original model. In this direction, two different

approaches will be presented in Chapters 5 and 6. Recalling the classification of
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multi-agent models in Section 4.3.8, the method proposed in Chapter 5 appears in

Figure 4.2 as “coordinated POMDPs”, since it builds on the “independent POMDPs”

but adding some additional exchange of information. Besides, the term “auctioned

POMDPs” refers to the approach described in Chapter 6, which adds a properly

cooperative layer to the system by auctioning POMDP policies.
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Approach References

Exact POMDPs (Sondik, 1971; Smallwood and Sondik,
1973; Monahan, 1982; Littman, 1996;
Cassandra et al., 1997; Zhang and
Zhang, 2001; Guo, 2003)

Offline approximations

MDP (Littman et al., 1995; Hauskrecht,
2000)

Grid-based (Lovejoy, 1991; Bonet, 2002; Zhou and
Hansen, 2001)

Point-based value itera-
tion

(Pineau et al., 2003; Spaan and Vlas-
sis, 2005; Kurniawati et al., 2008; Smith
and Simmons, 2004, 2005; Hauskrecht,
2000; Pineau et al., 2006; Poupart,
2005; Hoey et al., 2010; Ji and Carin,
2007)

Policy iteration (Sondik, 1971, 1978; Hansen, 1997,
1998; Meuleau et al., 1999a,b; Ji et al.,
2007; Aberdeen and Baxter, 2002;
Poupart, 2005; Ng and Jordan, 2000)

Online approximations (Ross et al., 2008; Paquet et al., 2005,
2006; Chang et al., 2004; Ross and
Chaib-draa, 2007; Shani et al., 2005;
Darrell and Pentland, 1996)

Hierarchical POMDPs (Theocharous et al., 2001; Theocharous
and Mahadevan, 2002; Theocharous
et al., 2004; Pineau et al., 2001; Tou-
ssaint et al., 2008; Foka and Trahanias,
2007)

MOMDPs (Ong et al., 2009; Hauskrecht and
Fraser, 1998; Hsiao et al., 2009)

Continuous POMDPs (Roy et al., 2005; Hoey and Poupart,
2005; Porta et al., 2006; Duff, 2002;
Brooks et al., 2006)

Multi-agent models

MPOMDPs (Seuken and Zilberstein, 2008; Pyna-
dath and Tambe, 2002)

Dec-POMDPs (Bernstein et al., 2002; Emery-
Montemerlo et al., 2005; Becker et al.,
2004; Szer et al., 2005; Varakantham
et al., 2007; Bernstein et al., 2005;
Oliehoek et al., 2008)

Dec-POMDPs with
communications

(Nair et al., 2005; Gmytrasiewicz and
Doshi, 2005; Nair et al., 2004; Roth
et al., 2005; Spaan et al., 2008)

POSGs (Emery-Montemerlo et al., 2004)

Table 4.1: Classification for previous works on POMDPs.
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Chapter 5

Multi-robot coordinated decision

making under mixed observability

This Chapter proposes a coordinated approach for multi-robot teams in order to deal

with decision-making under uncertainty. In particular, the decentralized data fusion

scheme developed in Chapter 2 is combined with a POMDP-based framework in order

to add decision capabilities to the system. As it was seen in Chapter 4, the complexity

of POMDPs may increase remarkably when the system considers multiple agents or

large state spaces, turning them unfeasible for some real domains. This Chapter

attempts to produce a scalable approach by tackling both sources of complexity: the

large domains in real applications and the inclusion of multiple robots.

Firstly, the concept of mixed observability and its implications are introduced for

POMDPs in order to alleviate large domain spaces,. Mixed observability may lead to

simpler representations of the problem by assuming that some of the components in

the state are fully observable, and solve the POMDP only on the partially observable

part. Moreover, some of the main policy solvers in Chapter 4 are revised in order to

incorporate this new concept. It will also be shown that this assumption is reasonable

within a wide range of robotic applications.

Later, the non-scalability of multi-robot POMDPs is addressed by using a decen-

tralized approach in which robots have no knowledge about others’ actions. In this

situation, an implicit coordination will be derived from sharing the beliefs among the

111
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robots through decentralized data fusion. This coordinated approach is applied to a

tracking application with multiple robots.

5.1 Introduction

Techniques for planning under uncertainty are being applied more and more to

robotics (Vlassis et al., 2006; Prentice and Roy, 2009). As it was shown in pre-

vious Chapters, POMDPs offer a robust mathematical framework but do not have

scalability. This is because the optimal plan has to be searched on the belief space,

which can be very large. This drawback is even more evident in multi-robot teams,

as the space of actions and observations increases exponentially with the number of

robots.

In Chapter 4, several approaches aimed at alleviating such sources of complexity

were introduced. In particular, approximate point-based methods to obtain POMDP

policies were presented (see Section 4.2). In Section 4.3.5, it was also highlighted

how other authors (Ong et al., 2009) try to cope with the high dimensionality of

the belief space by exploiting the idea that many robotic systems often have mixed

observability, i.e. although the state is not fully observable, some components might

be. Thus, the state can be factorized leading to a lower-dimensional representation

of the belief space.

Although these techniques can cope with larger belief spaces, it was shown that

scalability in line with the number of robots in a team (computing a global plan)

is still lacking. Most existing multi-robot models (see Section 4.3.8) either do not

exploit communication among the members of the team (Dec-POMDPs) or increase

exponentially their complexity with the number of robots (MPOMDPs).

Therefore, even though the MPOMDP model for multi-robot systems was pro-

posed to solve the problem of active perception in Chapter 4, it may become in-

tractable for real applications. This Chapter combines two methods to reduce the

complexity of that original model and obtain a practical solution. First, MOMDPs

are used to consider mixed observable states and reduce the dimension of the belief
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space. Although the approach is tested for cooperative tracking, it will be shown how

these models can fit for a wider range of robotic applications.

A further idea exploited in this Chapter is that communication and data fusion

between the robots can induce a common Markovian belief to coordinate the robots

plans, alleviating the second source of complexity mentioned above and scaling the

model with the number of robots. Hence, instead of solving the complete MPOMDP

for the joint belief (including information about the actions and observations from

all the robots), this model is separated into a local POMDP for each robot that is

solved with its local belief (which takes into account local observations only). How-

ever, the policies obtained from these local POMDPs are executed over a joint belief

that considers information from all the team members. This joint belief is calculated

through a Decentralized Data Fusion (DDF) algorithm, which induces a common be-

lief among the robots and coordinates the plan execution. Even though this approach

does not guarantee a global optimal policy (since actions from the whole team are

not considered when planning for each robot), it produces an implicit coordination

between the robots and, more importantly, it turns an intractable planning problem

into a solution that can be scaled depending on the number of robots.

The idea is similar to the one proposed in (Grocholsky et al., 2003; Mathews

et al., 2008), where a distinction between cooperative and coordinated information-

theoretic approaches is made, proposing the latter to control fleets of robots. In a

coordinated approach, the members of the team have no knowledge about the others’

models or control actions, but they exchange some information that may influence

implicitly other members’ subsequent decisions. Therefore, a coordinated behavior

can be obtained by sharing fused perception information or the impact of others’

control actions over a certain objective function and acting locally. However, this

approach and others such as the ones in (Wong et al., 2005; Bourgault et al., 2004), use

greedy control algorithms in order to determine the most suitable coming action but

do not reason about long-term goals, unlike the approach proposed in this Chapter.
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5.2 Mixed observability Markov decision processes

In a POMDP, even for a finite set of |S| states, the policy π is defined over an

(|S| − 1)-dimensional continuous belief space. Hence, high-dimensional belief spaces

are a remarkable source of complexity when solving POMDPs. The idea of considering

mixed observability is to model these kinds of systems with a factored POMDP where

the fully and not fully observable parts are separated. This model is called a Mixed

Observability MDP (MOMDP) and can be combined with a point-based solver to

solve traditional POMDPs (Ong et al., 2009).

Intuition says that extracting the fully observable part, the resulting POMDP

that has to be solved has lower dimensionality. For instance, let imagine a tracking

application where there is a target who has to be tracked by a pursuer robot. The

robot is equipped with on-board sensors aimed at estimating the position of the target

in order to follow it. If the work area is approximated with a grid, this problem can

be modeled by a discrete POMDP, where the state consists of the locations of the

target and the robot. In case the grid were 10 × 10 cells and the robot had 4 different

orientations, there would be 400 possible locations for the pursuer and 100 for the

target, which means a 40,000-dimensional belief space. However, in this example

the actual uncertainty could lie behind the target position, whereas the robot pose

could be determined with enough accuracy by means of the on-board sensors. Hence,

assuming the robot pose known, the belief space becomes a union of 400 disjoint

100-dimensional subspaces.

Therefore, the key in MOMDPs is to gain computational efficiency by solving

a number of lower-dimensional POMDPs instead of the original one. Thus, all the

operations for any solver have to work on lower-dimensional belief spaces, which can

lead to a remarkable improvement in the performance.

5.2.1 MOMDP model

The mathematical model for a MOMDP is quite similar to the original POMDP and

it is introduced by Ong et al. (2009). The MOMDP is represented as a factored

POMDP where the state vector is composed of two different parts. Component x is
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the fully observable part of the original state s, and y is another vector representing

the partially observable part. Thus, the state is specified by s = (x, y), and the state

space is S = X × Y , where X is the set with all the possible values for x and Y all

the possible values for y. For instance, in the previous tracking example, y would be

the unknown position of the target whereas x would be known position of the pursuer

robot.

Formally, a MOMDP is defined by the tuple 〈X, Y,A, Z, Tx, Ty, O, R, h, γ〉. The

components are the same as in the POMDP case, but the transition function T is now

decomposed into Tx and Ty. Tx(x
′, a, x, y) = p(xt = x′|at−1 = a, xt−1 = x, yt−1 = y)

gives the probability that the fully observable state component has value x′ if the robot

takes action a at state (x, y). Ty(y
′, x′, a, x, y) = p(yt = y′|xt = x′, at−1 = a, xt−1 =

x, yt−1 = y) gives the probability that the partially observable state component has

value y′ if the robot takes action a at state (x, y) and the fully observable state

component has value x′.

In a MOMDP, since it can be observed, there is no need to maintain a belief over

x. Therefore, it can be excluded in order to just maintain a belief by(y), which is

a probability distribution over y. Any belief b ∈ B from the complete system state

s = (x, y) is then represented as (x, by), where by ∈ By. Furthermore, for each value

x of the fully observable state component, a belief space By(x) = {(x, by)|by ∈ By}

is associated. Hence, each By(x) is a subspace in B, and B is the union of these

subspaces B =
⋃

x∈X By(x).

Note that while B has |X||Y | dimensions, each By(x) has only |Y | dimensions.

Therefore, the objective of representing a high-dimensional space as a union of lower-

dimensional subspaces is achieved. Moreover, when |Y | is small, a remarkable com-

putational improvement can be reached, since operations to solve the MOMDP are

performed over the subspaces By(x).

Now, since every belief is represented by (x, by), Ong et al. (2009) prove that the

value function can be described as:

V (x, by) = max
α∈Γy(x)

α · by (5.1)
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where for each x, Γy(x) is a set of α-vectors defined over By(x). Therefore, the value

function is now a collection of sets of |Y |-dimensional vectors, and the value of the

observable component x determines which Γy(x) is selected. Then, the vector from

Γy(x) that maximizes the value function is calculated. Since the vectors have |Y |

dimensions instead of |X||Y |, the execution of the policy is also faster for a MOMDP.

5.2.2 Sarsop under mixed observability

Once MOMDPs have been introduced, the question is how to solve them. Fortunately,

with some modifications, the same point-based algorithms for POMDPs are valid now.

Since the value function consists of a set of α-vectors for every x ∈ X , the idea is to

run an independent value iteration for each of them separately. In (Ong et al., 2009),

Sarsop (see Section 4.2.4) is adapted in order to cope with mixed observability.

The two main steps to adapt point-based POMDP solvers to deal with MOMDPs

are the belief update and the backup operation. In a POMDP, the belief update was

determined by Equation (4.3). However, by(y) = b(s) when s = (x, y) in a MOMDP,

so (4.3) can be rewritten as:

bza,y(y
′) = ηp(z|a, x′, y′)

∑

y∈Y

p(x′, y′|a, x, y)by(y) (5.2)

= ηp(z|a, x′, y′)
∑

y∈Y

p(y′|x′, a, x, y)p(x′|a, x, y)by(y) (5.3)

= ηO(z, a, x′, y′)
∑

y∈Y

Ty(y
′, x′, a, x, y)Tx(x

′, a, x, y)by(y) (5.4)

When the belief is updated, the values of the observable states before (x) and after

(x′) taking an action are known. Hence, (5.4) is particularized for specific values of

those variables.

The other major modification in MOMDP solvers is the backup operation. Based

on all the considerations made for MOMDPs, (4.14) can be rewritten as:
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Vn(x, by) =max
a

[ Rx
a · by + γ

∑

z∈Z

p(z|a, x, by)

× max
α∈Γy,n−1(x′)

∑

x′∈X

∑

y′∈Y

bza,y(y
′)α(y′) ]

(5.5)

Note that Rx
a(y) = R(x, y, a). In this case, unlike (5.4), all the possible x′ must

be taken into account. Even though x′ and z are concrete values, they cannot be

known beforehand like x, so all their values must be considered and weighted by their

probabilities. Thus, developing (5.5) as it was done for (4.14), the backup operator

can be transformed into:

backup(by) = argmax
a∈A

by · αa , where (5.6)

αa(y) =Rx
a + γ

∑

z∈Z

∑

x′∈X

∑

y′∈Y

(Tx(x
′, a, x, y)

Ty(y
′, x′, a, x, y)O(z, a, x′, y′)αa,x′,z(y

′))

(5.7)

Finally, note that:

αa,x′,z(y
′) = argmax

α∈Γy,n−1(x′)

α(y′) · bza,y(y
′) (5.8)

Therefore, the original Sarsop algorithm (see Section 4.2.4) can be adapted to

include mixed observability. The new version is summarized in Algorithm 6. Now, a

lower bound V and an upper bound V on the value function (5.5) are initialized and

maintained for each x ∈ X . Besides, the belief tree TR is made up of mixed nodes

(x, by). The sample, backup and prune functions still play the same role as they

played in the original Sarsop. However, the belief update and the backup operator

equations are altered as it was explained above.
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Algorithm 6 MO-Sarsop(X, Y,A, Z, Tx, Ty, O, R, h, γ)

for each x ∈ X do
Initialize Γy,0(x), representing the lower bound V . Initialize the upper bound V .

end for
Insert the initial belief point (x0, by0) as the root of the tree TR
n = 0
repeat
sample(TR,Γn)
Choose a subset of nodes from TR. For each chosen node (x, by),
backup(TR,Γn,(x, by))
prune(TR,Γn)
n = n+ 1

until Gap between V and V is small enough or time limit is reached.
return Γn

5.2.3 Symbolic Perseus under mixed observability

In this Section Symbolic Perseus (see Section 4.2.3) is extended to cope with mixed

observability. The resulting algorithm is named MO-Symbolic Perseus and it provides

the means for a useful comparison with Sarsop for MOMDP users. Moreover, recalling

that Symbolic Perseus exploits the factored representations of POMDPs and the ADD

structures in order to optimize the original Perseus, MO-Symbolic Perseus can be of

great interest in certain domains where the variables are not very coupled.

As stated in the previous Section, there are two basic steps to modify: the backup

operator and the belief update. These variations are the same in Sarsop and MO-

Symbolic Perseus.

Algorithm 7 describes the whole procedure. Some modifications are needed when

initializing (lines 2 and 3). First, a different set of beliefs By(x) over the component

y must be sampled for each value of x. In case y is probabilistically independent of

x, the same set of beliefs over y could be used for every x. All the value functions

Γy(x) are also initialized separately with the same values as in the original Symbolic

Perseus. The rest of the procedure is similar to the original Symbolic Perseus but

being repeated for every x ∈ X . Moreover, all the operations are made with vectors

of |Y | dimensions now, which can simplify some steps.
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Algorithm 7 MO-Symbolic Perseus(X, Y,A, Z, Tx, Ty, O, R, h, γ)

1: for each x ∈ X do
2: Sample set of reachable beliefs By(x)
3: Initialize Γy,0(x) = {Rx

a |a ∈ A}
4: end for
5: n = 0
6: repeat
7: n = n+ 1
8: for each x ∈ X do
9: Γy,n(x) = ∅
10: B̃ = By(x)
11: while B̃ 6= ∅ and |Γy,n(x)| < MAXSIZE do
12: Sample by ∈ B̃
13: B̃ = B̃ r {by}
14: α∗

y = backup(by)
15: if Γy,n(x) = ∅ or maxby∈By(x)(by · α

∗
y − Vn(x, by)) > 0 then

16: Γy,n(x) = Γy,n(x) ∪ {α∗
y}

17: end if
18: B̃ = {by ∈ B̃ : Vn(x, by) < Vn−1(x, by)}
19: end while
20: end for
21: until convergence
22: return Γy,n(x) ∀x

5.3 Coordination through decentralized data fu-

sion

Given a multi-robot planning problem, a possible option is to solve a MPOMDP for

the whole team, considering all the potential joint actions and observations, but this

approach ultimately cannot be scaled in line with the number of robots. Without

losing generality, in some applications the reward function of the MPOMDP could

be decomposed into an addition of N reward functions, one for each of the robots:

R(s, aJ) = R1(s, aJ) + · · · + RN (s, aJ). All these reward functions would be defined

over the joint actions and the joint belief, which is the one that includes information

about the joint observations and actions. Moreover, the MPOMDP could be separated

into N POMDPs, each of them with one of the previous reward functions. These
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POMDPs could be solved and executed separately for each robot considering only

their local beliefs, instead of the joint belief. However, if the robots solve independent

POMDPs, and use only their local information (action and observations), the sub-

optimal policies would be executed over different belief states for each robot. On

the other hand, if communication is allowed among the robots and the joint belief

state can be recovered locally (as it was done in Chapter 2), this would represent a

coordination signal that summarizes all the information gathered by the fleet. That

solution should be sub-optimal regarding the fully cooperative centralized solution

(MPOMDP), but it can represent a trade-off between quality and complexity.

Therefore, for a team of N robots, a decentralized scheme is proposed, where each

robot i solves its own POMDP without considering the others’ actions or observations,

i.e. with its local belief and its local reward. Then, once the policies have been

calculated, they are executed over the joint belief. Thus, the coordination is achieved

during the execution phase by sharing a common belief state bcen(s) that considers

information from all the robots. In particular, if aJ = 〈a1, · · · , aN〉 is the joint action

and zJ = 〈z1, · · · , zN 〉 the joint measurement, a centralized node with access to all

the information would update the belief according to:

bcen(s
′) = ηO(zJ , aJ , s′)

∑

s∈S

T (s′, aJ , s)bcen(s) (5.9)

Chapter 2 of this Thesis tackles the problem of recovering this centralized belief in

a decentralized manner. Assuming that the data gathered by the different robots at

any time instant are conditionally independent given the state at that instant s′, i.e.

p(zJ |aJ , s′) =
∏

i p(z
i|ai, s′) (local measurements do not depend on the others’ actions

or observations), it is possible to combine locally the received beliefs from other robots

with the local one of robot i, bi(s), to recover a common belief. For this purpose, the

common information between each pair of robots i and j (i.e. information previously

exchanged between the robots), which is represented by bij(s), can be maintained by

a separate filter called Channel Filter (Bourgault and Durrant-Whyte, 2004). The

rules to fuse the beliefs from different robots and update the Channel Filters were

developed in Chapter 2 for the Gaussian case (assuming tree-network topologies), but
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they can also be derived for discrete filters. Algorithm 8 describes a decentralized

version of the grid-based filter that is used here to reach a common belief among

the team of robots. Basically, it is the same one as in the continuous case but with

discrete-based filters.

In the line 1 of the Algorithm, the belief for robot i is updated with its local

measurements. Unlike Chapter 2, the robots are controlled, so their actions must

be considered when updating the belief as long as the state depends on the actions.

The common information for each link must also be predicted in order to refer to

the same time instant (line 3). Note that if the state predictions (lines 1 and 3)

depend on others’ actions too, aJ should be used at each agent instead of their local

actions. Otherwise, the Channel Filter only gives an approximate solution. In lines 5

and 6, the information of the local belief is fused with the information received from

the neighbors after removing the common information. Afterwards, the belief must

be normalized so that the probabilities of the grid add up to 1. Finally, the fused

information can be sent to other robots (line 7) and the Channel Filters updated

(lines 10 and 11). In logarithmic form, this update only consists of adding to the

previous common information the new information that was received or sent through

the corresponding communication link.

In Chapter 2 is shown that it is possible to obtain locally the same belief as in

a centralized node with access to all the information available, by including delayed

states in the belief. If only the current state is considered, some information is lost

with respect to an ideal centralized fusion unless the robots communicate every time

they gather new information (Bourgault and Durrant-Whyte, 2004). This is the case

here, where only information about the last time step is being considered for the

grid-based filters. This information about past states can not be maintained for non-

parametric filters in an efficient way, as it was in the Gaussian case. Therefore, it is

not worthwhile anymore to keep full trajectories of the state, since that would increase

the communication bandwidth significantly. In addition, the dynamics of the systems

considered in this Thesis for the discrete case are lower than the communication rates,

so delayed data are not so meaningful as they were in the continuous case, and robots

can send information every time they gather it. Actually, the experimental results
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Algorithm 8 bi(s′)← Decentralized grid-based filter for robot i (bi(s))

1: bi(s′) = ηiO(zi, ai, s′)
∑

s∈S T (s
′, ai, s)bi(s) {; Local update}

2: for all j 6= i do
3: bij(s′) = ηij

∑

s∈S T (s
′, ai, s)bij(s) {; Predict common information}

4: end for

5: bi(s′) = bi(s′)
∏

j 6=i

bj(s′)

bij(s′)
{; Update received information from neighbors}

6: bi(s′) =
bi(s′)

∑

s′∈S b
i(s′)

{; Normalize}

7: Send bi(s′) to neighbors
8: {; Update channel filters}
9: for all j 6= i do
10: log bij(s′) = log bij(s′) + log bj(s′)− log bij(s′)

︸ ︷︷ ︸

j→i

+ log bi(s′)− log bij(s′)
︸ ︷︷ ︸

i→j

11: bij(s′) =
bij(s′)

∑

s′∈S b
ij(s′)

{; Normalize}

12: end for

in this Chapter and the next one will show that these decentralized grid-based filters

are quite reliable in terms of maintaining a common belief for the robots.

Note that instead of using grid-based filters, another option would be to use a

decentralized Gaussian filter like the one in Chapter 2, and discretize its output

afterward in order to feed the POMDP policy and obtain the optimal actions. In this

case, a smoother representation of the state in continuous space would be obtained.

Moreover, delayed states could still be used to deal with communication latencies.

However, that filter would not consider belief distributions with multiple hypothesis,

what would reduce dramatically the performance of the POMDPs. In order to exploit

properly the advantages of POMDPs, rich beliefs are needed, what makes multi-

hypothesis representations essential.

Finally, with the decentralized approach proposed, coordination arises implicitly

due to the fused belief, and there is no need to solve a MPOMDP for the whole

team, whose complexity grows exponentially with N . Of course, the policy is not

optimal, as the robots do not reason about the other robot actions with respect to

the global reward, but as it will be seen, through proper design of the rewards and the
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communication between robots, it can be obtained a helpful coordinated behavior for

many applications. Actually, this technique suits a wide range of problems in which

individual behaviors have to be coordinated, such as surveillance (Hsieh et al., 2007),

forest fire detection (Merino et al., 2006) or robotic soccer. Particularly, in this

Chapter it is applied to multi-robot tracking.

5.4 Coordinated MOMDPs for target tracking

In order to illustrate the coordinated approach proposed in this Chapter, an applica-

tion for tracking a target by means of multiple robots is considered. In this problem

there is a moving target and a team of N robots which are the pursuers. Each of these

robots carries a sensor which determines whether the target is visible or not within

its field of view (FOV). Thus, the objective is to find the target in the environment

and localize it as well as possible. This is clearly a problem of active perception, since

the different robots have to act together in order to improve their estimation, which

is the target position in this case.

The state is composed of the position of the target and the positions of the pursuer

robots. The heading of each pursuer is also considered and included in the state. The

state space is discretized into a cell grid, and a map of the scenario is assumed to be

known. There are also four possible headings for each robot: north, west, south or

east.

At each time step, each robot can choose between four possible actions: stay, turn

right, turn left or go forward. stay means doing nothing; when turning, the robot

changes its heading 90o degrees; and when going forward, it moves to the cell ahead.

Nonetheless, noisy transition functions for the states of the robots are considered.

Besides, the target is assumed to move randomly. The transition function for its

position indicates that, from one time step to the next, the target can move to any of

its 8-connected cells with the same probability (only non-occupied cells are considered

in order to calculate that probability).

In addition, each sensor provides a boolean measurement: detected or non-detected.

These sensors proceed as it follows: if the target is out of its FOV, the sensor produces
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a non-detected measurement; however, when the target is within its FOV, it can be

detected with a probability pD. The robots are heterogeneous in the sense that the

sensor’s FOV and pD can vary from one robot to another.

Finally, a design of the reward functions so that the target is tracked by the team

of robots is crucial. Since some cooperation is desirable within the heterogeneous

team, a different behavior is assigned to each robot. Thus, the reward function also

depends on the specific robot: {R1(x, y, a), R2(x, y, a), · · · , RN(x, y, a)}. Moreover,

for all the members of the team, no cost is assigned to the action stay, whereas a cost

of 1 is associated with the other actions.

This application is a fair example of how MOMDPs can help to reduce the belief

space dimensionality. Here, even though robot and target locations are considered

within the state, the one involving a greater uncertainty is the latter. Actually,

the locations of the robots may be assumed to be observable (they could be ob-

tained accurately enough by means of the on-board sensors and the available map,

at least for the cell resolution), remaining as non-observable the target’s position.

Thus, the non-observable part of the state consists of the target location, y = tarl,

whereas the fully observable part consists of all the robots locations and headings,

x = (rob1l , rob
1
h, · · · , rob

N
l , rob

N
h ). For instance, for a 10x10-cell grid, there would be

400 possible states for each pursuer and 100 for the target, which means, for a single

robot, to reduce a POMDP with a 40,000-dimensional belief space to a union of 400

disjoint 100-dimensional subspaces.

Besides, the proposed coordinated approach will be applied. That means that

each robot i solves its own MOMDP without considering the other robots. That

MOMDP has states xi = (robil, rob
i
h) and y = tarl, and reward Ri(xi, y, ai), being

possible to specify a different strategy for each robot. Thus, once the policies have

been calculated, coordination arises during the execution phase by sharing the fused

belief state that considers information from all the robots. Of course, the optimal

solution would be that obtained by a MPOMDP whose reward function is an addition

of the rewards of each robot, but defined over the joint action and state. Thus, the

reward of each robot would also depend on the actions of the others. Therefore,

it is important to remark that this decomposition of the main reward function into
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Fully cooperative

Figure 5.1: Histograms of the average rewards obtained during 500 simulations for
the different approaches. At each simulation the expected discounted reward for the
whole team is considered.

independent ones with only local information will lead to a sub-optimal solution.

Nonetheless, the objective of the approach proposed here is to maximize the total

reward for the whole team (i.e. the addition of the individual rewards for each robot)

getting as close as possible to the optimal solution given by the MPOMDP.

5.5 Experiments

5.5.1 Simple scenario

A simple target tracking scenario was simulated with Matlab in order to highlight

the differences between the proposed approach and a fully cooperative centralized

solution. The second solution is optimal, since a MPOMDP is solved for the whole

team considering actions and observations from all the robots. In both cases, the

model is the one explained previously and particularized for a map with 11 available

cells (a 3x4 grid with an obstacle in the middle). Then, two pursuer robots are
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considered with equal FOVs, composed by a single cell in front of them and pD = 0.9.

Each robot gets a high reward (+100) when the target is in the cell of its FOV,

otherwise the reward is zero. The discount factor is γ = 0.9.

In the coordinated approach proposed in this Chapter, a MOMDP for each single

robot without considering the other were solved. The fully cooperative case was

solved with a single MOMDP that considered actions and observations from both

robots (basically a MPOMDP incorporating mixed observability). The reward for

that second model was simply the sum of the independent rewards for each robot.

Moreover, both policies were calculated with a C++ implementation of Sarsop in an

Intel Core 2 Duo processor @2.47GHz and 2.9GB, being the former computed for

0.2 seconds and the latter for 4677 seconds (the first time is so short because the

algorithm converged quite quickly). Then, three different approaches were tested:

(i) the fully cooperative policy; (ii) independent policies for each robot but using

DDF; (iii) independent policies for each robot without sharing any information. For

each simulation, the expected discounted reward was calculated for the whole team.

Figure 5.1 depicts histograms for the average rewards obtained during 500 simulations

of 150 steps each one.

In this case, with much less computation time, the quality of the proposed coor-

dinated approach was quite close to the fully cooperative. Moreover, even though the

computation of the single-robot policy converged quickly within 0.2 seconds, the algo-

rithm kept improving that policy more slowly if run longer. Actually, computing the

single-robot policy for 20 seconds the proposed approach even outperformed the fully

cooperative that had been computed for 4677 seconds. This shows the huge differ-

ence between the two models in terms of complexity for this particular example, and

how the coordinated solution can reach sub-optimal results. In general, the reward

is usually higher when sharing information compared to the case of no data fusion.

Nonetheless, due to the small size of the map, differences were not very substantial

in this example. Finally, it is crucial to mention that the map was chosen so small

in order to compare with the optimal solution, since the fully cooperative MPOMDP

became intractable with these computation resources otherwise.
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Figure 5.2: Simulated environment and field of view (white cells) for each robot. Cells
representing obstacles are in yellow. If the target is in one of the cells with crosses, a
high reward is obtained. The path followed by the target is also shown.

5.5.2 Simulations

Additional simulations for more complex environments were conducted in Matlab in

order to show the advantages of introducing mixed observability and coordination

through DDF. The simulated environment was a grid of 2x2-meter cells that resulted

in the occupancy map of 12x10 dimensions shown in Figure 5.2, where cells repre-

senting obstacles are in yellow.

Again, a team with two robots is considered. Nevertheless, their perception ca-

pabilities are different. The first robot carries a more accurate sensor (pD = 0.9)

but its FOV is smaller, whereas the second has a wider FOV but is less accurate

(pD = 0.8) (see Figure 5.2). That is reasonable, because many vision-based detectors

work more accurately when the FOV of the scene is more restricted. Therefore, the

role of the robot with the wider FOV would be to survey a big area from a distant

position whereas the robot with the more accurate sensor would try to get closer

to confirm the target detection. Hence, the first robot gets a high reward (+100)

when the target is in one of the closest cells of its FOV, but the second robot gets

a high reward (+100) when the target is in one of the central cells of its FOV (see

Figure 5.2); otherwise the reward is zero. The discount factor is γ = 0.9.
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Coordinated Not coordinated
MO-Symbolic Perseus 246.13± 3.33 209.38± 3.17

Sarsop 279.64± 4.67 197.76± 3.10

Table 5.1: Average rewards (with 95% confidence interval) obtained with and without
coordination (DDF) during the simulations. The value at each simulation is obtained
by computing the expected discounted reward for the whole team.

First, the decentralized approach with coordinated MOMDPs proposed in Section

5.4 was tested for this scenario. Independent policies were calculated for each robot

with Sarsop and MO-Symbolic Perseus. Then, 500 simulations of 150 steps each one

were performed with the robots starting at random positions and the target following

the fixed path depicted in Figure 5.2, which was unknown for the pursuers. In order

to include some uncertainty in its behavior, at every time step, the target could (with

equal probability) either stay in the same cell or follow the path.

Table 5.1 shows the average rewards obtained with and without coordination

(DDF) during all the simulations. The value at each simulation is obtained by com-

puting the expected discounted reward for the whole team. It can be seen how, for

both solvers, the use of DDF produces an increase of the average reward. Again, it is

also crucial to remark that a comparison with the fully cooperative MOMDP is not

included here due to the complexity of the domain. Both solvers run out of memory

(with the same computer mentioned in the previous Section) trying to compute a

fully cooperative policy.

Finally, to show the advantage of introducing the mixed observability in the model,

some simulations (100 runs of 150 steps) with a single pursuer robot were carried out

varying the size of the scenario and comparing with a standard POMDP solution.

This robot has the same sensor configuration as the red robot in Figure 5.2 and the

discount factor is γ = 0.9 again. As the size of the scenario is increased, so is the

number of possible states for the robot and the target, as well as the complexity

of the model to solve. In particular, three different scenarios are considered: a 3x4

grid without occupied cells; the scenario in Figure 5.2 (80 cells); and a 12x10 grid

without occupied cells. The results of the average rewards for both, POMDP and

MOMDP policies, are summarized in Table 5.2. The values represent an average on
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Map size Type Time (s) Precision Reward

12 cells
MOMDP 0.18 21.97 125.87± 6.19
POMDP 1517 21.99 88.74± 8.90

80 cells
MOMDP 1054 54.89 64.12± 8.61
POMDP 3169 54.80 44.49± 8.70

120 cells
MOMDP 3071 57.42 42.58± 5.84
POMDP 3081 47.30 40.24± 7.18

Table 5.2: Evaluation of POMDP and MOMDP policies for a single robot (rewards
with their 95% confidence interval) as the state space is increased. Expected dis-
counted rewards (γ = 0.9) are considered to compute the average.

(a) (b)

Figure 5.3: Images of the experiments in the real CONET testbed.

the expected discounted reward for each run. All the policies were calculated with the

same solver (Sarsop) and the same computer (the one mentioned above), and their

precision measured. This precision (Kurniawati et al., 2008) is a variable that Sarsop

uses to check convergence, and it represents the gap (average distance) between the

upper and lower bounds on the value function computed by the algorithm. For the

smallest and medium scenarios, policies were calculated until they achieved a similar

precision, being the computation time much shorter and the average reward better

for the MOMDP cases. In the biggest scenario, the stop criterion for the policies was

the computation time. Thus, this example tries to show how the results can be better

for the MOMDP after similar computation time.
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5.5.3 Real experiments

In order to show the applicability of the approach, some real experiments were con-

ducted. In these experiments, two robots (Pioneer 3-AT1) were used to follow a target

represented by a third robot (see Figure 5.3). The experiments were carried out in the

multi-robot testbed of the Cooperating Objects Network of Excellence (CONET)2.

The testbed was configured so that the occupancy map was the same as in the previ-

ous simulations (see Figure 5.2). The models considered for the robots were also the

same ones.

The software modules used by the robots are shown in Figure 5.4. Player (Gerkey

et al., 2003) was used to control the robots, which were able to localize themselves

within the map with a Monte-Carlo localization algorithm (AMCL) (Dellaert et al.,

1999). Besides, a path planning algorithm (Wavefront) was used to obtain the path to

the high level goals provided by the POMDP controller (next cell to move), whereas

a local navigation algorithm (VFH) (Ulrich and Borenstein, 1998) was used to safely

navigate the given path. More details about the implementations of these algorithms

can be seen in the Player/Stage project3. Moreover, in order to implement the ap-

proach in Section 5.3, each robot had a DDF estimation filter and a POMDP controller

that executed the obtained policies. The sample times were 5 seconds for the DDF

filter and 10 for the POMDP controller.

Results of the experiment with coordinated execution are summarized in Fig-

ure 5.5. The localization of the target is improved, as it can be seen in screenshot

5.5(a), where the belief state of the blue robot is narrow even though the target is

not in its FOV. Moreover, a certain coordination arises between the robots. For in-

stance, in screenshots 5.5(c), 5.5(d), 5.5(e), the target escapes and the blue robot goes

through its lowest cost path while the red robot keeps observing the place, as there is

a certain probability of the target coming back and it has a larger FOV. When most

of the probability mass is in the lower left room 5.5(f), both robots eventually move

to that direction 5.5(g), and the blue robot moves inside the room while the red waits

1These robots are provided by the manufacturer Mobile Robots, http://www.mobilerobots.com.
2http://www.cooperating-objects.org.
3http://playerstage.sourceforge.net.
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Figure 5.4: Software architecture of the real robots.

observing from afar 5.5(h). Figure 5.6 compares the trajectories of the robots and

the target in two different experiments, with and without coordination.

5.6 Conclusions

The poor scalability of POMDP models is a concern for their application to multi-

robot planning. This Chapter proposes decentralized data fusion as a manner to

coordinate independent plans computed by local POMDPs. This approach using de-

centralized data fusion is highly scalable because the robots in a team do not need to

reason about the actions performed by the other team members. The main drawback

is that sub-optimal policies are obtained, and no intentional cooperation is consid-

ered. However, a proper design of the local rewards enables the method to cope with

different applications using a coordinated team. Moreover, this coordinated decen-

tralized solution was successfully compared to a fully cooperative solution (optimal)

by means of simulations.

Besides, the Chapter contributes showing the computational advantages of in-

troducing MOMDPs. Point-based POMDP solvers are adapted to cope with mixed

observable states. Real experiments are also included to demonstrate the feasibility

of the approach.
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The lack of knowledge about others’ actions may lead to many situations in which

the robots do not exploit their resources optimally. The following Chapter addresses

this issue and proposes another approach in which cooperation among the robots

is considered explicitly. The challenge is being able to incorporate some information

about other team members’ actions into the scheme, while maintaining the scalability

of the model.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.5: Screenshots of a real experiment using coordinated robots. The color scale
of the cells represents the (fused) belief from the blue robot. The brighter, the higher
the probability. In yellow the target. The headings of the robots are also represented.
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Figure 5.6: Paths of the target (black) and robots. Left: no coordination. Right:
coordination. In the first case the robots lost the target in part of the scenario.



Chapter 6

Decentralized cooperation with

auctioned POMDPs

Like the previous one, this Chapter addresses the scalability problem that POMDPs

face when considering multi-robot teams. In particular, the Chapter proposes to

decentralize multi-agent POMDPs by separating the overall goal into several indi-

vidual behaviors that can be modeled by simpler POMDPs. These behaviors can be

represented by single-agent policies and assigned to different robots during the exe-

cution of the mission. The objective is to achieve cooperation by distributing these

roles among the teammates, but using assignment methods with low communication

requirements.

Additionally, communication models in the multi-agent POMDP literature severely

mismatch with real inter-robot communication. Here, this issue is again addressed

by applying the decentralized data fusion method that efficiently maintains a joint

belief state among the robots. This way, the coordinated approach in Chapter 5

is improved by taking a further cooperative step since different behaviors can be

distributed among the robots in an efficient manner.

This Chapter also focuses on the same cooperative tracking application described

in Chapter 5, in which several robots have to track a moving target of interest jointly.

The proposed ideas are illustrated in real multi-robot experiments, showcasing the

flexible and robust coordination that this Chapter’s techniques can provide.

135
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6.1 Introduction

The methods of this Thesis are aimed at robotic applications in real scenarios in

which multi-robot systems are of great interest, such as surveillance or rescue robotics

(Merino et al., 2006; Hsieh et al., 2007). In these real environments, robots may

experience communication constraints regarding connectivity, bandwidth and delays;

and mapping the overall task into robust plans for each robot is a challenging problem.

Besides, the high complexity of the general MPOMDP model was already stated in

Chapter 4, where it was shown that such model is hardly scalable in line with the

number of robots.

In this Chapter, a scheme for achieving cooperation within the team is proposed,

while mitigating complexity of the MPOMDP by lowering the dependence of in-

dividual plans. Moreover, robotic teams are commonly capable of communicating

internally, which will be exploited to maintain a decentralized state estimate. In Sec-

tion 4.3.8 of Chapter 4, some models in the literature on multi-agent planning under

uncertainty (Pynadath and Tambe, 2002; Nair et al., 2004; Roth et al., 2005) were ex-

plored. A key point in this Thesis’ approaches however, is that there is a relaxation of

the strict assumptions on the quality of the communication channel commonly found

in those models. In particular, the coordinated approach in Chapter 5 is improved in

this Chapter by adding explicit cooperation.

As it has been stated, a fully decentralized solution is considered in this Thesis.

That is a solution that involves local information and local communications only, and

which does not depend on the total number of robots. In particular, this Chapter

presents an intermediate approach that solves independent POMDPs for each robot

while still achieving online cooperation during the execution phase by distributing

the individual tasks using auctions. Auction algorithms have been widely used for

optimal multi-robot task allocation (Mosteo and Montano, 2007; Viguria et al., 2008),

and have also been explored in conjunction with POMDPs (Spaan et al., 2010).

This Chapter proposes to decompose a MPOMDP by factorizing its goal into

several behaviors that can be represented by single-agent POMDPs. A centralized

POMDP auction (Spaan et al., 2010) is generalized to auction never-ending tasks
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(behaviors) that can be assigned to different robots at every step without completion

(unlike classic task allocation). In this novel decentralized auction, policies that

describe a behavior toward a common goal are allocated instead of tasks; robots can

switch between these behaviors dynamically at each decision step, and the auction is

used to continuously determine which behavior suits each robot best to attain the goal

cooperatively. Since independent single-agent POMDPs are solved for every single

robot, the interdependence of the model is low and the approach can scale well in line

with the number of robots.

The second key component is to efficiently maintain a joint belief state among

the robots, which can serve for coordination. For this purpose, a DDF approach in

conjunction with POMDP policies is used, as it was done in Chapter 5. Unlike most

works on POMDPs, the belief update here is separated from the decision-making

process during the execution phase, allowing the agents to estimate the state with

the DDF algorithm. This decoupling between both processes increases the robustness

and reliability of real-time robotic teams.

Once again the method is illustrated through a multi-robot tracking application, in

which several robots have to cooperate in order to track a moving target as accurately

as possible (active perception). In any case, these techniques also suit a wider range

of problems, such as surveillance (Hsieh et al., 2007) or forest fire detection (Merino

et al., 2006), which call for a cooperative effort of robots coordinating their individual

behaviors. In particular, the proposed distributed POMDP approach is demonstrated

in a multi-robot testbed with a fully decentralized setup where each robot runs its

own POMDP policy.

6.2 Distributed MPOMDP

In Chapter 4, the two main sources of complexity of the MPOMDP model were ana-

lyzed: complexities due to the high dimension of the belief spaces; and due to the in-

clusion of multiple agents, which makes the model non-scalable. The high-dimensional

belief spaces were alleviated in Chapter 5 by assuming mixed observability within the
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model. This Chapter also uses MOMDPs in order to tackle this issue, allowing the

approach to cope with domains of real applications.

On the other hand, the increase of complexity caused by adding new agents was

addressed in Chapter 5 by separating the complete model into single-agent models,

and arousing an implicit coordination during the execution phase thanks to a decen-

tralized data fusion approach. In this Chapter a similar decomposition is proposed,

but a further step is taken, because robots cooperate explicitly during the execution

of the mission by exchanging different roles or behaviors.

There is a wide range of missions that can be accomplished by a team of multiple

robots. In all these missions there is a certain objective (e.g., detecting a target or

alarm) and a set of behaviors or roles that the robots can follow to achieve that objec-

tive (e.g., patrol, approach, etc.). In the case of a MPOMDP, this overall objective is

encoded into a single reward function. As it was stated in Chapter 5, without losing

generality, in many applications this reward function can be seen as an addition of a

series of reward functions for the different robots:

R(s, aJ) = R1(s, aJ) + · · ·+RN (s, aJ) (6.1)

All these reward functions should be defined over the joint actions and a joint belief

which considers information about the whole team, i.e. observations and actions from

all the robots. Thus, a MPOMDP can find an optimal solution that reasons about

all these actions and observations.

In addition, here it is assumed that the general mission can be decomposed into

different simultaneous behaviors, each of which is modeled as a POMDP with its own

reward function. Then, the joint behavior produced by the distributed POMDPs

should be similar to the one desired for the whole team initially. Such a decomposition

is possible in many robotic applications (Merino et al., 2006; Hsieh et al., 2007), such

as surveillance, tracking, forest fire detection or robotic soccer, in which cooperation

between robots playing different roles is required.
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Therefore, the global multi-agent objective can also be distributed into a set of

simpler reward functions {R1, . . . , RM}. Each reward function Rk represents a cer-

tain single-agent behavior that can be modeled by a POMDP policy with a value

function V π
k (b) associated. Then, assuming that each of the robots can execute any

of these policies, the combination of all of them should lead to a cooperative behavior

that follows the global objective. The problem of determining online which policy

should be assigned to each robot at each step can be modeled as a task allocation

problem (Spaan et al., 2010). Hence, the reward functions in (6.1) for each robot

should match one of the M reward functions that describe the possible behaviors.

There are M single-agent POMDPs (one for each of the possible behaviors to

assign) that can be solved for each robot considering only their local information

(action and observation). However, once the policies have been obtained, they are

executed over a joint belief which encodes information from all the robots. This joint

belief is determined with the same decentralized data fusion approach explained in

Chapter 5. In that previous Chapter, it was also highlighted that the optimal solution

can only be obtained if the POMDP policies are solved considering joint information

instead of local. Nevertheless, the approach proposed here is a compromise to obtain

a sub-optimal solution that is scalable in line with the number of robots. Moreover,

during the execution phase, unlike in the approach in Chapter 5, the robots cooperate

explicitly, since the different policies are allocated to different robots continuously so

that they coordinate their behaviors. Of course, in order to keep scalability, these as-

signments should be done by a decentralized method that does not require remarkable

communication constraints.

6.3 Decentralized auction with POMDPs

As mentioned above, this Chapter focuses on decentralized models. Recall that

throughout this Thesis, a decentralized system has been defined as one in which

(Nettleton et al., 2003):

1. There is no central entity required for the operation.
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2. There is no common communication facility, that is, information cannot be

broadcast to the whole team, and only local point-to-point communications

between neighbors are considered.

3. The members do not have a global knowledge about the team topology: they

only know about their local neighbors.

These characteristics make the system scalable as it does not require a central node

and enough bandwidth to transmit all of the information to that node. Moreover,

the system is more robust and flexible with respect to loss or inclusion of new agents

(there is no need to know the global topology), and with respect to communication

issues (a failure does not compromise the whole system).

The approach proposed in this Chapter builds on two mechanisms for achieving

decentralization: a decentralized data fusion filter (see Section 6.3.1) for sharing in-

formation between agents recovering a common belief; and a POMDP auction for

decentralized behavior cooperation (see Section 6.3.2). In terms of agent interde-

pendence, this approach can be seen as in between “independent POMDPs” and

MPOMDP/Dec-POMDP within the classification done in Section 4.3.8 of Chapter 4.

In terms of communication requirements, it does not require the high-quality guar-

antees of the methods that enhance the Dec-POMDP model with communications.

6.3.1 Decentralized data fusion

Given a team with N agents, a centralized node with access to all of the information

would update the belief according to:

bcen(s
′) = ηp(zJ |aJ , s′)

∑

s∈S

p(s′|aJ , s)bcen(s) (6.2)

However, if the system is decentralized and each agent i only uses its local infor-

mation (action ai and observation zi), this centralized belief could still be recovered

locally by each agent, as it was explained in Chapter 5. The same DDF scheme that

was used in that Chapter is applied here. Thus, it was shown how, under certain
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circumstances, if the agents exchanged their beliefs, these could be combined in the

following manner:

bcen(s
′)← bi(s′)

∏

j 6=i

bj(s′)

bij(s′)
(6.3)

where bij(s′) represented the common information between the agents i and j, that

was maintained by the so-called Channel Filter.

In a realistic scenario, each agent will be in communication range only with a

subset of the other agents, and (6.3) is applied only considering this subset. However,

as each agent locally accumulates information that shares with its neighbors, the belief

will propagate through the network, allowing the agents to obtain a common belief.

The Channel Filters assume that there are no loops in the information channels, that

is, the network topology is a tree. Otherwise, the problem of double-counting of

information (rumor propagation) should be taken into account as well by means of

conservative fusion rules.

6.3.2 Distributed auction of POMDP policies

The robots can cooperate by switching from certain behaviors to others. Each be-

havior is represented by a policy that the robot has to follow, and the problem of

deciding in some optimal manner which policy should be assigned to each robot at

every moment can be formulated as a task allocation problem.

In general, a task allocation algorithm attempts to assign a set of M tasks to

a team of N agents minimizing a global cost. In this case, each robot always has

to be assigned a sole task, which is the POMDP policy to follow. In order to foster

cooperation, different policies must be assigned to different robots as long as possible.

Provided that a variable xik = 1 when policy k is assigned to robot i and 0 otherwise,

and cik is the cost associated with that assignment, the problem can be formulated

as follows:

min

N∑

i=1

(
M∑

k=1

cikxik

)
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subject to

N∑

i=1

xik ≤ 1, ∀k ∈ K

M∑

k=1

xik = 1, ∀i ∈ I

xik ∈ {0, 1}, ∀i ∈ I, ∀k ∈ K

(6.4)

where I = {1, . . . , N} and K = {1, . . . ,M}.

In order to select the best behavior for each robot, an auction algorithm similar

to the one presented by Spaan et al. (2010) is proposed. The cost or bid of assigning

a policy k to a robot i is cik = −V π
k (bi). Thus, policies with a greater expected

reward are more likely to be selected for each robot, which helps to maximize the

global expected reward for the whole team. This is an advantage of using an auction

algorithm, since the knowledge obtained by the POMDP policies can be exploited.

Moreover, auctions can be performed in a decentralized fashion by exchanging only

the bid values, so no remarkable communication load is added to the system.

Algorithm 9 summarizes this decentralized auction approach in which the assign-

ment problem is solved at each robot locally with the information available. Each

robot i computes its own bids for the behaviors from its local belief bi and communi-

cates them to other neighboring robots (lines 2 and 3). Then, with the bids received

from other robots, a local solution for the assignment problem in (6.4) is obtained

(line 7). All the robots become bidders and auctioneers, since they bid for policies

and solve the assignment problem at the same time. Furthermore, the cost matrix

obtained for a robot i that has received bids from j − 1 other robots (j ≤ N) is

calculated in line 6 and it would be:
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Algorithm 9 Auctioneer robot i (bi)

1: for all k ∈ K do
2: cik = −V π

k (b
i) {; Local bids}

3: Send cik to neighbors.
4: end for
5: Receive bids from neighbors.
6: C = {cik}i,k {; Create cost matrix}
7: {xik}i,k ← Hungarian(C)
8: return Policy selected for robot i.

C =












−V π
1 (b

1) · · · −V π
M(b1)

...
...

−V π
1 (b

i) · · · −V π
M(bi)

...
...

−V π
1 (b

j) · · · −V π
M(bj)












(6.5)

In order to solve the assignment problem in polynomial time, the Hungarian algo-

rithm (Burkard, 2002) is used. Given the cost matrix C, where each row represents a

robot and each column a policy, this algorithm can find a matching between policies

and robots so that the total cost is minimized. The complete procedure is described

in Algorithm 10.

It important to remark that in case N > M , the allocation algorithm will leave

robots with no policy assigned. Therefore, the assignment problem is repeated with

these free robots (and the whole set of policies) until they all get a policy assigned.

Note that in this special case, some policies would be assigned to more than one

robot at the same time, but this is better than not using those robots at all. In other

applications, those robots may stay idle.

In general, the local cost matrices (6.5), and hence the local solutions for the

behavior assignment, should be the same at each robot as long as the communication is

error-free and the beliefs are common (thank to the DDF). However, for DDF systems

in which the local beliefs are not synchronized all the time, inconsistencies that lead

to sub-optimal solutions may be obtained from time to time. In an inconsistent
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Algorithm 10 {xik}i,k ← Hungarian(C)

Step 1: Ensure that the matrix C is square by adding dummy rows/columns if
necessary. Conventionally, each element in the dummy row/column is the same
as the largest number in the matrix.
Step 2: Reduce the rows by subtracting the minimum value of each row from
that row.
Step 3: Reduce the columns by subtracting the minimum value of each column
from that column.
Step 4: Cover the zero elements in the matrix with the minimum number of lines
possible. If the number of lines is equal to the number of rows then go to Step 8.
Step 5: Add the minimum uncovered element (uncovered means with no line on
it) to every covered element. If an element is covered twice, add the minimum
element to it twice.
Step 6: Subtract the minimum element from every element in the matrix.
Step 7: Cover the zero elements again. If the number of lines covering the zero
elements is not equal to the number of rows, return to Step 5.
Step 8: Select a matching by choosing a set of zeros so that each row or column
has only one selected.
Step 9: Apply the matching {xik}i,k to the original matrix, disregarding dummy
rows.
return {xik}i,k

distributed solution, due to differences in the local cost matrices, the same policy

is allocated to more than one robot. Therefore, a good synchronization of the local

beliefs is desirable to avoid these situations. Nonetheless, the robustness of the system

is high, since information from all the robots is not required to compute each local

solution. In case some communication links failed, each robot would still get a sub-

optimal solution with the available information from their neighbors (sub-networks

arise naturally).

In addition, there is another potential desynchronization due to the fact that the

robots may not have synchronized execution time, which would lead them to make de-

cisions at different moments and with different available information. Some previous

works (Choi et al., 2009) propose consensus algorithms over this information in order

to guarantee convergence for decentralized auction approaches even in case of time

desynchronization. Nonetheless, the decision-making performance is still degraded.
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Moreover, the dynamics of the systems presented here are higher, since each robot is

allowed to change its policy at every step. Therefore, the establishment of a previous

consensus to converge to the same distributed solution is not worthwhile.

6.3.3 System overview

The system elements per robot are illustrated in Figure 6.1. The whole process is

separated into two different modules. Each robot can execute a certain number of

behaviors modeled as single-agent POMDP controllers. A DDF module is in charge

of computing the belief and feeding the Auctioneer module, which then chooses the

adequate POMDP controller and the associated action.

Even though most POMDP-based systems synchronize belief update and decision-

making in the same loop, here both processes are separated. Thus, some constraints

that limit the flexibility and robustness of the system are avoided. For instance, com-

munication channels and transmission rates are totally independent for both mod-

ules, which is critical in decentralized systems under possible communication failures.

Nonetheless, it is worth mentioning that this choice has also some theoretical impli-

cations. Basically, the beliefs provided by the parallel DDF system to the POMDP

could be different from the ones that were used during the computation of the pol-

icy, where the belief update was integrated into the POMDP. Anyway, in the case

of point-based POMDP solvers, the error that is made by evaluating the value func-

tion in a belief point which does not belong to the initial belief set (the one used to

compute the policy) is bounded (Pineau et al., 2006).

The approach is totally decentralized, since the belief estimation as well as the

decision-making are carried out without the need for a central entity. On the one

hand, the belief estimation is computed by a DDF algorithm that is distributed along

the multiple robots. On the other hand, the POMDP controllers also act for each

robot separately. Despite the fact that a multi-agent POMDP for the whole team is

not solved (with its computational benefits), a cooperative behavior still arises in two

manners. First, thanks to the information shared by the different DDF modules in

order to achieve a fused belief (which then acts as a Markovian coordination signal for
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Figure 6.1: Functional scheme for decision-making and belief update at each robot.

policy execution); and second, by sharing the bid values for the decentralized auction,

what gives an idea about the behaviors others may be performing.

6.4 Multi-robot cooperative tracking

In order to illustrate the proposed approach, the same application that was presented

in Chapter 5 for tracking a target by means of multiple robots is considered here. In

this problem there was a moving target to track, and a team of N pursuer robots

with bearing-only sensors.

As a summary, recall that the state for each robot was composed of the position

of the target and its own position and heading. The state space was discretized into

a cell grid, and a map of the scenario was assumed to be known. There were four

possible headings for every robot: north, west, south or east ; four possible actions:
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stay, turn right, turn left or go forward ; and a boolean measurement: detected or non-

detected. Moreover, each sensor was defined by a FOV and a probability of detection

pD.

The design of the reward function is crucial in order to achieve active perception

by reducing the uncertainty in the target position. Since the target must be tracked

by the team, the more robots have it within their FOV, the higher reward the system

should be given. Besides, given that the sensors provide bearing information, it is

quite reasonable to reward cross configurations between the robots. Bearing sensors

entail mainly uncertainty in depth, so pointing at the target from different angles

definitely helps to reduce the uncertainty of its estimation. Therefore, a high reward

should be given for each robot that is keeping the target within its FOV, and even

higher if the robot’s orientation differs from the others’.

A multi-agent POMDP might be solved in order to deal with this problem. How-

ever, this solution is far from scalable in line with the number of robots. Actually,

even considering just two robots and a moderate number of cells for the grid (∼ 80),

the problem becomes intractable (considering the solvers and the computers indi-

cated in the experimental Sections of this Thesis). Hence, the method presented in

this Chapter to distribute the reward function is used.

The key idea is to distribute the reward function so that the same desired behavior

is obtained for the whole team. In this case, the robots should track the target from

different directions, so the kinds of behaviors to be allocated could consist of following

the target from a specific direction. For this application, four single-robot behaviors

are considered, one for each possible orientation {north,west, south, east}. The reward

function for the policy k (Rk) gives a high reward to robot i only if the target is within

its FOV and the robot’s heading robih corresponds to the orientation of behavior k.

Since the objective is to track the target, the robots should try to get closer to the

target when possible. Hence, the high reward is just obtained when the target is in

one of the closest cells. In this case, homogeneous robots with similar capabilities are

considered. Therefore, the FOV for all the robots and the corresponding cells with a

high reward are represented in Figure 6.2.
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Although a cooperative tracking application is presented here, it is important to

remark that the framework is more general. Actually, it can suit many other multi-

robot applications in which different behaviors should be combined in a cooperative

manner. For instance, in robotic soccer the teammates have to keep switching roles

continuously depending on the situation; in surveillance applications the robots have

to distribute themselves to patrol different areas; in fire-fighting applications or rescue

robotics, heterogeneous robots can play different roles during a mission according to

their capabilities.

Finally, in order to alleviate the complexity of the belief space, MOMDPs are

considered to find the policies as it was done in Chapter 5. Hence, the robots’

states are assumed to be observable within the POMDP. This is reasonable for this

robotic task in which the on-board sensors allow the robots to assume their own states

observable (at least for a given resolution).

6.5 Experimental results

Some experiments were conducted with the real multi-robot testbed that was created

by the Cooperating Objects Network of Excellence (CONET) 1, the same one that was

used in the real experiments of Chapter 5. The testbed is composed of four real robots

(Pioneer-3AT) in an indoor facility as well as a simulated version in Player/Stage

(Gerkey et al., 2003). Besides, there is the possibility of combining real robots with

simulated robots, which enables the user to experiment with a higher number of

robots. Figure 6.3 shows different views of the multi-robot testbed.

6.5.1 Experimental setup

The size of the experimental area for the robots was 24× 20 meters, and there were

moving walls that could be relocated in order to obtain different map configurations.

The testbed area was discretized into 2×2-meter cells and occupancy grids were ob-

tained for the different map configurations. A cell was considered to be occupied

1http://www.cooperating-objects.org.
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(a) (b)

Figure 6.2: (a) and (b) are the occupancy grids of the testbed for two different map
configurations. Yellow cells are obstacles, whereas the remaining ones are accessible.
An example of the FOV for a robot is shown in white cells. All the robots have the
same FOV. Besides, if the target is in one of the cells with crosses and the heading is
adequate, a high reward is obtained.

whether there was an obstacle on it or it was unattainable for the robots. Figure 6.2

shows the occupancy grids for the two map configurations that were used during the

experiments of this Chapter.

A team of robots was considered in order to follow a target, represented by another

robot. All the pursuers presented similar perception capabilities by means of a sensor

with pD = 0.9 and the FOV shown in Fig. 6.2. For each POMDP, the high reward

when the target was in one of the close cells of the FOV was 100, otherwise the reward

was 0. The discount factor was γ = 0.99. Note that the pursuer observations were

obtained by simulating sensors with the mentioned capabilities on board the robots,

since the development of real detectors is out of the scope of this Thesis.

During all the experiments the target followed a path unknown for the pursuers

and with a random component. Furthermore, Player2 was used to command the

robots, which were able to localize themselves within the map (AMCL algorithm). A

path planning algorithm (Wavefront) was used to obtain the path to the high-level

2See http://playerstage.sourceforge.net for more details about Player’s algorithms.
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(a) (b)

Figure 6.3: Pictures of the multi-robot testbed from different points of view.

goals provided by the POMDP controllers (next cell to move and robot heading),

whereas a local navigation algorithm (VFH) was used to navigate the given path

safely. Each robot had running on-board an estimation filter implementing the DDF

scheme in Section 6.3.1 and an auctioneer controller that executed the algorithm in

Section 6.3.2.

Three different approaches were tested: (i) auctioned POMDPs with DDF; (ii)

auctioned POMDPs without DDF; (iii) independent POMDPs with DDF. The two

first approaches are based on the auction method proposed in this Chapter, but

in the second one, neither communication nor fusion are considered for the DDF

modules. The third approach is the one proposed in Chapter 5, in which a single

and independent POMDP is used for each robot and communication between the

DDF modules is allowed. Moreover, all the policies were obtained by solving the

corresponding MOMDPs with a C++ implementation of the Sarsop algorithm (Ong

et al., 2009). The solver ran 1700 seconds for each policy in a computer with an

Intel Core 2 Duo processor @2.47GHz and 2.9GB. For the approaches (i) and (ii), a

different MOMDP is solved for each heading, whereas for the approach (iii), there is

a single MOMDP independent of the heading.

6.5.2 Simulations

First, some simulations to compare the different approaches mentioned above were

carried out with 2 robots pursuing another one. These experiments were run in the



6.5 Experimental results 151

Auction+DDF Auction Coordinated

Target error (m)
Robot 1 5.69± 0.13 7.16± 0.13 5.41± 0.11
Robot 2 5.68± 0.13 8.07± 0.14 5.38± 0.11

Belief entropy
Robot 1 2.54± 0.028 3.42± 0.025 2.89± 0.026
Robot 2 2.47± 0.030 3.43± 0.025 2.89± 0.026

Target stopped (%) 72.39 73.26 68.44

Table 6.1: Average results of the simulations with a two-robot team for the different
approaches.

simulated version of the testbed, and the configuration of the map was the one shown

in Figure 6.2(a). Thus, 5 simulations, of 20 minutes each, for each of the three

approaches were performed. In order to have similar conditions for each simulation,

all the robots always started at the same fixed points, and presented a sample time

of 10 seconds for the decision-making modules and 3 seconds for the DDF modules.

Some average results with their standard deviations are presented in Table 6.1. At

each time step, the target localization is estimated by searching the cell of the belief

with a highest probability. This value is compared to the actual target position.

In general, it can be noticed that the position estimated for the target is improved

by using the DDF. Note that, in this case, the resolution of the cells (2 meters)

represents a lower bound on the mean errors. The entropies of the belief at each step

(
∑

∀cell−pcell log(pcell)) are also averaged and shown. Finally, the percentage of time

that the target was stuck within the same cell without moving is calculated. It can

be seen that, the approach proposed in this Chapter (Auction+DDF) reduces the

entropy and increases the target stop time with respect to the Independent-POMDP

approach: the cooperation between the members of the team allows them to surround

the target, not letting it move away. The option of independent POMDPs without

DDF resulted in a very poor performance (and hence it is not included), as the robots

do not share any information nor coordinate their tasks.

Due to the bearing information encoded in the sensor observations, a cross config-

uration among the pursuers allows them to point at the target from different points

of view and reduce the uncertainty of their estimations. This cross configuration is

fostered by the auctioned approach, as it can be seen in Figure 6.4. This Figure
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Figure 6.4: Histograms of the angle differences between two simulated robots when
the target is within the FOV of any of them. On top Auction+DDF; at the bottom
Independent POMDPs+DDF.

compares the auction approach with DDF to the Independent POMDPs with DDF

in terms of angle configuration between the pursuers. Histograms of the angle dif-

ference between the pursuers every time the target is within FOV are shown. The

Auction+DDF histogram presents a high peak around 160◦ and a small mode in

90◦ (cross configurations), whereas the histogram is quite flat for the Independent

POMDPs. This shows that the proposed approach is more effective in reaching cross

configurations.

Second, an experiment to check how the auction algorithm performs when the

robots do not access the same information was carried out. The same policies and

conditions as in the previous experiment were used. However, the communication

rate for the DDF modules was varied throughout the different simulations (two sim-

ulations of 20 minutes for each rate value). Even though the communication rate for

the auctioneers may also have been varied, the amount of data transmitted by them

(bid values) is not significant for the bandwidth when compared to the belief infor-

mation and, hence, it can be maintained fixed. The performance of the distributed

auction algorithm is shown in Figure 6.5 by representing the percentage of inconsis-

tent assignments. Recall that a policy assignment was considered to be inconsistent
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Figure 6.5: Evolution of the performance of the distributed auction under variable
transmission rate for the DDFs.

when the same policies are not allocated to the same robots for each local solution

of the auction. As the communication rate for the DDFs is increased, the difference

between the beliefs to which the agents have access grows too. Thus, the consistency

of the assignments becomes more difficult under worse communications. However,

Figure 6.5 shows a graceful degradation with respect to the communication rate.

6.5.3 Real experiments

Similar experiments were repeated with the real multi-robot testbed in order to prove

the applicability of the methods proposed. Besides, the intention was to use a map

where the robots had to face more difficult situations. The configuration in Figure

6.2(b) was used, since there are more possible paths and blind spots that can be

exploited by the target.

Again, some experiments were carried out in order to compare the different ap-

proaches3. Three of the real Pioneer-3AT were used to track the remaining one, that

played the target’s role. In order to have similar conditions for each experiment, the

three robots always started at the same fixed points and the sample times were the

3See video at http://vimeo.com/18898325.
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Error(m) Entropy
Auction+DDF

Robot 0 4.07± 0.16 2.61± 0.05
Robot 1 3.95± 0.15 2.55± 0.05
Robot 2 4.18± 0.16 2.66± 0.05

Independent+DDF
Robot 0 6.86± 0.32 2.80± 0.05
Robot 1 6.70± 0.32 2.70± 0.05
Robot 2 6.75± 0.32 2.68± 0.05

Auction
Robot 0 9.74± 0.29 3.85± 0.03
Robot 1 9.41± 0.34 3.28± 0.06
Robot 2 10.46± 0.40 3.62± 0.04

Table 6.2: Average results of the experiments with a three-robot team for three
different approaches. The error of the estimated position of the target with respect
to its actual position and the entropy of the estimated beliefs are shown.

same as before: 10 seconds for the decision-making modules and 3 seconds for the

DDF modules. An experiment of 15 minutes was performed for each of the three

approaches.

Average results with their standard deviations are summarized in Table 6.2. In

particular, the target localization errors and the belief entropies are shown for every

robot and experiment. The results are similar to the simulated ones. Thus, it can be

seen that the Auction+DDF approach reduces the entropy and the target localization

error with respect to the Independent POMDPs, since the cooperation between the

members of the team allows them to surround the target, pointing at it from different

points of view. It can also be noticed that the estimation of the target position is

worse for the auctioned approach when no DDF is included. Also in this case, the

mean errors are bounded by the resolution of the cells (2 meters), since they cannot

be lower.

Figure 6.6 compares the approach of this Chapter to the Independent POMDPs

with DDF in terms of angle configuration between the pursuers. Normalized his-

tograms of the maximum angle difference between any of the pursuers every time the

target is within FOV are shown. The Auction+DDF histogram presents a high peak



6.5 Experimental results 155

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

Angle difference (degrees)

0 20 40 60 80 100 120 140 160 180
0

0.1

0.2

0.3

0.4

Angle difference (degrees)

Figure 6.6: Normalized histograms of the maximum angle differences between three
real robots when the target is within the FOV of any of them. On top Auction+DDF;
at the bottom Independent POMDPs+DDF.

around 180◦ and a small mode in 90◦ (cross configurations), whereas the histogram

is quite flat for the Independent POMDPs. This shows how the cross configurations

are fostered by the auction approach more efficiently.

Second, to show the scalability of the system, a tracking experiment with a four-

robot team was performed. In this case, the target was represented by a simulated

robot. This experiment was run successfully for more than 30 minutes with the algo-

rithms working on board the robots in a distributed way and using Wi-Fi communi-

cations, showing the robustness of the whole system. An extract of the trajectories

followed by the pursuers and the target can be seen in Figure 6.7(a). The orienta-

tion of the pursuers at the end of the experiment is also plotted to show how they

surround the target to reduce the estimation uncertainty. Note that, when the target

turns right, since they know the map, the pursuers opt for going directly to the other

exit of the aisle so they can find it there.

The cooperation between the members of the team is depicted in Figure 6.7(b),

which shows the policies allocated to each robot during the same time frame (each

iteration takes place every 10 seconds). Due to differences in the local beliefs and
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different decision times for the robots, inconsistent solutions (robots with the same

policy) are obtained in some occasions. However, as time passes the robots have built

up a better belief regarding the target’s position, and the assignment stabilizes (after

iteration 22 in Figure 6.7(b)).

6.6 Conclusions

Techniques for planning under uncertainty, such as POMDPs, face a scalability prob-

lem when being applied to teams of robots. Popular frameworks like Decentralized

POMDPs scale poorly when many agents are considered, unless very severe indepen-

dence assumptions are imposed (e.g., the ND-POMDP model). Furthermore, many

of these models either do not allow agents to exploit inter-agent communication, or

implicitly assume instantaneous cost-less communication (MPOMDP). Like Chapter

5, this Chapter focuses on a scalable technique that enables robots to take advantage

of available communication channels without requiring strict communication guaran-

tees. Such guarantees are hard to meet in multi-robot domains, typically showing

unreliable wireless communications.

Both the approach in Chapter 5 and the one in this Chapter trade off optimality

for scalability, leading to sub-optimal solutions of the general MPOMDP that can be

applied to real robotic teams. However, whereas the approach in Chapter 5 achieves

coordinated behaviors implicitly without reasoning about the actions of the other

robots, the approach proposed in this Chapter adds an explicit cooperative layer to

the system. This is done by means of the policy auctions, since each robot gets an

idea of the behaviors that the others are following at every moment and takes this

understanding into account to decide its own behavior.

Therefore, the approach presented in this Chapter combines decentralized data

fusion with auctions of independent POMDP-based controllers during the execution

phase to generate a cooperative behavior in the team. As mentioned before, this

approach is much more scalable than other multi-agent POMDP approaches, and

enables the robots to exploit imperfect communication channels, thus offering a com-

promise between optimality and applicability. This Chapter presented experiments
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with up to 4 robots, which showed how cooperative behavior develops. This same

example cannot be solved with the current state-of-the-art MPOMDP solvers.

Even though a cooperative tracking application is presented as a proof of concept,

the framework can be generalized. DDF can be used for policy execution coordi-

nation in other multi-robot applications; and any applications that can be achieved

through cooperative behaviors can be modeled with this framework. For instance,

the method can be used in robotic soccer (allocating the best behaviors/roles to the

team depending on the current belief); and in fire-fighting applications (Merino et al.,

2006).
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Figure 6.7: Experiment with a four-robot team. (a) Trajectories followed by the
robots and the target during the experiment. Orientations at the last time step are
also shown. (b) Policies allocated to each robot during the same time frame.



Chapter 7

Conclusions and future

developments

This Chapter summarizes the main contributions of the Thesis and highlights its

results. Advantages and disadvantages of the proposed methods are discussed. Fur-

thermore, in order to overcome these drawbacks, some guidelines are given for future

extensions.

7.1 Conclusions

The main contribution of the Thesis is to propose a decentralized approach for coop-

erative active perception between a team of robots, which means that the different

individuals take decisions in order to improve the perception of the whole group. This

approach is aimed at real robotic platforms, where unreliable communications and

real-time constraints can arise.

Due to this focus on applicability, the Thesis proposes decentralized methods that

are able to cope with communication delays and breakdowns. This decentralized ap-

proach strengthens the robustness of the system, which is a key feature when working

in real environments. Since such environments present high variability, probabilistic

techniques also become a way of improving the robustness of the systems. Besides,

the results of the Thesis were tested for realistic domains involved in real applications,

159
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unlike other existing theoretical multi-robot approaches, for which only academic ex-

amples are shown. This is possible because scalability in line with the number of

robots is achieved, and all the algorithms proposed can run efficiently under real-time

constraints.

The complete problem of active perception is separated into two different parts

throughout the Thesis: the perception phase and the decision-making phase. During

the perception phase, the platform gathers information from the environment and

builds an estimation of the actual state. A decentralized data fusion algorithm is

proposed in the Thesis to combine data from heterogeneous entities and sensors.

During the decision-making step, the teamed robots decide their courses of action

in order to achieve certain long-term goals. These actions are performed taking into

account the current state estimation, and they should entail some cooperation among

the robots.

7.1.1 Decentralized data fusion

In Chapter 2, a probabilistic filter for decentralized data fusion is presented. Delayed

states are considered in order to reach, in a decentralized manner, the same estima-

tions that would be obtained by a central entity. In addition to this, the method

presented enables the system to cope with communication delays and breakdowns.

Under the assumption of Gaussian models and continuous state spaces, a beneficial

structure of the information is also derived in order to reduce the communication

bandwidth required to share estimations.

Apart from the above theoretical results, in Chapter 3 extensive field experiments

are provided for decentralized data fusion with real robotic platforms. Thus, real

implementations integrating heterogeneous sensors for cooperative tracking are pre-

sented. The consistency and robustness of the estimations as well as the improvements

derived from the combination of different subsystems are demonstrated. Moreover,

these robotic systems are tested under real communication constraints, such as wire-

less devices, bounded bandwidth, and data losses due to switches between access

points.
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Despite these theoretical and experimental results, the use of non-linear models

can still cause some differences between decentralized and centralized estimations.

Moreover, arbitrary network topologies may lead to inconsistent estimations, which

can be prevented by using conservative fusion rules. Besides, the main drawback of

the approach is that the whole development is based on the assumption of Gaus-

sian distributions, which cannot consider multiple hypothesis. Other multi-modal

distributions, such as Gaussian mixtures (Caballero et al., 2010), should be explored

further in order to extend the algorithms proposed.

Furthermore, other decentralized data fusion schemes similar to the one proposed

here were cited throughout the Thesis. However, the majority of them were found

not to be able to either exactly reach the centralized solution for dynamic states

or provide such successful results in field experiments using robotic platforms and

communication constraints.

7.1.2 Cooperative decision-making

In Chapter 4, POMDPs are introduced as an option for decision-making approaches.

They provide a well-founded mathematical framework that can deal with uncertain-

ties, extending the data fusion methods mentioned above straightforwardly. Besides,

they pursue long-term goals that can be adapted to a wide range of problems. In par-

ticular, this Chapter explains how POMDPs can be used for active perception, and

POMDP-based models for multiple robots are presented. Unfortunately, POMDPs

have also disadvantages, and some of them are tackled in the Thesis. For instance,

most POMDP-based techniques in the literature for multiple robots require offline

computation and only work with discrete and relatively small state spaces. In addi-

tion, existing models cannot be scaled in line with the number of robots at all, easily

becoming unusable.

There are two main sources of non-scalability that arise naturally in POMDPs.

First, the high-dimensional state spaces derived from large domains; and second,

the exponential increase in the complexity of the model as more robots are added.

Therefore, state-of-the-art optimal solutions for multi-robot POMDPs are feasible
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only for small state spaces and require strong communication assumptions. Instead,

this Thesis proposes approaches for multi-robot POMDPs that trade off optimality

for applicability. Despite being sub-optimal, the achieved solutions can be used in

real domains under unreliable communications, which are commonly found in robotic

applications.

In particular, Chapters 5 and 6 tackle the source of intractability due to high-

dimensional spaces. The assumption of considering part of the state observable re-

duces the complexity of the models by incorporating the notion of mixed observabil-

ity. This idea is exploited in the Thesis in order to search for solutions that suit

real robotic systems, where mixed observability can be reasonable for a wide range

of applications involving active perception.

Chapter 5 proposes a closed solution for decentralized active perception with co-

ordinated robots. Only single-robot POMDPs are solved for each individual robot

without considering the others. This copes with the second source of complexity

in multi-robot POMDPs and makes the approach scalable in line with the number

of robots. Even though each robot pursues its own objectives, sharing information

by means of a data fusion algorithm enables them to coordinate indirectly. For in-

stance, in a tracking application, a robot unable to detect the target (e.g., because

it is located far from it) could estimate the target location thanks to the information

provided by the decentralized estimation.

However, a coordination technique in which each robot decides without taking into

account its collaborators’ actions still shows some drawbacks. In the example of the

tracking application, if a robot knew what other members are doing, they would avoid

visiting similar areas at the same time. This kind of explicit cooperation is attempted

by the approach detailed in Chapter 6, where the problem is decomposed into par-

allel behaviors that can be auctioned in a decentralized manner. Thus, single-robot

POMDPs are still solved (maintaining the scalability of the method), but there exist

a direct cooperation to reach the common goal due to the distribution of behaviors.

Since the decentralized auction depends on the current belief and there is no a

explicit consensus algorithm about it, different robots could have access to different

estimations at the same time (due to latencies or errors in the data fusion approach)
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and obtain inconsistent solutions. This concern and others related to data loss during

the auction are studied in Chapter 6, which tests the robustness of the implementation

in simulated and real robotic platforms. In any case, should they be necessary for

certain applications, consensus algorithms could be incorporated to the system at a

low communication cost.

Finally, despite the fact that some of the advantages for continuous Gaussian

spaces derived in Chapter 2 cannot be exploited, the approaches presented in Chapters

5 and 6 use discrete state spaces because uni-modal distributions seriously degrade

the performance of POMDPs. As mentioned before, other multi-modal distributions

for continuous spaces may be studied to extend the methods of this Thesis.

7.2 Future developments

Future works should tackle the main drawbacks discussed in the previous Section.

In regard to decentralized data fusion, the focus could be on further exploiting the

information provided by the delayed states. For instance, in tracking applications,

keeping a record of the trajectory of the target would provide more useful information

when a prediction of its movement has to be made before planning actions. Tech-

niques exploiting trajectory information could also be greatly helpful in order to cope

with the track-to-track association problem. Moreover, extending that work to the

multi-target case, new algorithms could be developed in order to deal with wrong

associations made in the past by using the state trajectories.

Another issue is the fact that the centralized solution is no longer reached ex-

actly when the information is fused in a conservative manner (e.g., the open field

experiments proposed in Chapter 3). To address it, middlewares and communication

protocols could be studied so that a tree-like network topology is enforced online for

the system as new robots appear.

As mentioned before, future developments could consider other probabilistic dis-

tributions in the continuous space, such as particle filters or Gaussian mixtures, that

can deal with multiple hypothesis.
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In relation to the POMDPs, there are also several lines of future work. Planning

under the assumption of continuous state spaces needs to be further explored. Even

though there are some previous solvers of this kind, they do not offer the same level of

performance and applicability as the discrete-based solutions. Moreover, the models

involved in POMDPs are usually considered fixed, which may cause troubles in highly

dynamic environments. Online approaches combined with active learning methods

could be helpful to be able to recalculate these models as the system acts. In the

same line, techniques to design the reward functions automatically would also be of

interest.

Even though the lack of explicit cooperation in Chapter 5 is solved by the approach

in Chapter 6, further development would still be desirable. In the method proposed

by Chapter 6, no systematic technique exists to decompose the goals of the team into

different behaviors. This distribution depends on each application, and the inclusion

of a general method to do it would definitely broaden the applicability of the approach.

In addition to the ideas presented in this Thesis, there are other multi-robot

approaches to control fleets of robots that could be investigated. For instance, better

plans could be obtained if the actions of several robots were considered during the

planning phase. A suggestion would be to include other robots’ actions in the planning

phase but trying to maintain vicinity (that is, to consider only the actions of potential

neighboring robots instead of the whole fleet). This should lead to better policies while

maintaining the scalability of the system.

Another proposal is to study multi-resolution POMDPs, i.e. POMDPs that work

at different levels of abstraction in order to keep scalability. For instance, the de-

centralized auction proposed in this Thesis could be replaced by high-level POMDPs

responsible for distributing the policies. Thus, low-level POMDPs would work with

larger domains but a single robot, whereas high-level POMDPs would reason about

several robots but in a reduced state space.



Appendix A

Resumen

La Tesis se centra en el estudio de técnicas de percepción cooperativa para equipos

de múltiples robots. En nuestros d́ıas, existen muchas aplicaciones tanto exteriores

como interiores en las que equipos formados por distintos robots pueden ser de gran

utilidad. En estos casos, la complejidad de las tareas a realizar o la variabilidad de los

lugares a los que hay que acceder, hacen que la cooperación entre robots heterogéneos

sea imprescindible. En concreto, la Tesis trata situaciones de cooperación activa, en

las que los robots no sólo se limitan a compartir información para estimar el estado

del entorno, sino que toman decisiones conjuntas para mejorar dicha percepción.

La cooperación de múltiples sistemas también permite obtener un mayor grado

de robustez, lo cual es relevante para operar en escenarios reales. En estos escenarios,

existen importantes restricciones en las comunicaciones, por lo que la Tesis propone

diferentes técnicas para lidiar con dichos problemas. Además, todas las soluciones

propuestas son descentralizadas, ya que éstas son más fiables y escalables a medida

que se aumenta el número de robots.

Adicionalmente, esta Tesis considera representaciones de estado y modelos prob-

abiĺısticos. Una vez planteado el problema de percepción activa con múltiples robots

de manera genérica, debido a su complejidad, se investigan soluciones aproximadas.

De este modo, se intenta llegar a un compromiso entre optimalidad y aplicabilidad,

ya que la Tesis está enfocada al funcionamiento en plataformas robóticas con fuertes

restricciones de tiempo real.
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Es importante mencionar que la Tesis presenta abundantes resultados experimen-

tales con equipos de robots y sensores heterogéneos. Se incluyen tanto experimentos

de campo como interiores que validan los métodos desarrollados en la Tesis para una

aplicación de seguimiento cooperativo.

Los principales objetivos de la Tesis son los siguientes:

• Desarrollar un algoritmo descentralizado de fusion de datos con una repre-

sentación común del estado para todos los robots. Los robots deben inter-

cambiar información entre ellos y considerar modelos con incertidumbre.

• Estudiar métodos que solucionen los problemas que surgen al fusionar datos

de manera descentralizada debidos a las comunicaciones. La convergencia de

los métodos y las diferencias respecto a una versión centralizada se analizarán

también para diferentes topoloǵıas de red.

• Cerrar el bucle desarrollando algoritmos de toma de decisiones cooperativas por

parte de un equipo de robots. Estos algoritmos estarán basados en la capa de

percepción cooperativa mencionada anteriormente.

• Analizar otros enfoques existentes en la literatura para cooperación descentral-

izada con incertidumbres. El objetivo es que los robots tengan que compartir

la menor cantidad de información posible para poder cooperar.

• Las soluciones propuestas deben cumplir con los requisitos de escalabilidad del

sistema necesarios para ser utilizado en plataformas robóticas reales.

• Validar los algoritmos en plataformas reales que realicen misiones cooperativas.

Las implementaciones de los métodos desarrollados deben considerar aspectos

de tiempo real y fiabilidad.

La Tesis está distribuida en varios caṕıtulos cuyos contenidos se resumen a con-

tinuación:

• El Caṕıtulo 1 introduce los objetivos de la Tesis y describe brevemente los

proyectos de investigación a los cuales ha estado ligada directamente. También

incluye un amplio estudio de trabajos similares pertenecientes al estado del arte.
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• El Caṕıtulo 2 presenta un método probabiĺıstico para fusión descentralizada

de datos. Se usan estados pasados de la estimación para converger hacia los

mismos resultados que se obtendŕıan con una versión centralizada. A su vez,

se desarrollan técnicas para reducir los efectos negativos de los fallos en las

comunicaciones.

• El Caṕıtulo 3 incluye experimentos del método desarrollado en el caṕıtulo ante-

rior en dos aplicaciones reales, robótica urbana y robótica para rescate. Los al-

goritmos se intengran en plataformas con robots reales que realizan seguimiento

cooperativo de objetivos móviles. En concreto, se muestran la robustez y fia-

bilidad del sistema.

• El Caṕıtulo 4 introduce los fundamentos matemáticos y el estado del arte de

las técnicas POMDP, ya que en la Tesis se utilizan de forma asidua.

• El Caṕıtulo 5 propone una aproximación coordinada para el problema de con-

trol de equipos de robots de forma descentralizada. Se combina la fusión de-

scentralizada de datos con las técnicas POMDP para obtener comportamientos

coordinados de manera impĺıcita.

• El Caṕıtulo 6 presenta una solución cooperativa para controlar múltiples robots.

En este caso, además de la fusión descentralizada de datos, se realiza una dis-

tribución de tareas entre los robots que les permite cooperar de manera expĺıcita.

• El Caṕıtulo 7 resume las conclusiones de la Tesis y lanza ciertas ĺıneas de trabajo

futuro.
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