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Abstract—This paper discusses human preference learning by
robot partners through interaction with a person. We use a robot
music player; miuro, and we focus on the music selection for
providing the person with comfortable sound field. First, we
propose a control architecture of miuro based on autonomous
behavior mode, interactive behavior mode, and human control
mode. Next, we propose a learning method of the relationship
between human position and its corresponding music selection
based on Q-learning. Furthermore, we proposed a similarity
matrix to reduce the learning time of Q-learning. The
experimental results show that the proposed method can learn
the relationship between human position and its corresponding
human preferable music.
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Boltzmann Selection; Fuzzy Control; Multi-Objective Behavior
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L INTRODUCTION

Recently, various types of human-friendly robots such as
amusement robots, robot pets, and robot partners have been
developed until now [1-6]. The advantage of robots is to realize
human- or animal-like interaction and communication with
people. A robot partner will be a concierge in the information
service through interaction and communication. We can have
three different types of robot partners from the interactive point
of view (Fig.1) [7]. One is a physical robot partner. We can
interact with the physical robot partner by using multi-modal
communication like a human. The next one is a virtual robot
partner. The virtual robot partner is in the virtual space built in
the computer, but we can interact with it through the virtual
person or robot in the virtual space. The last one is a pocket
robot partner, and this is considered as the overlapping
subcategory of physical and virtual robot partners. The pocket
robot partner has a physical body but no mobile mechanism.
We can easily bring it everywhere and can interact with the
robot partner by touch and physical interface. The interaction
style of these three robots is different, but they share the same
personal database and interaction logs, and can interact with the
person based on the same interaction rules independent from
the style of interfaces. The person can accept the information
service ubiquitously from a change of the style of robot
partners according to the situation.
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In general, the basic behaviors for robots are designed
beforehand, but robot partners should perform social learning
through interaction and communication with people. Various
types of human-friendly robots have been developed, but the
aim of most previous works is in the interaction between a
robot and person, not the behavioral learning. Such a robot is
used for direct interaction and communication with a person,
but the mood and comfort by co-existing with the robot have
not been discussed so much. Therefore, we discuss the mood
and comfort for a human by co-existing with a robot partner.
Sound field is one of the most important roles in constructing
comfortable space. We proposed the learning method of human
preferable music selection based on Boltzmann selection, and
showed the experimental results of the relationship learning
through continuous interaction [8]. Furthermore, we showed
that the learning results by the pocket robot partner could be
seamlessly reflected to the interaction rules of the physical
robot partner. However, we do not discuss the location- or
situation-dependent learning in the learning to extract human
preference. Therefore, we propose a Q-learning algorithm for
acquiring the relationship between human position in a room
and its corresponding preferable music selection to construct a
comfortable space by a robot partner. Furthermore, we should
consider the regulation of the learning speed through
continuous interaction in order to reduce the human load and
the times of human interactions. Therefore, we propose a
learning method based on similarity matrix used for evaluating
human preference according to the similarity among songs.

This paper is organized as follows. Section 2 explains the
concept of informationally structured space [8,9] used for the
control and information processing of robot partners through
wireless network. Next, we explain the hardware of robot
partners used in this study, and the control architecture of the
robot partners. Section 3 proposes decision making and
learning method of robot partners based on computational
intelligence. Section 4 shows several experimental results of
the proposed method. Section 5 discusses the effectiveness of
the proposed method, and concludes this paper.
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Fig.1. Interaction with robot partners.
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Fig.2. The concept of informationally structured space.

II.  INFORMATIONALLY STRUCTURED SPACE FOR ROBOT
PARTNERS

A. Informationally structured space and information service

Basically, information service to a person is used to find the
required information from huge size of data, and provide them
to the person in the suitable form. Robot partners are used as a
concierge of daily information service, and require the
emerging synthesis of information technology (IT), network
technology (NT), and robot technology (RT). NT can provide
the robot with computational capabilities based on various
types of information outside of robots. Actually the robot
directly receives the environmental information through a local
area network without the measurement by the robot itself [10].
Wireless sensor networks realize to gather the huge data on
environments [11]. However, it is very difficult to store all of
huge data in real time. Furthermore, some features should be
extracted from the gathered data to obtain the required
information. Therefore, the environment surrounding people
and robots should have a structured platform for gathering,
storing, transforming, and providing information. Such an
environment is called informationally structured space (Fig.2).

Basically, information is defined as meaningful or valuable
data from the viewpoint of information science. On the other

hand, sensory information includes visual information, audio
information, tactile information, and olfactory information,
from psychology [12-14]. This means we can perceive the
meaning or value from such sensory information to perceive
the environment. In this study, we try to realize information
service by music, sound and voice. Especially, we discuss the
method of providing a person with the comfortable mood by
the sound field using music suitable to the situation.

B. A robot partner miuro

We use a robot music player called miuro as a physical
robot partner developed by ZMP Inc. in Japan [4]. This robot
can act in autonomous motion with the big size of wheels
attached with both sides (Fig.3). The robot has many sensors
such as a camera, 10 infrared distance sensors, touch sensors,
and accelerometer. Furthermore, miuro can be controlled by
infrared remote controller. The user can play music contents
registered beforehand in miuro by the remote controller, and
iPod can be connected and built within the body of miuro. The
robot also can play music contents in a PC server and programs
of Net Radio connected through wireless LAN (802.11b/g) by
its high quality speakers.

iPod dock Wheel

Touch sensor

Tweeter

{

VFD 7N £
-~ 7\ Woofer .7 N. Camera

¥ \ il AN
IR analog sensor IR digital sensor

(a)back (b)front

Fig.3. Robot partner; miuro.

Figure 4 shows the roles of miuro in information service.
The most important advantage of miuro is in the high quality of
music play with autonomous sensing and moving capability.
Therefore, miuro can provide a person with the sound field
according to the situation extracted as a result of sensing. The
second advantage of miuro is in wireless communication with
PC server and Internet. The extracted information on
preference and custom is stored in the PC server and referred
from the PC server. Furthermore, miuro can download music
contents from web sites according to the extracted preference
of the person, and play them. However, the downloaded music
contents might be different from the preference, but sometimes
this can be a new finding of music for the person. This means
the person does not perform the search of music contents, but
miuro can be a concierge of information service.

The roles of music plays can be divided into music
appreciation and background music. A person directly enjoys
listening music in the music appreciation, while the person
enjoys other tasks with listening music in the mode of
background music. In the latter, the background music plays
the important role in entraining the person into the target task.
Based on the portability and mobility of miuro, we focus on the
music selection as the background music.

1363



_—server PC
store information about

user preference depending environmen;\-
/ on the situation N\
update sensor data \
person preference \

I. -specify the

@ operation
S —

]
£ 7’—-\' situation /

produce

\ 4 (TSI <make sound fleld/:‘
N decision (77 7
\.__.—r/ ¥ S /’
| *build own Wiuro”

N, T —1
N Bhvice preference

[
w Measurement
|

Physical robot partner
‘Information Information
update sharing
server PC =
'
.

Measurement l

Person

Pocket robot partner

Fig.4. The roles of Miuro in information service.

C. Control architecture of Miuro

Basically, miuro has three behavior modes; human control
mode, autonomous behavior mode, and interactive behavior
mode. These modes are changed according to the remote
controller or human interaction. In the human control mode, the
user can directly control miuro, choose the predefined

behaviors, and play the music contents by the remote controller.

The autonomous behavior mode is composed of random walk,
target tracing, information gathering, and map building. The
action output of miuro is decided by the multi-objective
behavior coordination according to the internal state and local
sensing information from external environments. The
interactive behavior mode is composed of music play, human
tracking, and amusing play.

Figure 5 shows the detail of decision making of miuro.
After the sensing, the behavior mode is transited to the human
control mode if the remote controller is activated (Fig.5 (1)). In
this mode, miuro is directly controlled and used as a music
player. On the other hand, if the human interaction is extracted
or recognized, the behavior mode is transited to the interactive
behavior mode (Fig.5 (3)). In this mode, miuro also
aggressively tries to contact and interact with the person, to
collect and extract personal information such as preference and
custom, and to provide various types of information suitable to
the situation.
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Fig.5. The total procedure of decision making of Miuro.

III. COMPUTATIONAL INTELLIGENCE FOR DECISION
MAKING OF ROBOT PARTNERS

A.  Autonomous behavior mode

Various intelligent methods for autonomous behavior
control have been proposed such as production rules, Bayesian
networks, neural networks, fuzzy inference systems, and
classifier systems [15-20]. We have applied fuzzy inference
systems to represent behavior rules of robots [10,21], because
the behavioral rules can be designed easily and intuitively by
human behavioral representations. We apply simplified fuzzy
inference to the motion control of miuro. In general, a fuzzy if-
then rule is described as follows,

If x;is A;; and ... and x,/is A, \
Then Vi is Wil and ... and VN is WinN

where 4;; and w;are the Gaussian membership function for the
jth input and the singleton for the kth output of the ith rule; M
and N are the numbers of inputs and outputs, respectively.
Fuzzy inference is performed by,

( ? (1
X.—d. .
iy ()= exp{—sz"fJ
o) l,]
‘ui = HﬂAi.i (xj) (2)
Z/’Liwi,k
Vi = N (3)

R

2 H,

i=1
where aijand bijare the central value and the width of the
membership function A4ij; R is the number of rules. Moreover,
the kth output y, is motor output. In general, a mobile robot has
a set of behaviors for achieving various objectives, and must
integrate these behaviors according to the environmental
conditions. Therefore, we proposed the method for multi-
objective behavior coordination [22]. The multi-objective

1364



behavior coordination can integrate outputs of several
behaviors according to the time-series of perceptual
information. A behavior weight is assigned to each behavior.
Miuro can achieve a smooth behavior by dynamic update of the
behavior weights along perceptual information. According to
the behavior weights, the final output is calculated by,

K
ngtj(t)-yj'k
j=1

Z wgt (1)

where K is the number of behaviors; wgti(f) is a behavior
weight of the jth behavior over the discrete trials ¢, and output
Yik 1s the calculation result from simplified fuzzy inference
used for the jth behavior. The update amount of each behavior
weight is calculated as follows,

Y= “

Awgtl dwl,l dWl,z dWLL (,'il
Awgt, dw, ci, )
Awgt dwy dwy ciy

where ciiis the parameter on the perceptual information; L is
the number of perceptual inputs.

First, the multi-objective behavior coordination can
integrate collision avoidance and target tracing behaviors. The
inputs to the fuzzy controller for collision avoidance are the
measured distance to the obstacle by infrared distance sensors
equipped in front of the robot (Mc=3). The inputs to the fuzzy
controller for target tracing are the estimated distance to the
target point and the relative angle to the target point from the
moving direction (Mr=2). Outputs are the moving velocity and
the steering angle. Final outputs are calculated by the weighted
average of outputs form these two behaviors based on the
multi-objective behavior coordination according to the degree
of danger. The degree of danger is calculated utilizing the
minimum value of distances to obstacles by measurement as
follows,

d:(S—mjinxj)/S (6)

where S is the sensing range of infrared distance sensors.

B. Interactive behavior mode

The interactive behavior mode is composed of human
tracking, music play, and amusing play. As mentioned before,
miuro is designed as a music player, and this paper focuses on
the method of providing a person with the comfortable mood
by the sound field using music suitable to the situation. The
individual preferable sound field corresponding to situations
such as cooking, reading, studying, and sleeping is different
among people. The robot music player, miuro, should provide
the individual person with the comfortable mood, but it is
difficult to design the relationship between a situation and its
corresponding sound field. Furthermore, such relationship
should be extracted and learned through communication and

interaction with the person. In this paper, we assume a specific
situation is corresponding to a specific human interaction.

We propose a learning method of the relationship between
the human position and its corresponding music play through
the interaction with the person. The robot selects human
preferable music according to human position. Therefore, the
learning results of the robot can reflect human preferences.
Based on this assumption, we use Q-learning to obtain the
relationship between the human interaction and its
corresponding reaction of the robot.

C. Q-Learning for human preference extraction

Reinforcement learning methods build agents that
maximize their expected utility only using reward or
punishment from the environment [23]. Accordingly, the
reinforcement learning does not use explicit teaching signals,
but uses evaluative feedback obtained through the interaction
with the environment. The tasks to be dealt with in the
reinforcement learning are sequential decision problems based
on four elements of a policy, a reward function, a value
function, and optionally, a model of environment. In this paper,
we must consider the continuity of environmental space and the
discreteness of songs.

Q-learning is considered as an off-policy TD control
method. Watkins proposed a simple method for assigning
values to state-action pairs, and called the method incremental
dynamic programming. The robot music player of the one-step
Q-learning, which is the simplest method, learns the following
action-value function,

0(s,,a,) < (1-a)-O(s,,a,)

(7
+a-| R, +1-max o(s,,,.a)
where R;;; is a reward value, « is a learning rate (0<a<1.0); i
is a temporal discounting rate (0 <1<1.0); and 4 is a set of

songs (uy, uy, ..., Ug) corresponding to possible actions; S is the
number of songs. It is very difficult to design the reward
function for R in this application, because the reward value
should be extracted through the interaction with the robot
partner. In this paper, we assume a person keeps listening a
favorite song. This means the human preference depends on the
listening time of each song. If the person changes to another
song soon, the preference is not suitable to the state s,
Therefore, we use the following reward function,

R «1(t,) R, (8)

where 1(#,) is a Sigmoid function; ¢, is playing time of song a;;
Ry is a base value for the reward. Therefore, R, is high as the
playing time is long. Although the update rule is very simple,
the action-value function approximates the optimal action-
value function if all state-action pairs are updated repeatedly.
However, the aim of this paper is not to obtain the optimal
action-value function, but to obtain the feasible action-value
function to extract human preference. Furthermore, as the
difference from previous Q-learning, the state is not directly
changed as a result of the selection by a,. The state is updated
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by the human movement in a room. This means we might not
need to use Q-learning in this paper, but the advantage of Q-
learning is the update of value functions in the multi-stage
decision making. In this way, we apply Q-learning because we
assume the selection of songs depends on the continuous space
in a room.

We apply the softmax action selection (Boltzmann
selection), and the ith action a; is selected with the following
probability,

exp(Q(s,.,0,)/T)
D exp(Q(s,.a)/T)

J

where T is the temperature (7, <T <T

max

r(a)= )

).When the

temperature is high, the robot randomly selects a reaction. As
the temperature decreases, the robot deterministically selects
the reaction with the high selection strength even if the
difference among selection strengths is very small. Generally, T’
is gradually reduced according to ¢, but we propose an updating
method of the temperature according to the temporally
changing pattern of human interactions.

T A if x(t)=x(t 1)
r= {T | A otherwise (10)

where A is the update rate (0<A<1.0). In this paper, we use
music play as reaction of the robot. Therefore, we prepare
different types of songs as reaction candidates of the robot.

D. Q-Learning based on Similarity Matrix

There are two important problems in human preference
extraction. As the first problem, it is very difficult to evaluate
the quality of the extracted human preference. The problem of
evaluation has a problem of the mutual nesting. A person can
evaluate the preference of music from the candidates of music,
while the candidate of music must be selected according to the
human preference. This means the quality of the extracted
human preference depends on the quality of the selection of
music candidates. The second problem is the stability of human
preference. This means the human preference can change
according to the daily life. In this way, the robot music player
should play various types of music, and extract human
preference. However, if the robot music player prepares many
songs, it takes much time to extract human preference by Q-
learning because the state space is large. Therefore, we propose
a Q-learning algorithm based on similarity matrix to enhance
the learning of Q-learning. The similarity among songs in this
paper is not only the objective similarity such as rhythm and
tone, but also the subjective similarity like preference among
songs.

In the above definition, Q(v, a,) is discretized where v, is
the state, and a, is the song to be played. In previous works,
fuzzy Q-learning was proposed to deal with continuous states
and actions. In case of fuzz Q-learning, we can deal with the
continuity of state and action by the shape of membership
functions based on the distance space. However, it is very
difficult to represent the distance based on the degree of

similarity among songs by using membership functions.
Therefore, we use the similarity matrix in the following;

M= A (11)

where the number of songs is , and diagonal elements is set at
1; my is the degree of similarity between two songs (0=m;=1,
m;=m;;). In the proposed method, when the kth song is selected
(aFuy), Q values are updated as follows;

O(s,,a;) < A—o- 1, ;) 0, .a;)
+OC':“I<,_;‘ I:RH-I +n'maxQ(Sr+l’a):| (12)
(if 1, >0)

where R;;; is a reward value, « is a learning rate (0<a<1.0); i
is a temporal discounting rate; p; is a similarity value between
the kth and jth songs (0<1<1.0); the t; is calculated in the
following;

Hyy 1 oMy l,
: =Ml = oo :o1a3)

Hyn My 1 lN

T 1 | =
.l ) li={ if a, =u, (14)

=

1=( 4, ,
0 otherwise

In the original Q-learning, the Q value of the selected action a,

at the current state s, is only updated, but the proposed method

updates the Q values of other actions not selected at the

current state s, according to the similarity matrix. In this way,

the learning time of Q values is reduced.

Sound Field map

AV

m
selection playing
‘» buttom music

o biow Listening |

Fig.6. A simulator using iPad
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IV. EXPERIMENTAL RESULTS

This section shows several experimental results of the
proposed method. In order to realize the efficient and quick
learning, we use iPad as the pocket robot partner. The touch
interface provides a user with simple and repeatable interaction
on the touch screen. After the learning on the pocket robot
partner, we can transfer the learning result to the physical robot
partner. The human interaction is done with Miuro on the
simulator of iPad by the touch interface (Fig.6). The simulator
is composed of sound preference map, environmental map
simulating to a real room (Fig.7 (a)), and the control buttons of
music plays. The human position is estimated by using the
measured distance data of two laser range finders (Fig.7 (b)).
Figure 8 shows the snapshot of autonomous behavior mode and
interactive behavior mode in the pocket robot partner. The
robot takes random walk in the autonomous behavior mode in
Fig.8 (b), and the robot takes the human tracking behavior in
the interactive behavior mode.

Scanning range finder
- e

A paer A
(a) One room used for experiments
human detection

(b) Human detection by two laser range finders

Fig.7. Experimental environment and human detection with laser range finders.

» ’
v
g “
(a) Autonomous behavior mode (b) Interactive behavior mode

Fig.8. Behavior modes in the pocket robot partner.
We conduct experiments on the learning of the relationship

between human location and its corresponding preferable
music selection as the generation of comfortable sound field.

(a) with a physical robot partner (b) with a pocket robot partner

Fig.9. Human interaction used in the experiments.

The size of environment corresponding to states is 5x10.
The number of songs is 10 (S=10), and the songs are
categorized into three different types of classic, rock, and jazz.
The current learning states based on the played songs are
visualized by using color distribution where classic, rock, and
jazz are depicted in red, green, and blue colors. Table 1 shows
the values of parameters used in experiments. The values of
similarity matrix are designed subjectively. The human position
in the simulator is updated according to the estimated position
by two laser range finders.

TABLE L. ARAMETERS USED FOR THE LEARNING IN EXPERIMENTS.
Learning Discount Standard Number of
rate o rate value of songs

n Reward Ry &
Classic :
3
0.2 0.8 0.5
Rock : 3
Jazz : 4

We conduct an experiment for 30 minutes, and the person
selects songs according to the human position in the simulator.
The person moves among four points of a bed, chair, cabinet,
and sink unit. Figure 10 shows the preference learning in
experimental results. Figure 10 (a) shows a result of preference
learning at 17 seconds after the start. In this stage, the color
distribution is still dark because the learning is not done much.
The red color indicates classic songs are played in the sound
field map. As time passes, the color of cells is updated
gradually. In the final state, the sound preference map is in
tinge of red. This means the person listened classic in the
bedside, and both classic and jazz in the chair. The learning
result is similar with the human preference obtained by the
interview after the experiment. In the initial stage of learning,
songs are selected almost randomly, but the similar songs based
on current learning states are gradually selected by the effect of
Q-learning based on similarity matrix. In this way, the
proposed method can reduce the learning time while extracting
human preference dependent on the human position.
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(a) =52; 00m:17s

(c) =2116; 11m:45s (d) =5364; 29m:48s
Fig.10. Preference learning in experimental results

V. SUMMARY

This paper proposed a learning method of human
preference based on a Q-learning algorithm, Boltzmann
selection with temperature control, and similarity matrix.
Furthermore, we used a robot music player named miuro as a
robot partner. The experimental results show that the proposed
method can learn the relationship between human position and
its corresponding played songs. Furthermore, the proposed
method can provide the person with the preferable song as the
comfortable sound field. The essence of the proposed method
in this paper is flexibility and adaptability in the update of
parameters according to the change of situation and human
position. Furthermore, the similarity matrix can reduce the
learning time, but the similarity matrix is designed beforehand
in this paper. The similarity matrix should be also updated
through the interaction with a robot partner.

As future works, we intend to develop the perceptual
system of robot partners for specifying the situation sharing
with people, and to improve the performance of recognition
methods of human gestures and interactions. Furthermore, we
will propose a method of replacing song candidates according
to human selection results.

REFERENCES

[11 R. C. Arkin, M. Fujita, T. Takagi and R. Hasegawa, An Ethological and
Emotional Basis for Human-Robot Interaction, Robot. Autonom. Syst. 42
2003, pp.191-201.

[2] T. Kanda, H. Ishiguro, T. Ono, M. Imai and R. Nakatsu, Development
and Evaluation of an Interactive Humanoid Robot Robovie, in Proc. of
IEEFE Int. Conf. Robot. Autom., Washington, D.C., 2002, pp.1848-1855.

[31 E. Sato, T. Yamaguchi and F. Harashima, Natural Interface Using
Pointing Behavior for Human-Robot Gestural Interaction, /EEE Trans.
Ind. Electron. 54,2007, pp.1105-1112.

[4] ZMP Inc. & C., Miuro, The Robot that Play Your Favorite Music at
Your Favorite Place (in Japanese), Journal of Robotics Society of Japan
26, 2008, pp.34-35.

[5] N. Kubota, D. Hisajima, F. Kojima and T. Fukuda, Fuzzy and Neural
Computing for Communication of A Partner Robot, Journal of Multiple-
Valued Logic and Sofi-Computing 9, 2003, pp.221-239.

[6] N. Kubota and K. Nishida, Perceptual Control Based on Prediction for
Natural Communication of A Partner Robot, IEEE Trans. Ind. Electron.
54,2007, pp.866-877.

[71 N. Kubota and A. Yorita, Topological Environment Reconstruction in
Informationally Structured Space for Pocket Robot Partners, in Proc. of
2009 IEEE Int. Symp. on Computational Intelligence in Robotics and
Automation, Korea, 2009, pp.165-170.

[8] A. Yaguchi and N. Kubota, The Style of Information Service by Robot
Partners, in Proc. of The 2010 Int. Conf. on Intelligent Robotics and
Applications, 2010.

[9] N. Kubota, T. Obo and B. H. Lee, Localization of Human in
Informationally Structured Space Based on Sensor Networks, in Proc. of
IEEE World Congress on Computational Intelligence 2010, Barcelona,
2010, pp.2215-2221.

[10] N. Kubota and K. Nishida, Cooperative Perceptual Systems for Partner
Robots Based on Sensor Network, /nt. J. Comput. Netw. Secur. 6, 2006,
pp.19-28.

[11] 1. Khemapech, I. Duncan and A. Miller, A Survey of Wireless Sensor
Networks Technology, in Proc. the 6th Annual PostGraduate
Symposium on the Convergence of Telecommunications, Networking
and Broadcasting, Liverpool, 2005, pp.1-6.

[12] R. L. Gregory, The Oxford Companion to The Mind, Oxford University
Press, New York, 1998.

[13] M. W. Eysenck, Psychology: an Integrated Approach, Prentice-Hall,
Addison Wesley Longman Ltd. , Pearson Education, Ltd. , Edinburgh
Gate, Harlow, 1998.

[14] K. J. Gergen and M. M. Gergen, Social Psychology Second Edition,
Springer-Verlag New York, Inc. , New York, 1986.

[15] J. -S. R. Jang, C. -T. Sun and E. Mizutani, Neuro-Fuzzy and Soft
Computing, Prentice-Hall, Inc. , Upper Saddle River, NJ, 1997.

[16] L. A. Zadeh, eds. G. J. Klir and B. Yuan, Fuzzy Sets, Fuzzy Logic, and
Fuzzy Systems, World Scientific Publishing Co., Inc. , River Edge, NJ,
1996.

[17] J. A. Anderson and E. Rosenfeld, Neurocomputing, The MIT Press,
Cambridge, MA, 1988.

[18] S. V. Kartalopoulos, Understanding Neural Networks and Fuzzy Logic,
The IEEE Press, New York, 1996.

[19] S. J. Russell and P. Norvig, Artificial Intelligence, Prentice-Hall, Inc. ,
Englewood Cliffs, NJ, 1995.

[20] H. Liu, A Fuzzy Qualitative Framework for Connecting Robot
Qualitative and Quantitative Representations, /EEE Trans. Fuzzy Syst.
16, 2008, pp.1522-1530.

[21] N. Kubota, Multi-Objective Design of Neuro-Fuzzy Controllers for
Robot Behavior Coordination, in Multi-Objective Machine Learning,
Studies in Computational Intelligence 16, ed. Y. Jin, Springer-Verlag
New York, Inc. , Secaucus, NJ, 2006, pp.557-584.

[22] N. Kubota and N. Aizawa, Self-Adaptation in Intelligent Formation
Behaviors of Multiple Robots based on Fuzzy Control, in 2009 IEEE
International Conference on Fuzzy Systems, Jeju Island, 2009, pp.900—
905.

[23] S.Sutton, G Barto, Reinforcement Learning, A Bradford Book, 1998.

1368




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks true
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (Japan Color 2001 Coated)
      /DestinationProfileSelector /WorkingCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName <FEFF005B9AD889E367905EA6005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 0
      /MarksWeight 0.283460
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /JapaneseWithCircle
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed true
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


