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Preface

The Third Intcrnational Workshop on Hybrid Artificial Intelligence Systems (HAIS
2008) presented the most recent developments in the dynamically expanding realm of
symbolic and sub-symbolic techniques aimed at the construction of highly robust and
reliable problem-solving techniques, Hybrid intelligent systems have become increas-
ingly popular given their capabilitics to handle a broad spectrum of real-world com-
plex problems which come with inherent imprecision, uncertainty and vagueness,
high-dimensionality. and non stationarity. These systems provide us with the opportu-
nity to exploit existing domain knowledge as well as raw dala to come up with promis-
ing solutions in an effective manner. Being truly multidisciplinary, the serics of HAIS
workshops offers a unique research forum to present and discuss the latest theoretical
advances and real-world applications in this exciting research field.

This volume of Lectire Notes on Artificial Intelligence (LNAI) includes accepted
papers presented at HAIS 2008 held in University of Burgos, Burgos, Spain, Septem-
ber 2008

The global purpose of HAIS conferences has been to form a broad and interdisci-
plinary forum for hybrid artificial intelligence systems and associated learning para-
digms, which are playing increasingly important roles in a large number of application
arcas.

Since its first edition in Brazil in 2006, THAIS has become an important forum for
researchers working on fundamental and theoretical aspects of hybrid artificial intelhi-
gence systems based on the use of agents and mulliagent systems, bioinformatics and
bio-inspired models, fuzzy systems, artificial vision, artificial nevral nctworks, optimi-
zation models and alike.

This conference featured a number of special sessions: Hybrid Systems Based on
Negotiation and Social Network Modelling, Real-World Applications of HAIS Under
Uncentainty, Hybrid Intelligent Systems for Multi-robot and Multi-agent Systems,
Genetic Fuzzy Sysiems: Novel Approaches and Applications of Hybrid Artificial
InteMigence in Bioinformatics.,

HAIS 2008 received over 280 technical submissions, After a through peer-review
process, the International Program Committee selected 93 papers which are published
in this conference proceedings. The large number of submissions is certainly not only
a lestimony of the vitality and atiractiveness of the ficld but an indicator of the interest
in the HAIS conferences themselves.

As a follow-up of the conference. we anticipate further publication of selected pa-
pers in special issues scheduled for the journal of Information Sciences, Elsevier Sci-
cnees, The Netherlands and the International Journal On Computational Imtelligence
Research (IJCIR).We would like to express our thanks to the Program Committee
whose members did an outstanding job under a very tight schedule. Our thanks go to
the keynote speakers: Bogdan Gabrys from Bournemouth University (UK). Francisco
Herrera from the University of Granada (Spain), Xindong Wu from the University of
Vermont (USA), and Hujun Yin from the University of Manchester (UK).
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Multi-robot Route Following Using Omnidirectional
Vision and Appearance-Based Representation of the
Environment

Luis Payd, Oscar Reinoso, Arturo Gil, and Javier Sogorb

Departamento de Ingenieria de Sistemias Industriales,
Miguel Hermdndez Univensity
Avda. de la Universidad, s/n.
03202 Elche (Alicante), Spain
{lpaya,o.reinoso}@umh.es

Abstract, In this work, « framework to carry out multi-robot route following is
presented. With this approach, a team of mobile robots can follow a route that a
leader robot has previously recorded or is recording at the moment. Each robot
has a catadioptric system on it that provides omnidirectional images of the envi-
ronment. To carry out the localization and control of each robot during route
following, we have made use of an appearance-based philosophy in combina-
tion with compression techniques in the Fourier Domain and the Principal
Components Analysis subspace. These technigues are especially interesting in
the case of panoramic images due to their invariance to oricntation and robusi-
ness to small changes in the environment. Several experiments with a team of
mwhile robuts have been carried out to demonstrate the robustness of the ap-
proach in realistic office and taboratory environments.

Keywords: ID Fourer Transform, Panoramic images. Principal Components
Analysis, Probabilistic localization.

1 Introduction

Nowadays, the presence of robots in our houses and factories is continuously increas-
ing. These robots have moved o such environments to fulfill our needs. usually, in
repetitive or unpleasant tasks, [owever, it is desirable they show a higher degree of
autonpomy, (ulfillment and robustness 1o expand its range of home applications. In or-
der (o achicve these aims, one of the most important skills a robot needs is the effi-
cient environment represenlation and navigation. taking into account that in real
working environments, the robot has to deal with some typical situations such as
variation in illumination, occlusions and change in the position of some objects in the
scene. The representation of the environment must cope with these features so that the
robot is absolutely avtonomous,

Previous rescarch has shown how 1o face the problem of environment representa-
tion. In [1], a complete survey is presented with information about robot mapping and
the different approaches that have been developed recently. Current works show how

E. Corchado. A. Abraham, and W. Pedrycz (Eds.): HAIS 2008, LNAT 5271, pp. 680-687. 2008,
© Springer-Verlag Berlin Heidelberg 2008
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a graph representation may be very efficient, such as [2), that constructs a weighted
graph in which nodes arc the images taken at certain positions and links denote simi-
larity between images. SIFT features and the epipolar restriction are used 1o obtain a
robust heading estimation between each pair of panoramic images. A similar ap-
proach is presented in (3], that is based on the use of hicrarchical cognitive maps. The
place cells represent the scenes through a PCA compression and the information pro-
vided by an clectronic compass is used to compute the connectedness between nodes.
A similar probabilistic represemtation is presented in [4]. Based on objects, they build
a global topological representation of places with object graphs serving as local maps.
The objects are recognized by means of the SIFT points extracted from the images
caplured by a sterco pair. Finally, the work in [5] presents a framework approach to
robot mapping using omnidircctional vision and Fourier transformation that allows
hierarchical localization with variable accuracy and sclf-organization of the visual
memory of the environment.

In some applications, the use of a tcam of robots may help to make the achicve-
ment of the task faster and more reliable. In such situations, cach robot works with in-
complete and changing information that has, also, a high degree of uncertainty. This
way, only a suitable choice of the representation and an effective communication be-
tween the members of the team can provide the robots with a complete knowledge of
the environment where they move. As an example, [0) presents a probabilistic EKF
algorithm where a team of robots builds a map online, while simultancously they lo-
calize themselves. In [7], a map is build using visual appearance. From sequences of
images, acquired by a team of robots, subsequences of visually similar images are de-
tected and finally, the local maps are merged into a single map.

A 1ypical problem in collaborative robotics implics following a path e.g., to per-
form a surveillance task in an office environment or an assembly. or delivery task in
an industrial environment. Also, the problem of formations, where a tcam of robots
must navigate keeping a relative spatial distribution of the robot positions can be seen
as a problem of path following, where one or several robots must follow the path the
leader is recording with an offset either in space or in time. Some approaches suggest
that this process can be achieved just comparing the general visual information of the
scenes, without necessity of extracting any feature. These appearance-based ap-
proaches are especially useful for complicated scenes in unstructured environments
where appropriate models for recognition are difficult to create. As an example. (8]
addresses a method where several low-resolution images along the route to follow are
stored. This approach is not able to cope with large and varying environments and is
not robust. [9] uses PCA compression of the scenes in an incremental way, what al-
lows multi-robot route following.

In this paper, we present an appearance-based method for multi-robot route
following where 1D Fourier Transform on omnidirectional images is used to build the
database, PCA compression is used to compute the control action of the robot and a
probabilistic Markov process is implemented for robut lucalization. Section 2 presents
the appearance-based process used to represent the environment and the previous
work done in this field. Section 3 shows the implementation of the multi-robot route
following application. Some experiments have been carried out with two mobile ro-
bots, whose results are exposed in section 4. To finish, the conclusions of the work
are detailed.
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2 Representation of the Environment

The main goal of the work is 10 create a framework 0 carry out multi-robot route fol-
lowing using just visual information and with an appearance-based approach. In this
task. a leader robot goes through the desired route while a tecam of robots follows it.
The first step to accomplish this task is the learning phase, where the leader robot
stores some general visual information along the route to follow. In this step, it is im-
portant to define correctly the representation of the environment to allow that any ro-
hot can follow the route of the leader one with an offset either in space or/and in time
in an efficient way. An appearance-based approach for robot navigation implics using
the information of the whole images without extracting any Kind of lindmark. _V-S._.
ous works [10] have used PCA compression of the scenes captured with o forward
looking camera to reduce the wmount of memory needed and the computational cost
during the navigation task. However, to allow multi-robot route following while the
leader is still going through the route, an incremental model to build the database is
needed. Previous works have made use of incremental PCA with this goal [9].

In the current work we use the information provided by a catadiopiric system com-
posed by a forward looking camera and a hyperbolic mirror. This system provides
omnidirectional images of the environment that can casily be transformed into pano-
ramic images as shown on fig. 1(a) and 1(b).

() (b) ()

Fig. 1. (a) Original omni-directional image, (b) corresponding panor: image and (¢} power
spectrum of the 11 Fourier Transform of the panoramic image computed row by row

This kind of images can be transformed to another compact representation into the
Fourier domain [5). The sequence of complex numbers ? uu ?: L.y L can be

ransformed into the sequence of complex numbers T w = ?__ A s ‘; using the

n

Discrete Fourier Transform using the following expression:

N-L _ e
A=Ya eV k=0 N-L (n
a4y

Using this expression. each row of the panoramic image can be transformed into
the Fourier Domain. This transformation presents two interesting properties for robot
mapping and localization when onmnidirectional imiuges are used. First, the most rele-
vant information in the Fourier domain coneentrates in the low frequency compo-
nents. Furthermore, removing high frequency information can lead to an improvement
in localization because these components are more affected by noise. The second
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imeresting property is the rotational invariance, Il two images are acquired at the
same point of the environment but __.:._:r the robot different headings, then, the
power spectirum of each row is the same in both cases. This is beeause these two ro-
tated omnidirectional images lead to two panoramic images that are the same but
shifted along the horizontal axis. If cach row of the first image is represented with the
sequence ?; then and each row of the second image will be the sequence ?, L. be-

ing ¢ the amount of shift, that is proportional to the relative rotation between images.
The rotational invariance can be deducted from the shift theorem. which can be
expressed as:

Ahl

Slla, Y= 7%

= is the Fourier Transform of the shifted sequence and A are the

(2)

where Slla
components of the Fourier Transform of the non-shifted sequence. According to this
expression, the Fourier Transfoim of a shifted sequence of numbers is equal to the
FFouricr Transform of the original signal multiplicd by a complex number whose mag-
nitude is the unit. This means that the amplitude of the Fourier Transform of the
shifted image is the same as the original trunsform and there is only a phase change.
proportional to the amount of shift ¢. This way. while the leader robot goes through
the desired route, it captures N onmmidirectional views, transforms them to the pano-
ramic representation. resulting the images [x] e %%, j=1.....N, and computes the

n-y

1D Fourier Transtorm row by row. After this process, the robot has created a database
containing the Fourier matrixes S\ e KM, j=1,....N arranged by order of acquisi-

tion. being F the number of Fourier components retained.

3 Multi-robot Route Following

3.1 Localization of the Robot

Once the database is created or while it is being buill, during the navigation phase. the
second robot is situated on a point near the learned route. Then, it has to recognize
which of the stored images is the nearest one 10 the image captured at the cuirent po-
sition and drive to tend to the route, following it till the end. It must be carried out just
comparing its current visual information with the information stored in the database.
Two processes must run successively: auto-localization and control. During the auto-
localization, the Fourier matrix of the current image is compared with the information
in the database. Theoretically, the most similar point should correspond to the nearest
position of the robot. However, in office environments which present a repetitive vis-
ual appearance, this simple Jocalization method tends to fail often as a result of the
aperture problem. This means that the visual information captured at two different lo-
cations that are far away can be very similar. To avoid these problems, a probabilistic
approach based on a Markov process has been used. The current position of the robot
can he estimated using the Bayes rule, using the nexi expression:

ply, Wl :8)a pllel ) v,:6) plv,)- 3
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where pf v,) denotes the probability that the robot is on the position v, before observing
the Fourier matrix {1/, This value is estimated using the previous information and the
motion model. p(ftf; 1v,} is the probability of observing /¢/, if the position of the robot
is v, This way. & method 1o estimate the observation model must be deducted. In this
work, the distribution p(f1]; Iv,) is modeled through a sum of Gaussian kernels, cen-
tered on the 2 most similar points of the route:

Lo e
,,([,],1_\.,;9)2',",.27“,‘ HTES B )
i1

Each kernel is weighted by the value of confidence %, that is the degree of
similarity between the Fourier matrix of the currently captured image, {¢/f; and the j-th
Fourier matrix of the database, Then, these kernels are convolved with a Gaussian
function that models the motion of the robot, and that depends on the previous posi-
tion and velocity of the robot. At last, the new position is considered at the point with
highest contribution probability.

3.2 Control of the Robot

Once we have a new matching, in the control phase, the current visual information
must be compared with the matched information of the database, and from this com-
parison, a control law must be deducted to lead the robot 1o the route. To do it, once
the robot knows its position, it has to compute its orientation, comparing to the origi-
nal heading that the first robot had when it captured the image at that position.

When working in the Fourier domain, eq. 2 allows computing the amount of shilt ¢
and so. the orientation of the robot. However, after some localization experiments,
this expression has showed a very unstable behavior, and it has not been able to deal
with snwlt changes in illumination, noise and changes in the position of some objects
in the environment. This way, an altlemative procedure to retricve the orientation has
been developed. which is based on the use of sub-windows on the panoramic images.
From cach panoramic image stored in the database, fx/,. a set of N° sub-windows is
obttined from the whole image, where v e 1" is cach sub-window. These sub-
windows are obtained scanning the original scene with a step in the horizontal axis
(fig. 2). Carrying out a process of PCA compression, the PCA components j‘l' e R
of each sub-window are calculuted where K< N°. Fig. 2 shows these projections as
crosses in the case K'=3. On the other hand, during the autonomous navigation, an-
other set of V7 sub-windows is obtained form the current image, where ) € RY ' is
cach sub-window. These windows are then projected onto the PCA subspace of the
sub-images of the current image, giving as a result the dots on fig. 2, Then, the most
similar projections  cach one of them are extracted.

Arranging this information on a chart, we obtain the fig 3(a). To build this chart,
the two most similar sub-images to each one are extracted. Extracting two sub-images
instead of only one makes the method more robust to partial occlusions and small
changes in the environment. The orientation of the robot is extracted from this chart
using several least square fitings in an iterative process where data are shifted before
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cach new regression. After all the iterations. the best fitting results in a line whose or-
dinate in the origin is near 10 zero, whose slope is near to one and whose correlation
coelficient is near to one. The orientation of the robot is proportional to the number of
shifts until the best fitting is achieved. This method has demonstrated to be robust 1o
recover the orientation of the robot.

Cutrently captured tmage [x),

subspace

Fig. 2. From cach image in the database, a set of sub-images is extracied and compressed using
PCA methods. ‘Then, a set of sub-images is extracted from the current images and projected on
the same subspice. The most similar views to cach of them are computed.

[}

40 uvfts

Sub-windows in the
corresponding image
3 X % u 3

Sub-werdows in the
conesponang image

Sal> windows on the Current mage

Sapwiviows i Te GaTent mage

Fig. 3. (3) The sub-windows comrespondences are arranged on a chart. The points of this chan
are consecutively shifted until the best fitting is achieved (b). At ¢uch shift. all points are moved
one pasition to the left and the first points are moved to the last position. The oricntation of the
robot is proportional 1o the number of shifts.

4 Results

Two Pioncer 3-AT robots with an omnidirectional vision system on cach of them. and
with processors P, and Py on-board, have been used to test the algorithms. Ry is the
leader robot, which is recording the route and Ry is the follower one. Also, an inde-
pendem processor P has been used. All the computers are connected in a CORBA-
based architecture. To begin, the robot A is teleoperated through the desired route.
After a while, Ry, begins following this route. Py is in charge of reading the new im-
age, and storing it if is different enough to the previous ones, Then it computes the
corresponding Fourier matrix and sends the panoramic image (o Pe, which computes
the PCA subspace of the sub-windows. When Py captures a new image, it compules
its Fourier matrix and calculates the nearcst position of the database using the prob-
abilistic approach. After this, P compulcs the control action to apply 1o Ry.
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Several experiments have been carried out to validate the approach. Fig. 4 shows »

typical route of around 50 meters, recorded in an office environment. and the route of

the follower robot when at starts from iwo ditferent points around it Typically, the
follower robot tends to the route and follows it, showing a great performance on the
straight Tincs and a relatively bigger error in the wrpings. However. with this ap-
moach. the tobot is able 1o find the route and tend to it showing a very stable behay-

ior 0l the end. The control action implemented makes the robot move forward only if

s ofientation is close to the correct orientation. Otherwise. the robot will be applicd
only a steering velocity 1o correct the heading. In fact, in the second experiment, the
robot iy situated near (o the route but with an orientation of about 180° with respect 10
the route. First, the robot s until its orientation is correct and then it starts moving
torward, with slight steering movements 0 correct its trajectory,

* ¢ ¢ Rude Recontee

——  Routd Folowed n Evpenment |

A . —— &
. i
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—— - Route Followsd in Exparmert 2

o

Fig. 4. Ruute recorded by the leader robot and routes tollowed by a follower robot in two ex-
perunents with different intial point

5 Conclusion

In this paper. an appearance-based multi-robot route-following scheme is presented.
The propased solution uses low resolution panoramic images and echniques for di-
mensionality reduction to extriact the most relevant information along the environ-
ment. Thanks o its invariability 1o rotation, these techniques are especially interesting
to be used in applications of map building and navigation. Also, an appearance-based
method has been proposed 1o compute the orientation of the robot.

‘The final objective of the work is that other robots can follow a route from a dis-
tance (s in space or in time). To do it. a probabilistic algorithm has been imple-
mented (o calculate their current position among those that the Ieader has stored, and a
controller has been implemented, also based on the appearance of the scencs. to calcu-
late the linear and wrning speeds of the robot,
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Some cxperiments have been carried out with two Pioncer 3-AT robots using a
CORBA-hased architecture for communication. These experiments show how the
process employed allows following a route in an accurate and robust way.

We are now working in other control methods to reduce the ervor during the navi-
gation, studying the cffects of illumination changes and scene changes more accu-
rately. At last, more sophisticated ways of building a map are being evaluated so that
the robot can find the ronte and follow it although its initial position is far from this
voute. These more complex maps should contain information of additional locations
of the environment and they are expected to be useful in a number of applications in
multi-robuot navigation. Also, this application can be extended 10 a team of heteroge-
neous robots, equipped with different kinds of sensors. In this case, the hybrid sys-
tems approach would be useful to improve the performance of the task. Fuzzy logic
and reinforced learning can be used both to build the database with information from
several different sensors and to compare the information captured by the follower ro-
bot with the information in the database.

Acknowledgments. This work has been supported by MEC through the project
DPI2007-61197: “Sistemas de percepeion visual mévil y cooperativo como soporte
parat la realizacion de tarcas con redes de robots™.

References

I. Thrun, S.: Robot Mupping: A Survey. Technical report. Exploring Artificial Intelligence in
the New Milenium, pp. 1-35. Morgan Kaufmann, San Francisco (2003)

. Booij. O., Terwijn, B., Zivkovic, 7., Krose, B.: Navigation using an Appearance Based
Topological Map. In: IEEE International Conference on Robotics and Automation, pp.
32073932, IEEE Press, New York (2007)

3 Vasudevan. S.. Gichier, S., Nguyen, V.. Sicgwart, R.: Cognitive Maps for Mobile Robats

- An Object Based Approach. Robotics and Autonomious Systems 55, 35-371 (2007)

4. Stimee, A Jogan, M. Leonardis, A A Hicrarchy of Cognitive Maps from Panoramic Im-
ages. In: 10ih Computer Vision Winter Workshop, Zell an der Pram. Austria (2005)

5. Mencgatti, .. Macda, T., Ishigwro. [1.: Vimage-based Memory for Robot Navigation using
Properties of Ominidirectional Images. Robotics and Autonomous Systems 47(4), 251-276
(2004)

6. Thrun, 8.: A probabilistic online mapping algorithm for teams of mobile robots. Intema-
tional Journal of Robotics Rescarch 2068), 335-363 (2001)

7. Ho. K.. Newman. P.: Multiple Map Interscction Detection using Visual Appearance. In:
3rd Intemational Conference on Computational, Intelligence. Robotics and Autonomous
Syatems, Singapore (2005)

8. Matumoto, Y.. Tkeda, K., Inaba, M., Inoue, H.: Visual Navigation Using Omnidirectional
View Sequence. In: IEEF International Conference on Intelligent Robuots and Systems, pp.
317-322, IEEE Press, New York (1999)

9. Payii, L., Reinoso, 0., Gil. A.. Pedrero, I.. Ballesta, M.: Appearance-Based Multi-Robot
Following Routes Using Incremental PCA. In: Apolloni, B., Howlett, R.J., Jain, L. (eds.)
KES 2007, Part L. LNCS (LNAD. vol. 4694, pp. 1170-1178. Springer, Heidelberg (2007)

10. Paya. L. Vicente, MLA., Navarro, L., Reinoso, O, Ferndndes, C.: Continuous Navigation

of a Mobile Robot with an Appearance-Based Method. In: 2nd Intemational Conference
on Informatics in Control, Automation and Robotics, Barcelona, Spain, pp. 443116

to

(2005)

!.‘smnmmmmmumm {11

5

. H 2
Lisisiiziizd

‘

W mmmm



