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MESSAGE

Masanori Sugisaka
General Chairman of AROB
(Professor, Oita University)

It is my great honor to invite you all to the upcoming International Symposium on
Artificial Life and Robotics. The first symposium was held in February (18-20) 1996, B-Con
Plaza, Beppu, Oita, Japan. That symposium was organized by Oita University under the
sponsorship of the Japanese Ministry of Education, Science, Sports, and Culture
(Monbusho), and co-sponsored by Santa Fe Institute (USA), SICE, RSJ, and IEEJ, (Japan).
This symposium invites you to discuss the development of new technologies in the 21st
century, concerning Artificial Life and Robotics, based on simulation and hardware.

I would like to express my sincere thanks to the Science and International Affairs
Bureau, Monbusho, Japanese Government, for their repeated support.

We hope that AROB will facilitate the establishment of an international joint research
institute on Artificial Life and Robotics. I hope that you will obtain fruitful results from the
exchange of ideas during the symposium.

{2” M(mwm"\ >é/{ M
M. Sugisaka ’

January 5, 2001



MESSAGE

John L. Casti
Vice Chairman of AROB
(Professor, Santa Fe Institute, USA)

For the past 300 years or more, science has focused on understanding the material structure
of systems. This has been evidenced by the primacy of physics as the science par excellence,
with its concern for what things are made of. The most basic fact about science in the 21st
century will be the replacement of matter by information. What this means is that the central
focus will shift from the material composition of systems—what they are—to their functional
characteristics—what they do. The ascendancy of fields like artificial intelligence, cognitive
science, and now artificial life are just tips of this iceberg.

But to create scientific theories of the functional/informational structure of a system requires
employment of a totally different type of laboratory than one filled with retorts, test tubes or
bunsen burners. Rather than these labs and their equipment designed to probe the material
structure of objects, we now require laboratories that allow us to study the way components
of systems are connected, what happens when we add/subtract connections, and in general,
experiment with how individual agents interact to create emergent, global behavioral patterns.

Not only are these “information labs” different from their “matter labs” counterparts. There
is a further distinction to be made even within the class of information labs. Just as even the
most well-equipped chemistry lab will help not one bit in examining the material structure of,
say, a frog or a proton, a would-be world designed to explore traders in a financial market will
shed little, if any, light on molecular evolution.

Since the very first Artificial Life meeting in 1987 in Los Alamos, New Mexico, the Santa Fe
Institute (SFI) has been at the forefront of this shift in emphasis from matter to information.
By the same token, SFI has actively supported such research initiatives in every corner of the
world. This support has extended to the Artificial Life and Robotics meetings here in Japan,
since the time of the very first meeting in 1996. Each year, researchers from the SFI faculty
have come to Japan to meet with others at these AROB meetings, in order to present edge-of-
the-frontier ideas and to exchange views on how the fields of ALife and robotics are progressing.
So it is a great pleasure for me to again represent SFI on the Organizing Committee of AROBS,
and to welcome everyone to this event.

J3.L. Casti

January 5, 2001

VI



MESSAGE

Hiroshi Tanaka
Program chairman of AROB
(Professor, Tokyo Medical and Dental University)

On behalf of the program committee, it is truly my great honor to invite you all to the
Sixth International Symposium on Artificial Life and Robotics (AROB 6th ’01). This
symposium is made possible owing to the cooperation of Oita University and Santa Fe
Institute. We are also debt to Japanese academic associations such as SICE, RSJ, and
several private companies. I would like to express my sincere thanks to all of those who
make this symposium possible.

As is needless to say, the complex systems or Alife approach now attracts wide interests as
a new paradigm of science and engineering. Take an example in the field of bioscience. As is
well known by the name of HGP (Human Genome Project), vast amount of genome
information brings about not only from human genome but also various species like several
bacterias, yeast, warm, fly. However, as a plenty of genome data becomes available, it
becomes sincerely recognized that the framework by which these genome data can be
understood to make a whole picture of life is critically needed. The complex systems or Alife
approach is now actually expected to be an efficient methodology to integrate this vast
amount of data.

This example shows the complex system approach is very promising and becomes widely
accepted as a paradigm of next generation of science and engineering. We hope this
symposium becomes a forum for exchange of the ideas of the attendants from various fields
who are interested in the future possibility of complex systems approach.

I am looking forward to meeting you in Tokyo.

ot Tonne

H. Tanaka

January 5, 2001
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H. Bae, S. Kim, M.H. Lee (Pusan National University, Korea)
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Y. Kawazoe (Saitama Institute of Technology, Japan)

MA1-4 Adaptive visual control of a sm5 robot with a hand-eye coordinated camera 10 13
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visual search e 23
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MA3-3 4 computational model of the interaction between environmental dynamics ~ +eeee 37
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K. Khouri (Northwest Mississippi Community College, USA)
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Y. G. Pegio (University of Kobe, Janpan)



MB1-6 The physical constraint programming for real emergent system e offprint

K Hajiri (IBM Tokyo Research Laboratory, Japan)

MB2: Communications with Life-like Creatures and Robots (Organized Session)

(Room Kaede)

MB2-1 What is the ultimate form of communications ? e 45
R. Nakatsu (ATR, Japan)

MB2-2 Muu: Embodied interface for social bonding e offprint
S. Shoji, N. Suzuki, M. Okada (ATR, Japan)

MB2-3 Robovie: Communication technologies for a Social Robot w50
M. Imai, T. Ono, H. Ishiguro (ATR, Japan)

MBZ2-4 Mixing with Aliens: Life and music on Gakki-mon Planet oo offprint

R. Berry, P. Dahlstadt, C. Haw (ATR, Japan)

MB3: Neural Network, Recognition and Behavior Control (Organized Session)
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MB3-1 Integration system for emotional recognition using visible and infrared
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observations e 58
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N. Azuma (Hirosaki University, Japan)
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continuous speech e 62
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MB3-4 Evolutionary robot controllers with competitive and cooperative neural
network e 66

A. Todaka, T. Kitazoe, M. Tabuse, K. Sugihara (Miyazaki University, Japan)
MB3-5 Control systems for real robot using classifier systems e 70

T. Jinguuji, M. Tabuse, K. Sugihara (Miyazaki University, Japan)

MC1: Genetic Algorithms and Evolutionary Computation I (General Session)
(Room Natsume)

MC1-1 Evolutionary simulations of "SUMIWAKE" habitat segregation in a
finite and heterogeneous ecosystem e 73
T. Oohashi, T. Maekawa, (ATR, Japan)
0. Ueno, (Gifu University School of Medicine, Japan)
N. Kawai, (Foundation for Advancement of International Science, J apan)
E. Nishina, (National Institute of Multimedia Education, Japan)

XMC1-2 4 macro-micro evolutionary algorithm: multi agents model for optimization 77

S. K. Oh, K. H. Seo, J. J. Lee (Korea Advanced Institute of Sience and Technology,
Korea)

%This paper would be changed from oral session to poster session.

MC1-3 DNA computing for shortest path problem e 81
N. Matsuura, M. Yamamoto, T. Shiba, A. Ohuchi (Hokkaido University, J apan)

MC1-4 The optimization of neural network structure using genetic algorithm RN 85

M. Itou, M. Sugisaka (Qita University, Japan)

MC2: Neural Networks I (General Session)(Room Natsume)

MC2-1 Self-learning probabilistic neural network hardware using reconfiguable LSIs " 89

N. Aibe, M. Yasunaga (University of Tsukuba, J apan)
I. Yoshihara (Miyazaki University, Japan)
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In AROBSth, we proposed a solution to path planning of a mobile robot. In our approach, we
formulated the problem as a discrete optimization problem at each time step. To solve the
optimization problem, we used an objective function consisting of a goal term, a smoothness term
and a collision term. While the results of our simulation showed the effectiveness of our approach,
the values of weights in the objective function were not given by any theoretical method. This
paper presents a theoretical method using reinforcement learning for adjusting the weight
parameters. We applied Williams’s learning algorithm, episodic REINFORCE, to derive a learning
rule for the weight parameters. We verified the learning rule by some experiments.

Key Words: Path planning, Mobile robot, Optimization problem, Reinforcement learning

1 Introduction

There have been many works on the navigation [1]
and motion planning [2] of mobile robots. For motion
planning, property of a problem depends on the
constraints imposed on the motion of a robot. This
includes bounds on the velocity or acceleration of a
robot as well as constraints on the curvature of paths.
Moreover, different tasks require different criteria for
estimating paths or trajectories. For example, users of
an automatic motion planner may require the shortest
path or the safest path depending on the task the user
wants to make the robot do.

In a previous paper, we proposed a solution to
navigation and motion planning of a mobile robot[3].
Our approach for navigation can be regarded as an
approximation of Markov localization[4]. For motion
planning, we defined and minimized an objective
function that includes a goal term, a smoothness term
and a collision term.

While the results of our simulation showed the
effectiveness of our approach, the values of weights
in the objective function were given only by a
heuristic method. This paper presents a theoretical
method using reinforcement learning for adjusting the
weight parameters used in the action decision of a
robot. In our reinforcement learning, a value function
is defined by the expectation of a reward given to a
robot’s trajectory. Trajectories are generated
stochastically because we used a probabilistic policy
with a Boltzmann distribution function for
determining the actions of the robot. This
probabilistic policy optimizes the local objective
function stochastically to search for the globally
optimal trajectory. However, the stochastic process is

not a Markov decision process because the objective
function includes an action at the preceding time in
the smoothness term. The usual Q-learning method
cannot be applied to such a non-Markov decision
process. Thus, we applied Williams’s learning
algorithm, episodic REINFORCE[5], to derive a
learning rule for the weight parameters. The learning
rule obtained here maximizes the value function
stochastically. That was verified by our experiments.

2 Objective Function for Path Planning

We assume that a series of actions decided at each
time step would derive a desirable path or trajectory
of a robot. We define the following objective function
E, of a velocity v, at time t,

Ev(vl;’;’vl-l’ '}wl) = blEgoal + bZE:mlh + bJEcIsn . (l)

The minimal solution of Eq. (1) gives an estimate for
the robot’s action at time t.

The first term in the right-hand side of Eq. (1),
Egoal, represents an attractive force to the goal rgoq. It
is defined as

E oot (Vi Fop) = sgn[G(v,)]‘ G(v, )2 , )
where sgn(x) denotes the sign of x and G(v,) is
defined by

G("t) = “rgoal - ’;:»l("l;rl)u_ "rgoal - ’;" (3)
The position r'.; is the robot's position at time t+1 if
the robot moves at the velocity v, from the position r,.
The second term in Eq. (1), Equm, is defined by

Esmlh(vl;vl—l) = II"I - v'—lll2 (4)
to minimize changes in a robot’s velocity vector. The
last term in Eq. (1), Eqm, represents a repulsion force
for avoiding collisions with obstacles and walls. We
define the term as

- 296 —



D, if Dist(r/,) <0

- Disi(r; m) if 0<Dist(r/,)<L ,(5)
-1} if Dist(r},)>L

where Dist(r) means the shortest distance from the
robot’s position r to obstacles and walls. The constant
Dy represents a degree of penalty given when the
robot collides with obstacles or walls. It is usually set
to a large positive value. The size L means a range
within which the repulsion force starts to work on a
robot. The strength of the repulsion force is
calculated by using the distance to obstacles or walls
not from the present position r, but from the predicted
position r’y,. In our simulation in Section 5, we set
Dc1sn =100000 and L=15.

Thrun et al. proposed another optimization
approach for motion planning [6]. In their approach, a
non-Markov term, such as Egun shown in Eq. (4), was
not taken into account.

E clsn (V )

3 Search Space

We restricted and discretized a search space when
minimizing the function E,(v;). We only took into
account velocity vectors whose lengths were smaller
than a constant. Figure 1 shows the search space used
in our simulation in Section 5.

4 Learning Weights of Terms
4.1 Value Function and Probabilistic Policy
Shapes of trajectories given by minimizing E.(v,)
depend on weights of terms, {b;}(j=1,2,3)[3]. In order
to control the weights properly, we applied a
reinforcement learning, episodic REINFORCE[5],
which was proposed by Williams in 1992, to motion
planning,

We define a value function V(x), which is an
expectation of a reward given to a trajectory /;, as

V()= E[R(1)] ()
=2P(lf)'R(1i)’ ™

where P(/) is a probability that trajectory / is
produced by a policy © and R(/) is a reward function
representing user satisfaction to a trajectory /. A
trajectory /; is a series of robot’s positions at times
t(t=0,1,...,N).

We define the policy m using a Boltzmann
distribution function as

e—E‘.(v,)/T
”(V,;r,ar,_n{bk})gz—e_mr, @)

where E(vy) is the ojective function shown in Eq. (1)
and T is a parameter to control the randomness in
choosing an action v, at each time. If we set T=0, it
represents a deteministic decision process where
every v, gives the minimal solution of E, in Eq. (1) at

38

20°

22
Fig. 1 Area searched for the optimal velocity of a robot

every time step. On the contrary, a completely
randomized selection of actions occurs when T=09
In Williams’s episodic REINFORCE algorithm[5], he
used a neural network model for a policy . However,
we used a Boltzmann distribution function that
includes an objective function E(v,) as en energy
function. The objective function can represent a
heuristics for action decision and reduce the number
of parameters.

4.2 Steepest Gradient Methed

We use the steepest gradient method for maximizing
the value funciton in Eq. (7). We have to caluculate
the right-hand side of the following equation:

@)= S r0) ©

The probability distribution P(/}) is expressed by a
product of P™(rr,.)’s as
P(ll)=Pﬁ(’b”i)P’r(’i’rz)“'Px("N,-prN, )’ (10)
where P'(ry,1..1) is a probability that a robot moves to
position r.; when it stands at r, and takes a policy 7.
By differentiating the right-hand side of Eq. (10) with

bk, we obtained
N,—l -1
pPr —PF .(11)
a b prs ["SI:L' ( n’ n+l (';,';ﬂ )}
By substituting the followmg equation into the
right-hand side of Eq. (11),
P (r.1) = X P (futis)- (V) (12)
we obtained that ’
v )
P :+|) ZP' {ab ("r;'?"?-v{bk})}
= EP”'( .*.)ﬂ [lnﬂ i {0 )]
-ZP” (r.r)m(v,) e,((t) (13)

where e,(( ) is called the characteristic eligibility of
by[5]. Substituting Eq. (13) into the right-hand side of
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«J start
=(500,270)

Fig. 2 Robot’s world in our simulation

Eq. (11), we obtained from Eq. (9) that
2 vm)=o] 10) | 14

=0

This is the same result that Williams derived as his
episodic REINFORCE algorithm 51

However, we obtained a different updating rule
from the REINFORCE algorithm because we used
Eq. (8) instead of a neural network model for action
decision. Using Eqs. (1) and (8), the characteristic
eligibility of by, is expressed as

)
e(t)= 5;’:[1“7‘("';’},’?-1,{1’1:})] (15)
=_.1_{3_EL_<3_EL> } , (16)
T| 3 \ob [y,

where operation <..> refers to the expectation
weighted with a Boltzmann factor, i.e.,

ZX'E—E"(V';’;J"—"{I’*))/T

= a7

(X)T,{bk} = ze—Ev("t'vrlf’:—l'{bk})/r
By substituting Eq. (16) into e(t) in Eq. (14) and
using the steepest gradient method, we can derive the
following learning rule of weights {by} (k=1,2,3):
v (m) (18)
ab,

£ R {GE_<1€_> } .(19)
T ()2; 3, \ob, [

The constant ¢ is a learning rate factor to be set at a
positive small number.

Moreover, we found that the parameters b,'s
converge without the averaging operator E[...] in Eq.
(19) by analogy with the error back-propergation
algorithm in a multilayer network model[7]. We used
the learning rule without the operator E[...] in the
experiments in the next section.

Ab, =+€

10

0 &« g r 6

Fig. 3 General shape of achievement function

5 Simulation

5.1 Environment of a Robot

We consider a sample problem where a single robot
moves to a goal from a starting position while
avoiding static obstacles. Figure 2 shows the
locations of obstacles, walls, the start point at
(500,270), and the goal point at (80,180). In Fig. 2, a
short circle having a radius of 8.0 and a short line
drawn from the circle’s center indicate the robot’s
position and front direction, respectively. Note that
the robot has no body and that the short circle and
line in Fig. 2 were used as a matter of convenience to
show the robot’s position and posture.

5.2 Reward Function

Let us assume that the objective of this sample
problem is to find the trajectory that minimizes the
robot’s moving time from the start point to the goal
point and keeps a safe distance from obstacles and
walls. To find such a trajectory, we consider the
following reward function R(/) reflecting these two
requirements :

R()=cR,. (! )+ e, Ri(l) (20)
where Rgne(/) represents the degree of user
satisfaction to the moving time from the start to the
goal in a trajectory /. The function Rg,(/) represents
the degree of user satisfaction to the shortest distance
from the robot to obstacles and walls if a robot moves
along a trajectory [ We call these functions
achievement functions because they represent the
degrees of achievement of user requirements on a
trajectory. We give a large reward if the trajectory
greatly satisfies the user of this planning system. We
used the trapezoid-like functions shown in Fig. 3 as
achievement functions. They take a value between 0
and 10 and are characterized by the parameters, o, [3,
y and 3. The total reward R is obtained by averaging
the values of the two achievement functions with
weights ¢, and c,.

In our experiment, we set o=p=0, v=20,5=50 for
Rino(D) and o=0, p=15, y=5=2000 for Ryq()). This
means that trajectories whose moving times are
shorter than 20 and trajectories that force a robot to
keep a distance longer than 15 are most desirable.
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Fig.4 Results of experiment I, when ¢,=0.6 and
¢;=0.4: (a) R, Ryne and Ry averaged over ten
thousand learning steps (b) by, b, and b; (c) The
trajectory obtained deterministically after learning
{b;} (5=1,2,3) two hundred thousand times

5.3 Experimental Conditiens

We set initial values of b.’s as b=b,=b;=1.0.
Parameter T is set at 5.0 and not decreased during the
search. This means that we did not carry out any
annealing procedure. A learning rate factor ¢ in Eq.
(19) is set at 0.00001. The weights c, and c, in Eq.
(20) are set as ¢,=0.6, c,=0.4 in experiment I and
¢,=0.4, ¢,=0.6 in experiment II.

Under these experimental conditions, we
generated a trajectory using the policy r in Eq. (8),
evaluated the reward to the trajectory by Eq. (20) and
updated weights {b,}(k=1,2,3) without carrying out
the expectation operator E[..] in Eq. (19). We
repeated this learning cycle two hundred thousand
times in our experiment. It took about 200 minutes to
complete one experiment using a work station, SUN
Ultra Sparc 30 (CPU: Ultra Sparc-II, 248 MHz).
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5.4 Experimental Results ‘
Figure 4 shows the results of experiment 1. In
Fig.4(a), changes in R, Ry, and Ry, are shown. The
values are averaged over each period of ten thousand
learning steps. Changes in parameters {b,}(k=1,2,3)
are shown in Fig. 4(b). The trajectory obtained
deterministically with the weight parameters that had
been learned two hundred thousand times is shown in
Fig.4(c). Figure 5 shows the results of experiment II.
Figure 6 shows the trajectory obtained using
unlearned values. When obtaining the trajectories
shown in Fig.4(c), Fig.5(c) and Fig.6, the parameter
T was set to a very small positive. They were equal to
trajectories given by a deterministic theory that
minimizes E,(v,) at each time step. The probabilistic
policy m with a finite value of T makes the trajectory
given by a deterministic theory fluctuate. The
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Fig. 6 The trajectory obtained deterministically
with weights that had not been learned

fluctuation contributes to searching for the optimal
trajectory that maximizes the value function V(r) in
Eq. (6).

5.5 Discussion

In experiment I, the weight b, of the goal term
increased gradually. That reduced the travelling time
from 25 steps to 23 steps. In experiment II, the
problem that the robot ran into an obstacle at time 15
shown in Fig.6 was solved by learning without
delaying the robot’s arrival time. This improvement
comes from the improvement in the second term Ry
in Eq. (20). The function R forces a robot to keep a
certain distance from obstacles and walls for safety.
Figure 5(b) shows that this improvement was caused
by the increse of the value of b;, which is the weight
of the collision term E, in E (v).

Moreover, the trajectory was not only improved
locally. A global change in trajectory was achieved.
That is because the weights {b;} in Eq.(1) do not
depend on the robot’s position. Thus, if we would
like to-‘change trajectories locally to search for the
optimal trajectory, we had better consider term
weights {b,(r)}(k=1,2,3) that depend on the robot’s
position r. Our learning rule can be applied to by(r) in
the same way as applied to by.

6 Terms to Escape from Local Minima
The objective function defined in Eq.(1) sometimes
misleads a robot to a local minimum if the
arrangement of obstacles is complicated as a maze.
We can add a term to E,(v,) so as to escape from local
minima. We will show two examples.

The first example is E,,, that is defined by,

Eescl(vl;rt)=b4(rl)'vt’ (21)
where the local vector field by(r) shows a desirable
direction at position r. The second example is a term
that includes attractive forces to sub-goals. For
example, it is defined by

Emz (vl;rn)= st(rxgoal goal (v';';’r:goal)’ (22)
Tigoal
where T,y are sub-goals that are located at some

intersections of channels to help a robot to escape
from local minima.

7  Conclusions and Future Work

This paper presented a theoretical method using
reinforcement leaming for adjusting the weight
parameters in the objective function that was used in
motion planning[3]. This optimized the local
objective function at each time step stochastically to
enable search for the globally optimal trajectory. We
applied Williams’s learning algorithm, episodic
REINFORCE, to derive a learning rule for the weight
parameters in the objective function. Moreover, a
stochastic hill-climbing method can be applied to our
learning rule and our method can deal with
non-Markov  decision processes while the
conventional Q-learning method can be applied only
to Markov decision processes. The learning rule
proposed here was verified by some experiments.

We plan to apply our method to motion planning
problems of multi-robot systems. In a multi-robot
system, interactions between robots can be expressed
as terms in the objective function E(v). If a user
wants to move two robots keeping them close to or
avoiding each other, it is sufficient to introduce an
attractive or repulsion force between robots into the

‘objective function E,(v). This shows the flexibility

that our method can be applied to many scheduling
problems in the wide-range field of engineering.
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Abstract: This paper presents a control scheme for
intelligent motion control of mobile robots under
unstructured environments. Based on environmental
information, which is acquired using external sensors or
given by the upper level, the control scheme performs
autonomous navigation composed of path planning and
tracking control in real time. First, using a simple genetic
algorithm, the path planning module calculates an
obstacle-free path as a sequence of control vectors of
orientation, considering kinematic constraints in steering
control of wheeled mobile robots. Then, the tracking
control module calculates the references for motion
control of the mobile robot using a neural network.
Simulation experiments of path planning under
unstructured environments with several obstacles are
illustrated. An experimental procedure for teaching the
neural network is introduced, and basic characteristics of
the internal and external sensors during straight-line and
circular movements on the floor with black-striped marks
are measured using our experimental small robot to show
the effectiveness of the proposed control scheme.

Keywords: Mobile robots, path planning, genetic
algorithms, path tracking, neural networks, gyro sensors.

1. INTRODUCTION

One of the most fundamental problems in the design and
development of intelligent mobile robots is the navigation
problem under dynamically changing environments.
Generally, the navigation task is composed of path
planning, path-following trajectory generation, and
tracking control. When the robot environment is dynamic,
like as robotic soccer playground, the path planning and
trajectory generation algorithm should be simple and
efficient enough to be used in real time by onboard
computer systems [1], [2].

In this paper, the path planning and the tracking
control are decoupled using a two-level hierarchical
strategy, but integrated considering kinematic constraints

**Department of Mechanical Engineering
Faculty of Engineering
Nagasaki Institute of Applied Science
536 Aba-machi, Nagasaki 851-0193, Japan
E-mail: yasuda@csce.nias.ac.jp

in steering control of nonholonomic two-wheels vehicles.
At the beginning of planning cycle, the control system
finds objects within limited sensing range using a local
vision system, and decides the goal position and
orientation. If there are objects between the robot and its
goal, the path planning module calculates an obstacle-free
path from the current configuration (position and
orientation) to the goal configuration as a set of via-points,
or control vectors of orientation using an efficient genetic
searching algorithm. Then, the tracking control module
performs the steering control for the path tracking.
Conventionally, path tracking is executed only based on
position and velocity errors. Conversely, references for
steering control are produced by learning using a neural
network based on multisensor fusion of internal and
external sensors, and they are recalled using the internal
sensor data when external sensors can not be used.
Preliminary experiments were conducted, where gyro
sensors and infrared photoreflectors are used as internal
and external sensors, respectively.

2. PATH PLANNING USING GENETIC ALGORITHM

A genetic searching algorithm for the path planning with
obstacle avoidance was developed [3]. After finding the
objects, the control system decides the goal position and
orientation of the mobile robot. Then, the path planning
module is activated to generate via-points for a short and
safe path to the goal with stationary obstacle avoidance. In
the genetic algorithm, a path is represented as a set of
vectors of orientation with equal length. The mobile robot
is assumed to move at constant linear velocity. The gene
means the change of orientation of the path; the resultant
path is composed of polygonal lines, where the number of
via-points, or genes, is fixed. To reduce the length of code
of the gene, the change of orientation is restricted to 5
values from 45 deg to -45 deg, considering kinematic
constraints in steering control. The genes and an example
of chromosome are shown in Fig. 1.
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Fig. 1. Genes and example of chromosome.

The fitness value of a chromosome, or planned path,
is defined using the distance parameters from the path to

the goal and obstacles as follows:
N

L i
+ B4
p NL l

fittness = a
N

[=1li + lend

where

L : distance between start position and goal position

[ : distance between I th control point and goal position

1, : distance between N th via-point and goal position

d, : minimum distance between [ th via-point and

obstacles
N : number of genes
X : projection from N th via-point to goal orientation
f : if orientation at N th via-point coincides with goal

orientation, +1;otherwise —1
a, B,y : weighting factors

The fitness value is a weighted sum of the following three
terms: 1) the rate of distance of the planned path to that of
the straight line both to the goal position, 2) the sum of
distance between via-points and the nearest obstacles, and
3) the deviation from the goal orientation (Fig. 2).

f=1 | f=-1
N-th via-point
lend
6
X Goal

Fig. 2. Deviation from goal orientation.

Conventional GA operators such as one-point
crossing over, point mutation, and combined roulette and
elite selection regime, were applied. For real-time

consideration, the total generation number is fixed to a
value required for the convergence of the fitness value.
Path planning is re-initiated before the robot reaches the
final control points to perform smooth movements without
stopping. An example of planned path is illustrated in Fig.
3. The genetic algorithm parameters are listed in Table 1.
The mean processing time for path planning was 0.48 sec
using SunUltra60 (300 MHz UltraSparc Il CPU, with 256
Mbytes of memory).

obstacle

Fig. 3. Example of planned path.
(a=11,8=10,y =5)

Table 1  Genetic algorithm parameters

Population size 80
Generation number 100
Gene number 6
Crossover probability 0.8
Mutation probability 0.05

The relative amounts of the three terms change
according to different environmental conditions. For
satisfactory convergence of the algorithm, the weighting

factor B is set to a relatively large value if the distance

between the start position and the goal position is long,
because the first and third terms are relatively large. On
the other hand, the weighting factors o and Yy are set to
relatively large values if the distance is short. For moving
obstacles, naturally, shorter planning cycle and larger
sensing range are required, and the linear velocity should
be also changed. Furthermore, the  weighting
factor 3 should be set to a relatively large value for safe
path consideration. The weighting factors should be
adjusted according to different environmental conditions
using some neural network.

3. TRACKING CONTROL SCHEME

From the path planning module, current references, or
distance and orientation is given to the tracking control
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module. Then, it calculates the desired control variables
for the motors of the mobile robot using a neural network
at each control cycle. The overall block diagram of the
proposed tracking control scheme is shown in Fig. 4.

&,?S::,igds Desired acceleration
iolance and angular velocity Motor
orientation) | gensor fusion | + Errors | Feedback | power
neural network controller
Mobile
robot

Sensor signals Internal

sensors

Fig. 4. Block diagram of tracking control scheme.

The network inputs are the reference distance and
orientation, and the output signals of internal sensors. As
internal sensors, a piezoelectric vibratory gyroscope
(Tokin CG-16D) and two orthogonally mounted variable
capacitance type linear accelerometers (Analog Devices
ADX1.202) are used, because the odometry using rotary
encoders bring about large errors because of wheel
slippage. The network outputs are the desired output
values of the internal sensors, and their measured values
are fed back into the conventional feedback controller to
calculate manipulated variables, or PWM duty cycle, of
motor power applied to the DC motors of a two-wheels
mobile robot. The tracking controller does not need to
calculate the position and orientation of the mobile robot,
because integral of inertial sensor data induces rather large
eITorS.

In the training phase of the neural network, multiple
internal and external sensors are fused. External sensors
measure the displacement and linear and angular velocities
of the mobile robot, and at the same time internal sensory
information is memorized as the reference for robot
motion control such as steering control. The reference
values are used in path tracking without external sensors
when commands are given in terms of distance and
orientation, or curvature of the path, from the upper level.

An experimental procedure for training the neural
network is designed as follows. The linear and angular
velocities are measured using an infrared sensor system by
moving on the floor with black-striped marks. The
measured velocities are fused with the current outputs of
the internal sensors, and the network is trained using the
back propagation method to produce desired outputs. The
proposed control software was implemented on a
microcontroller-based control system (Hitachi 16MHz
H8-3048 CPU) under a real-time OS, with the interface
circuits for the internal and external sensors as shown in
Fig. 5.

4. PRELIMINARY EXPERIMENTS

Our experimental mobile robot is two independently

driving wheels type. A DC motor is geared to each wheel,
and a PWM drive is used to control power applied to the
motors. The wheel diameter is 65 mm, and the wheel
separation distance is 160 mm. Fig. 6 sketches the
experimental set up, and Fig. 7 shows the mobile robot
moving on the floor with black-striped marks.

| upper level controller |

Host Interface (HIF)
HB CPU core

u \\\ Q\\\\
wi \

N ROM/RAM \&\‘\%

buffer f&
acceleration gyro line
sensor sensor sensor

Fig. 5. Hardware configuration of tracking
control system.

oo I/M/M

Black line for
line tracing
P Infrared photo reflector
< for line tracing
E§
o & < Gyro sensor
22
= ®
£
Gz
~x O
3£
o =

Infrared photo reflectors for
detecting black-striped marks

Fig. 6. Sketch of experimental set up.

Fig. 7. Circular movement on the floor with

H
0= 5 10 15
==Width of black-striped marks [mm]

black-striped marks.
The mobile robot detects black-striped marks with
equal spaces of 10 mm during line tracing using dedicated
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OMRON EE-SY121 infrared photo reflectors. The
velocities are measured by the input capture module of the
microcontroller. Fig. 8 shows the relationship between
duty cycle and measured linear velocity. The angular
velocity can be measured using the difference of capture
timing intervals from two photo reflectors. Table 2 shows
the measurements during the straight-line and curved-line
movements, where the linear velocity is measured using
the photo reflectors. The theoretical values of gyro sensor
measurement, which are calculated from the measured
linear velocity, the radius of curvature of the circle and the
electric specifications of the sensor, are in good agreement
with the measured ones, although the accuracy of the gyro
sensor was =+ 20 %.

07
06 |—
05 |

0.4
03 p— = O ! —
0.2
01 |-—- —
0.0

Velocity [m/s]

0 20 40 60 80

Duty cycle [%] lr't‘"
V2]

100

Fig. 8. Relationship between duty cycle and measured
linear velocity: vl= human eye measurement,
v2= measurement by the external sensors.

Table 2 Measurements during moving
on black-striped marks

Linear velocity | Gyro sensor
[m/s] output [V]
Straight-line 0.379 2.55
Curved-line 0.376 2.39
(clockwise)
Curved-line 0.383 2.73
(counterclockwise)

(PWM period = 10 ms; PWM duty cycle = 50 %; circle
radius = 0.5 m; space between marks = 10 mm)

Fig. 9 shows the values of capture timing interval
measured by the input capture module during moving at
constant speed on black-striped marks with different
widths. From the experimental results, it is confirmed that
the infrared sensor system can measure widths of
black-striped marks accurately, and the’ internal sensor
system can be used to generate the references for motion
control.

Fig. 9. Capture timing interval during moving on
black-striped marks with different widths.

5. CONCLUSIONS

An integrated path planning and steering control scheme
was proposed for autonomous navigation of intelligent
mobile robots. The control scheme is simple and efficient
enough to be used in real time. Straight-line and circular
movements on black-striped marks are used for teaching
the neural network, where the internal sensors are fused
with the external sensors. The experimental results show
the effectiveness of the proposed measurement system
using the infrared photo reflectors and the gyro sensor.
The whole control scheme is now being implemented on
the microcontroller-based architecture.
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Abstract

A new mathematical concept, named Pseudo In-
formation Measure is introduced and some new for-
mulations for sensor data fusion in mobile robotic map
building are obtained. In some map building experi-
ments the 8 proximity values of the infra red sensors
of a Khepera robot are fed into the inputs of a neural
network. The output of the network, is an occupancy
probability value of a cell in the map which is fused
with currently available probability value of the as-
sociated cell in a global map, to improve the global
map of the environment. The fusion is done, by us-
ing Bayesian and our new fusion formulas. Some path
planning experiments using a modified version of A*
algorithm have been done. The resulting paths show
that the maps, generated by our new fusion formula-
tion can be more informative and lead to shorter or
safer paths in an unknown environment for the robot
to navigate.

Key words: Khepera, Environment Mapping, Per-
ception, Sensor Data Fusion, Bayesian Rule of Com-
bination

1 Introduction

Since mobile robots are typically equipped with sev-
eral sensors of different modalities, they are suitable
benchmarks to test the revenue of any sensor fusion
method. For an autonomous mobile robot to operate
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in unknown environments, two main capabilities are
required: the ability to reach a target while avoiding
the obstacles it might find on the way, and the ability
to build environment models from sensor observations.
The sensory information, after some neural prepro-
cessing, are some occupancy probability values. They
are noisy, redundant and complement. These values
can be integrated, by using Bayesian fusion technique
({1]), to give more certain and less noisy values for
the cells in the map. In this research work we have
improved the Bayesian formula by introducing a new
concept and obtaining new formulas for effective fusion
of sensory data.

1.1 Occupancy Grids and Bayesian Fusion

In occupancy grids framework, the environment
area is divided into many small square cells. For each
cell of the map two states are possible, either it is
occupied or it is empty. The map is generated by mea-
suring probability values for each cell in it i.e. by
judging about the state of the cell. In Bayesian ap-
proach, the range finder sensor is modeled by some
conditional distribution P[r|z] where z & r are the ac-
tual and the measured distances, respectively ([1]). If
multiple measurements are available (obtained by sev-
eral sensors or by a single sensor but in several time
instances), then by Bayesian rule in the probability
theory, the map is improved. Practically it can be as-
sumed that the sensors are operating independently.
In such a case, *he fusion formula is simplified as be-
low:

PIX.Pz
P = 1
PAxP+(1-P)x(1-P) )
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where

P, = P[s(C;) = Occ.|{r}]

Py = P[s(C;) = Occ|riz1]

{r+} = all of the measurements up to time ¢
r¢+1 = the measurement at time ¢ + 1

2 A New and Useful Concept

We tried to find a quantity, that is increased while
the fusion takes place by (1). It can be interpreted as
some quantitative description of the information ex-
isting in the proposition C; is occupied. If a function,
INFO(P) is defined as below:

INFO(P) = log(P) — log(1 - P) (2)

then, combination of (2) and (1) simply results the
following desired property for INFO(P):

INFO(P) = INFO(P;) + INFO(P) (3)
Figure 1 shows the mathematical shape of the func-

INFO(P)

0.5

[=]
R Rt e LR

Figure 1: General mathematical shape of a pseudo-
information function

tion INFO(P). As P goes farther away from % the
value of |INFO(P)| increases because the proposition
becomes more informative. But in order to distinguish
between the propositions that are near to be false
and the ones that are near to be correct, the func-
tion INFO(P) is symmetrically negative in the former
case and positive in the latter. We tried to extend
this concept to a more general case. Actually there
are some properties that if every other function sat-
isfies them, then it can be accepted as a quantitative

measurement function for the information existing in
a proposition. We nominate such functions as pseudo
information measure functions and will use the sym-
bol PINFO(P) for them. The desired properties are
as below:

1- 1t is defined on [0, 1]

2- It is symmetric around % and zero at % So, it can -
be defined as

PINFO(P) = J(1 — P) — J(P) (4)

Clearly in the case of (2) the function J(P) is — log(P).
3- It must satisfy the following limits:

Limp_,;-PINFO(P) = +00 °

and it is sufficient for the function J(P) to satisfy the
following limits:

Limp_o+J(P) = £oo (6)
Limp_1-|J(P)] < o0

4- It must be an increasing/decreasing (vice versa
J(P) must be a decreasing/increasing) function.

2.1 Data Fusion Using Pseudo Information
Measure

Defining a fusion formula is straightforward after
the definition of a pseudo information function. Two
sources of information that have been processed and
then expressed as two probability values for some
proposition, are fused in such a way that the pseudo in-
formation measure for the resulting probability is the
algebraic sum of the values associated with the two
probabilities. It is the same as (3) rewritten as:

PINFO(P) = PINFO(P,) + PINFO(P,)  (7)

Hereby, there are six possible definitions for pseudo
information measure function:

Ji(P) = —log(P) L(P)=%  Js(P)=pir
J4(P) = pz Js(P) = g Jo(P) = log(HF

Figure 2 gives a comparative representation for the
mathematical shapes of the six pseudo information
measure functions created by the functions Ji(.) ~
Js(.). It compares the behaviour of the pseudo infor-
mation values while |P — 1| increases.  Ji(.) is the
function which leads to Bayesian fusion formula (1).
It is apparent that in Jy(.) and J3(.) and Jy(.), we
have tried to use fractional functions instead of the
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Figure 2: Comparative mathematical shapes of the 6
pseudo-information functions created by 6 functions

Ji()-Js(.).

logarithmic one in Ji(.), and in Js(.) and Js(.), the
same trial happened for applying exponential and an-
other logarithmic functions. By applying (4) and (7),
one can easily obtain fusion formulas for every defini-
tion of pseudo information. In some cases, an explicit
formula can be directly calculated. For example, in
the case of applying J,(.) to calculate the pseudo in-
formation measure values, the following fusion explicit
formula is attained:

P z2+\/74 if :U#O
L if z=0
2

wherex = 1 — 1L 4 1

Rt P , or in the case of ap-
plying the exponential function of J5(.) the following

formula is resulted:

p= lOg (a:(e+1)+\/m2(e—1)2+4e> )

(2(x+1))

where £ =Js(1 — P1) - J5(Py) + Js5(1 - P;) — Js(P). But in
many cases, there is no direct formula for doing fusion
and an implicit algebraic equation must be solved. For
example in the case of Jg(.), the following equation
must be solved:

2pP2_p8 _ 2P —pd + 2P2
1-P-P24+P% = 1-P— P2+P3 1-P,— P2+P3

(10)

Finally, as figure 2 shows, the main difference between
the J(.) functions, is in their behaviour when |P — 1|
increases. Actually, it can be proved that:

I6(P)] < [J1(P)] < |J2(P)] 2 |J5(P)] < |J3(P)] < |Ja(P)|

and it shows that the pseudo information measure,
calculated by using Js(.), behaves more softly with

(8)

800
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500
400
300
200

100
200 400 600 800

Figure 3: The exact (ideal) map of the navigation en-
vironment.

low and high probability values (associated with more
informative propositions) and the inverse second or-
der function J4(.), behaves roughly about informative
propositions and has not been considered in the com-
parative implementation in this research work.

3 Map Building Experiments

Khepera miniature mobile robot, was used to do
some map building experiments. In figure 3 the ex-
ploration environment is depicted. An MLP neural
network was supervised for map building. The inputs
of the network are 8 proximity values, provided by
Khepera infrared sensors, and the local coordinates of
a cell in the occupancy grids map around the robot.
The output of the network is one probability value,
judging about the state of the cell to be occupied or
empty. This probability value is fused with the associ-
ated occupancy probability value of the same cell in a
global map of the environment and finally the result-
ing probability is applied to improve the global map.

In other words, during exploration, Khepera makes
a local map of occupancy probabilities of the cells
around itself, in each location where its infrared sen-
sors data are read. These local maps are integrated
with global map and it improves gradually.

Four map building experiments were done, by us-
ing Bayesian fusion (1) and three of pseudo informa-
tion fusion formulas (8) and (9) and (10). In figures
4 and 5 the four resulting maps of the environment
are shown. It is observed that the maps resulted from
pseudo information fusion formulas are more informa-
tive and more useful for path planning purposes. Ac-
tually their characteristics depends on the pseudo in-
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Figure 4: The global maps of the environment, created
using Bayesian fusion (top) and pseudo information
measure fusion by Ja(P) (bottom).

formation measure function, selected for fusion. For
example, compared to Bayesian map, the maps gen-
erated by Jo(P) and J5(P) are more clear but less
safe (i.e. with less area marked to be occupied) and
the map generated by Jg(P) seems to be not as clear
as the others but more safe. Some path planning
experiments, using an improved version of A* algo-
rithm, were done using the generated maps. They
show that the maps generated by J2(P) and Js(P),
lead to shorter paths (compared to the case of using
Bayesian map for path planning), and the map gener-
ated by Jg(P), leads to safer paths.

4 Conclusion

In this research work, a new method for sensor fu-
sion in map building process for mobile robots is in-
troduced. Because of the large variety of possible def-
initions, many mathematical formulations are possi-

200 400 600 800

800
700 §
600
500
400
300 &
200 |

100

200 400 600 800

Figure 5: The global maps of the environment, created
using pseudo information measure fusion by Js(P)
(top) and by Js(P) (bottom).

ble. Map building and path planning implementation
results show that by choosing the the pseudo infor-
mation function, we can control the existing trade off
between the traveling time (path length) and safety
(path distance to obstacles).
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1. Abstract

Today, in Japan, the aging society that will
happen to the future becomes an important
problem. To do welfare the old persons who
increasing every year that needs. But, to do
welfare  the old persons needs the hand
and the labor. Therefore, the hand and the
labor can be reduced by using the robot for
welfare. I think of the aging society to the
future and using Welfare Robot Prototype of
the two wheels drive, I controlled in the
running. It makes programming the running
control of me to run safely and moreover
smoothly and it mistakes it in the attempt
from the gotten data. Then, the main system
of Welfare Robot Prototype that was used by
the running experiment this time is shown
below.

2. Introduction

The Welfare Robot Prototype is a mobile
robot has four wheels; two wheels, located
along the central axis, are driven wheels, and
the other two are auxiliary wheels to support
the body of the mobile vehicle. A pair of Direct
Current (DC) motors turns the driven wheels,
such that the speeds of the two DC motors
(right and left) may be changed independently,
via the Input-and/or-output (I/0) card,
Digital-to-Analog (D/A) converter, and a

Pulse-width-Modulation (PWM) controller card.

The relative position or motion of each on the
shafts. Power is supplied by DC batteries
installed in the body. There are 6 ultra sonic
sensors facing forward and rear for using in
obstacle detection, which may be read via the

input ports on the I/O card. Simple outputs
may be obtained via 4 Lights Emitting Diodes
(LEDs) mounted in the head For more
complex interaction, the robot has a touch
panel Liquid Crystal Display (LCD) monitor.
The robot has two color Charge Coupled Device
(CCD) cameras mounted on its head. Each
camera is capable of independent pan and title
movement. The head can be rotated right and
left using a stepping motor. Connections also
exist for speaker output and microphone
throughout. To control the robot, there are two
personal Computers (PCs) built into mentioned
earlier (-0, motor driven, frame grabber, and
counter cards), and the serial ports (for camera
control). The PCs have Windows 98, Microsoft
Visual Studio (MSVS) development software,
and hardware driver software installed. The
two PCs may communication via Ethernet.
Looking at the robot from the rear, the two PCs
can be seen with their various connections. The
proposed division of tasks between these two
machines is as shown in Fig.1.1.

F@\ LED

Ies N CCD Camera
~ Touch Panel
i |
J PC
DC Motor

_’|/—7 Ultrasonic Sensor
‘ i >

@) . Wheel

[T L

Fig.1.1 The Welfare Robot Prototype
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3. Robot Wheel Geometry

Networked messages will carry information
about items seen (or head) from one PC (Which
has access to the frame grabber and sound
card) to the PC responsible for controlling
hardware. In order to interpret any
information retrieved from the camera image,
it is necessary to know the basic geometry of
the robot. Robot wheel geometry, and motor
equations are displayed in Figure 1.2.

©R Position(x,y, ¢)

[
Wheel Speed o
y Wheel diameter
d=100(mm)
®L
Wheel distance
X
! D=400(mm)

¢ = n (oror) d / D
x = 0.5 (wrtor) =n dsin(¢)
y 0.5 (witwr) 7 dcos(¢)

Fig. 1.2 Robot Motion

The position of the robot at any time may be
expressed as a pair of co-ordinates ( x,y) and an
orientation angle (¢). The rate at which the
position (x,5 ¢) changes is dependent on the
sum and difference of the rotational speeds of
the left. right wheels (w1, ® ). The actual
speed of the left and right wheels at any time
may be estimated by either counting or timing
the pulse from the left and right micro-sensors
which detect the slots in the encoder disks as
shown below:

2r P

xS (D
for an encoder with n slots, where P pulse
counted in a sampling time of s seconds,
w= E X —1- X l (2

n S l
for an encoder with n slots, where I intervals of
s seconds counted between pulses. The motors
are controlled by switching the on/0ff
forward/reverse relays, and by sending a
number d between 0 and 255 to the PWM
controller via the 7O port and A~D . The

speed of the motor (in either direction) under

no-load is linearly related to the number. The

empirically estimated relation is:
P=s(235-12.3Xd) (3

There is some slight difference between the
motors that is changing over time and that this
relation will change with loading. The time
constant of the motors has been experimentally
determined from non load step response, as 20
~30ms. Practically this means that when a
speed command is sent, the robot will take
approximately 100ms to achieve that speed.

4. System of Camera
The location of any object in a single camera
image is related to its position in the “real”
world. The “error” is the vertical and horizontal
offset of object image, from the center of camera

image as shown in Fig.1.3.

Viewing angle
45 degrees

Max distance

Min distance

i

Left camera axis is displaced from

robot central axis by 0.08(m)

= 30pixel offset at min distance

Image size
160 by 120

error y

error x
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Height
1.07(dy)
| Distance 0.56 1.07 2.05
mounting angle tilt viewing angle
30 degrees 15 degrees 35 degrees
Fig. 1.3 Robot Geometry

This figure shows only the left camera
geometry, relating object position to error, pixel
offset and camera focal length. The distance to
object and height of object and angle to object
are not uniquely specified by a single camera
image. If similar calculations may be made for
the right camera, the right camera, the
information from the two cameras may be used
to uniquely determine these quantities.

The cameras and capture card are NTSC
standard. NTSC frame rate is slightly less than
30 frames / second. Therefore, position
information cannot be obtained from the image
faster than this rate.

The both cameras provide color images. In
order to understand the data that is obtained
from the camera capture card, it is necessary to
introduce the concepts of the pixel.and of color
space. The pixel is the smallest region that the
image is sub-divided into. We can consider an
image to be an array of pixels. Color space
concerns the way in which a color can be
represented or measured. It is useful to image
color space as a co-ordinate system in which the
colors are located, similar to the way that robot
position can be represented in the x,y; ¢ system.
Depending on which color space system is used,
the amount of bytes required to represent a
pixel’s color will vary.

For each pixel, the color space information is
made available from the capture card. This
information is stored sequentially, row by row,

starting from the top of the image. Regardless
of the number of bytes used to represent the
color the data provided for a signal row will
always be a multiple of 4, if the row
information ends before a 4 bytes boundary
where the next row starts.

The color spaces typically used are Red, Green,
Blue (RGB) orthogonal color space. Any color
may be considered as a mix of three primary
colors red, green and blue. This color space
attempts to quantify how much of each primary
color (between D and maximum), is in the color
observed.

Hue, Saturation, Value (HSV) cylindrical
color space. A color is defined by its hue which
is expressed as an angle. The saturation
indicates the purity of the color. The brightness
or darkness of the color is the value.
Luminance, Chrominance (YUV) orthogonal
colors space. The luminance Y of a color is the
amount of brightness it contains. This is
equivalent to the gray scale value of the color.
The chrominance U,V may defined in many
different ways, but reflect the proportions of
two reference colors in the final color.

The cameras have a viewing angle of 45°
about the center, and a pan range of £30° .
This when combined with the head rotation
range of +100° gives the full viewing area as
+152.5° .

5. Motion of this Robot’s Head

The head angle may be changed by
instructing the motor card to send a specified
number of pulses to the head stepping motor.
The frequency with which the pulses are
delivered varies in accordance with the
specified motor acceleration parameters. In
this way smooth motion can be achieved.
Alternatively, the speed of a continuous motion
may be specified and changed as the head
moves. To control the camera pan angle (or any
of the other camera parameters such as tilt,
filtering etc) the SONY VISCA serial protocol
may be employed, across the cable from the
camera connected to the PC serial port. This is
an asynchronous protocol meaning that
messages may be sent at any time. A message
consists of a header (indicates who sent the
message, what type of message), message and
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terminator. A message sent from the computer
that meets the specified format will be
acknowledged, and answered if it is a query, or
executed if it is a command. In the case of
commands, a second acknowledgement is sent
when execution is completed.

Network communication may also be
implemented on an asynchronous basis,
between computers. In order to do so, one
computer must act as the server, and the other
as the client. At startup, the client.request that
the server assign it a socket, across which they
send messages to each other. While it is not
necessary to have a header and terminator on
these messages, such things facilitate relative
communication.

As well as visual information, the network
will also have to carry voice command or sound
information between the two computers. While
second is based time as is the camera image, it
must be analyzed in a different manner as no
signal instant in time may be considered
separately from all the others (unlike for the
camera where we can consider a signal image).
Sound is a waveform, and as such may be
represented by amplitude through time,
frequency spectrum, or any waveform
characteristic, for example the Discrete Fourier
Transform (DFT).

In Addition to using sound to interrupt voice
commands, it is also used to detect obstacles.
The ultrasonic sensors consist of a sender and
receiver. Sound waves from the sender, bounce
off objects and are detected on reflection. The
sensors have a narrow beam angle, and their
detection distance can be adjusted, by adjusting
the sensitivity of the receiver.

The many parts of the robot need to be
controlled simultaneously. In order to do so
effectively under the Windows 98 operating
system, it is necessary to use multiple
processes and multiple threads. A process can
split its work between threads that it starts
and can subsequently control. Multiple threads
can have access to the same memory space,
Multiple processes each have their own
memory and code space, and are used for
unrelated tasks. They have no access to shared
memory space with another process, without
some explicit definition as such.

This completed the basic concepts involved in
understanding and controlling the robot

6. Conclusions

To the Future, we will study to control the
rotational numbers. The speed is the optimal to
make run safely and smoothly must be done.

Next, we will do the pursuit control what
runs by chasing the color tape that was pasted
to the floor by two CCD cameras what has
loaded into the robot. To suppress an error with
the goal one, when the robot is bending, a lot of
problems to have removed a line mainly, and so
on, seem to occur about the curve.

We search into the cause and think that must
solve one by one.

7. Reference

1) M. Sugisaka: Beginner system theory and
control P83~120(1997)

2) An explanatory note of The Welfare Robot
Prototype P4~8(2000)

3) H. Hayashi: New Visual C++ 6.0 for
BeginnerP3~204(1998)

4) Borland International: Programmers guide
Borland C++ 5.0 P5~352(1996)

5) H. Hayashi: Revision New C Language for
beginner P2~384(1998)

-312 -



Proc. of The Sixth Int. S
Tokyo Japan, 15-17, January, 2001,

ymp. on Artificial Life and Robotics (AROB 6th’ 01)

Periodic Cluster Attractors and their Stabilities

in the Turbulent Globally Coupled Map Lattice

Tokuzo Shimada and Kengo Kikuchi
Department of Physics, Meiji University, Higashi-Mita 1-1-1, Kawasaki, Kanagawa 214-8571, |. apan

Abstract

The Globally Coupled Map Lattice (GCML) is
one of the basic model of the intelligence activity.
We report that, in its so-called turbulent regime,
periodic windows of the element maps foliate and
systematically control the dynamics of the model.
We have found various cluster attractors. In one
type of them, the maps split into several almost
equally populated clusters and the clusters mutual-
ly oscillate with a period p that is the same with the
number ‘of clusters (c). We name them as
maximally symmetric cluster attractors (MSCA’s).
The most outstanding is the p3c3 MSCA and its
bifurcate. The MSCA is proved to be linearly
stable by Lyapunov analysis. There are also cluster
attractors with p>c. They come out in sequences
with increasing coupling. The formation of the
clustors in the very weakly coupled chaotic system
may suggest a new form of an intelligence activity.

1. Introduction

We have recently found that, in the so-called
turbulent regime of the GCML, a variety of amaz-
ing periodic cluster attractors are formed even
though the coupling between the element maps is
set to be very small [1]. In this note we review our
work and substantiate it by ample examples. For a
pioneering work of this model, see e.g. Ref. [2].

The simplest GCMI—a homogeneous one—is
defined by

x,(t+ 1) =(1~-¢)f,(x,(1) + €h(2), ©)
ht)=3 f,(x;(t)/N, @

with f (x) =1-ax®. All maps are endowed with a
common high nonlineatity and evolve under an
averaging interaction via their mean field A(r) with
a coupling & The formation of clusters via
synchronization in this model is well studied for
the large coupling region and the switch between

coded attractors has been investigated in detail.
For a recent progress, see [3]. On the other hand,
in the small coupling (so called turbulent)
region, maps have been regarded to evolve almost
randomly under some hidden-coherence. Our new
observations of various cluster formation in this
region indicate that a pattern-recognition in a
complex system is possible even if a highly
random system is set with a very weak coupling.

We establish the linear stability of the cluster at-
tractors formed in the turbulent regime. We in
particular derive algebraically the ¢ value for the
formation of the MSCA.

2. Foliation of the Element Map Windows
In a MSCA configuration the mean field must

be time-independent due to a high symmetry in
the cluster populations. Thus (1) becomes

x(t+1)=(1-&)f,(x,(t)) +h*, ©)
with a constant external field A*. The evolution
equation acts on all the maps commonly in (1) and
it becomes furthermore independent of time in
(2). We can cast this unique equation into a stan-

dard logistic map with a reduced nonlinear pa-
rameter p,

yit+ 1) =1=b(y, (1)), )
by a linear scale transformation

yi®)y=(0-e+en" )" x,(1), ®)
and the reduction factor of nonlinearity is

rebla=(1-e)(1-e(1-h")). 6)
The clusters of MSCA oscillate mutually around

the fixed average h*. Their orbits are the same
each other modulo time translation and propor-
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tional to the orbit of a logistic map with the
nonlinearity b reduced by a factor in (6). Thus it
must hold that

yi=(-e+eh’)"h, @)

with y* being the time-average of the logistic
map at b. Equation (6) and (7) are the key to find
how a periodic window of an element map foliates
and produces a MSCA of GCML. On one hand
there is a periodic window at b with y*(b). On
the other hand there is a2 MSCA produced in
GCML at g, ¢ with a constant mean field A*. The
nonlinearity a of the latter element map is re-
duced to b by the averaging interaction. For each
reduction factor r, we can work out aand ¢ that
corresponds to b by eliminating h*,

a®(ry=b/r, @®)
eV (P =1-ry (b)/2—r(d-y B) +(ry" (®)/2)*.

Now by varying r, (8) gives a curve of balance on
the a,e-plane, which emanates from the point
(b,0). We call this curve as a foliation curve of a
window dynamics. If a MSCA with a period p is to
be produced, it must be produce in a GCML with the
parameter a, € set on the curve of the period p win-
dow. At some stronger coupling at given a, the maps
should be more tightly bunched and we may expect

a
1.80

*% 1.85

1.90

o || oo3|] DC B 0.12
a 5

Fig.1 €

2.00

p > c type attractors.

Let us check if this prediction works. For this
purpose we consider the mean squared deviation

(MSD) of the mean field in time
(Oh); =T, (h(D) =) /T, )

as an indicator of the cluster formation. A MSCA
will yield very low MSD due to its high symmetry
in cluster populations, while the p> ¢ attractors

will give remarkable peaks due to the lack of one
or more clusters. In Fig.1 each panel is set at a
fixed ¢ and MSD is shown as a function of ¢ for
N=10* GCML. Six prominent logistic widows
(p=1,5,17,3,5,4with increasing b —decreasing ¢
at the same a) are selected and the family of folia-
tion curves of these windows is shown underneath
the panels. The four curves A-D for each window
respectively come from the point A below the
threshold, the threshold B, the first bifurcation
point in the window C, and the closing point D.
The shaded zones in each panel are then the ex-
pected place of the manifestation of prominent
windows. At each zone, a MSD valley due to
MSCA should appear in the lower ¢ side and a.
MSD peak by p > ¢ cluster attractors at the nearby

higher ¢. We find that the prediction works with
almost no failure in all panels and in all six win-
dows.

Interestingly, the MSD curve in each panel has
an ample amount of peaks and valleys at the
smaller ¢ region (the left), but only a few broad
ones at the larger ¢. This is naturally understood as
follows. In a way, each panel is a screen which dis-
plays the windows of the single logistic map by using
a macroscopic coherent state of GCML. But the
panels are inclined; a smaller ¢ implies less reduc-

tion, i.e. r=1. Hence the left sensitively displays

the sharp peak-valley structure induced by cluster
attractors. The right, on the other hand, can reflect
only the accumulation of the periodicity remnants
from nearby windows, being dominated by the
prominent one at its respective zone.

We have checked that, at all the MSD wvalleys
with large nonlinearity reduction, the h(r) distribu-
tion is Gaussian with the MSD sizably larger than
the value dictated by the law of large numbers—
the so-called hidden cohetrence [2]. We therefore
conjecture that the hidden coherence is due to a de-
synchronized MSCA state [1].
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3. Lyapunov Stability Analysis

The Lyapunov analysis can be applied to both
diverging and converging system orbits and it can
detect the possible coexistence of multifold finial
states. It tracks the expansion rate of a shift vector
under the linearized GCML equation

Ox. 1)=- — —8— ) )
x; (t+1)=-2a[(1 e+N)x,(t)§x,(t) (10)

+%§ x; (8)ox ()],
and yield the maximum exponent A ma.

First let us investigate the outstanding period
three cluster attractors. In Fig.2 we compate A max
and the MSD. N=10¢, 4 =1.90.

We find three salient structures.

(1) MSCA*. A seagull structure (¢=0.032-0.037) in
both. For the most stable events, the MSD is also the
least. By a direct observation of the orbits, we find
all events are bifurcated MSCA. This can be un-
derstood as follows. The maps and the mean field
together are a bootstrap system, see (1). That is,
generally the mean field is not a simple external
source and the fluctuation in it will be reflected to
the fluctuation of the maps. The high mean field
fluctuation would lead to the instability of the sys-
tem. An exception is the MSCA. Here the mean
field is constant and the system protects itself
from instability which is otherwise amplified by
the bootstrap. The MSCA is the configuration with
which the GCML stabilizes itself with minimum
Sfluctuation of the mean field.

(2) p3c3 MSCA. The first low band (0.037-0.041).
The negative A ma and the low MSD.

(3) p3c2 cluster attractor. The second low band
(0.041-0.051). Here, the MSD is extremely high
because of a lack of one cluster to minimize the
fluctuation. For the bulk of events we find A may is
small but positive. For a system with low degrees

of freedom, the positive A max implies chaos. But

here, even with a positive A ma, the maps always
form stable p3c2 state. There is actually no contra-
diction. The global motion of the clusters is peti-
odic, but, inside each cluster, maps are evolving
randomly. The Lyapunov exponent is sensitive to
the microscopic motion and hence yields positive
value. But for a larger deviation, nonlinear terms
can become relevant and pull back the map. This
type of map motion—microscopically chaotic but
macroscopically in the periodic clusters—may be
called as confined chaos.

Note that in Fig.2 there are also states with
high rate mixing of maps (denoted as M), which
coexist with the cluster attractors at the same &

0.8 [
AL }
0.6

0.4]
02f

Let us predict the position of the salient cusp.
For a cluster attractor configuration, there occurs
a high degeneracy of eigenvalues of the linear sta-
bility matrix. For each cluster (I) with N, maps,

there is a single eigenvalue with (N,-1)-fold de-

generacy. It is
AD =(=2a(1-g))’ 17, X!, )

where X’denotes the cluster orbit. It is responsi-
ble for the stability of a map in that cluster. The
altogether c eigenvalues of this type take care of
Z_ (N, -1)=N —c degrees of freedom of maps.

The other ¢ eigenvalues are responsible for the
stability of the cluster orbits. For a MSCA the
product of X/ over the period p is common to J.

Therefore the spectrum consists of a highly de-

generate eigenvalue A with (N —¢) -fold degener-

acy and additional ¢ non-degenerate eigenvalues.
Now, the crucial point. The orbit X/ of a

MSCA cluster at a, ¢ (common to all /) is nothing
but the orbit of a single map y, at b modulo a

scale factor (see (5)). Thus, A for MSCA agrees with
the Lyapunov exponent of a single map at b ;

A= (=2b)" 10, y,. (12)

This becomes zero when one of the orbit points y, 's

becomes zero, that is, when b is a solution of
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(f,)?(0)=0. As for the other c eigenvalues, they

agree with A within small correction of order
g/c[1]. That is, if Avae =log( A D/ p is - oo, they are
all extremely small, approximately log(g/c) . For
p6e6 cusp, the relevant solution bsis 1.77289. The
foliation curve for this b reaches thea =1.90 panel
at £,=0.0352. This is precisely the MSCA* cusp
position. The predicted curve for A mx around
the cusp (the dashed line) is also in good agree-
ment with the data.

Now let us investigate the cluster attractors with
higher periodicities.

P5 and p4 cluster attractors

In Fig.3a we show the same with Fig.2 for the
foliation of the p5 window—the sequence of
MSCA*—¢5 =4 —3—2 sampled at a =1.64 (left).
Fig.3b is for p4; MSCA*—cd —¢3—>2 at a=1.95.
Both for N=10% Overall agreement with the p3
case can be seen clearly—we observe the MSCA
cusps in D-B and p > ¢ clusters in B-A. Algebrai-
cally we obtain £,10=1.62943 and 45=1.94178. The
predicted MSCA* cusp positions from our folia-
tion equations are &,,,=0.00397 and £,=0.00194
—in agreement with the observed ones.

In Fig.4 we show the composition of p>c¢
attractors obtained by a gap analysis of 103 random
events at each ¢ for each of p5 and p4. With in-
creasing ¢, the ¢ sequentially decreases with in-
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termediate coexisting phases of p > ¢ clusters and

random maps. The MSCA dynamics dominates
inside the window (above the dashed line B) while
the p > ¢ clusters are formed in the intermittent
region below the window (the region of the higher
reduction by ¢).
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4. Conclusion

The newly found stable self-organized MSCA’s
(and its bifurcates) with a minimum fluctuation are
the basic states of maps in the turbulent GCML.
They may be regarded as counter parts of the
ordered vacuum in the field theory at the spontane-
ously broken symmetry phase. The p > ¢ attractors

are curious deformed states at slightly higher
coupling. Their periodic orbits are almost the same
with the MSCA but due to the lack of some clusters
the MSD is maximized. Even when the Lyapunov
exponent is positive, the maps are macroscopically
confined in clusters stably.

The foliation has been also found independently
by two other groups [4] but neither the stability nor
the p > ¢ attractors were discussed by them.
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Abstract

In this paper we propose an application of a neu-
ral network to a decision support system. To estimate
an unknown nonlinear model, the probabilistic neural
network is incorporated into the proposed system. We
further propose the survival of the fittest type learn-
ing rule which can be applied to the update rule of
the probabilistic neural network. Our model is an
algorithm which extends the deterministic annealing
Expectation Maximization algorithm. It can execute
faster learning and avoid over-fitting rather than the
usual probabilistic neural network. The effectiveness
of the decision support system using such learning rule
is shown for the sampling data.

1 Introduction

The multiple regression is one of method to show
the relationship between the explained variable and
some explanatory variables. It has however the pos-
sibility that a large residual is left, because of such
modelling assuming the linear transformation from the
explanatory variables to the explained variable. Fur-
thermore from the results of linear analysis, we can
only detect the general tendencies. Compared with
the linear modelling, the nonlinear modelling can not
only reduce the residual but also advise a detailed poli-
cies in response to a situation. Such features are very
important.

In this paper, we propose a decision support sys-
tem. We apply a neural network which can estimate
an unknown nonlinear model by learning to the pro-
posed system. Recently, it is known that the neural
networks are available for the pattern recognition, the
signal processing and so on[1], various neural network
models have been proposed according to cases. For
our purpose, we select the probabilistic neural net-
work[2] which can reconstruct the joint probability
density function of the explained variable and some

explanatory variables. On constructing our system,
we improve the probabilistic neural network by con-
sidering the survival of the fittest type learning rule[3].
The neural networks applying our proposed learning
rule can execute faster learning and avoid the over-
fitting.

2 Proposed System
2. 1 Structure

In this study we use a Probabilistic Neural Net-
work (PNN)[2,4] for proposed decision support sys-
tem. PNN is one of NN which estimates an unknown
probability density function p(z) by summing up many
outputs of Radial Basis Function (RBF). A normal
probability density function is used for the RBF. Fig-
ure 1 shows the structure of PNN which consists of
the K input neuron and 1 output neuron.

Figure 1 The structure of the PNN

An input vector z, can be described by z! =
[xTyT]eRWV+M) where x, = [z},22,---,z]]T € RN
and y,=[yl,v2, - yM]Te RM. Supposing that the
relation between the vector x, and y, in the RBF of
the input neuron

Nv+m)(Zs, ¢r) = Ny (X6, 0%) X Nu(ys, %) (1)

where

1
N(N—HU)(ZS, ¢k) = (27T)(N+1w)/2“2k1|1/2
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T shows a transpose of matrix, my is a mean vec-
tor [mi,m?2,-- o mNTMT e RINEM) and B0t €
RIN+M %) xRIN+M) g an inverse matrix of the covarl—
ance matrix 3, whose ijth component is o) (4,j =
1,2, -+, N+ M). This means that each input neuron
can consist of cells which receive x, and cells which
receive ys.

This result say that we can consider the right out-
put neuron group which output Ri; = Er[zi|z, : 0],

(i=1,2,---,N; j=1,2,---,M) and the left output
neuron group which output LJ, = EL[ ! l:c : 0] where
ZI = [xl "71'; 1,‘7";—"1 Ts >ysa ,y ) ’yé\/{]T €

§R(N+M 1) (See Figure 2).

Figure 2 The structure of the proposed system

2. 2 Dynamics

In figure 2 w denotes the set {wi,ws,"- Wi}, @
denotes the set {¢1, P2, -, ¢k} and 6 the set {w,¢}.
For example the output which belong to the right out-
put neuron group are given by

Er[zilz, : 0] = / z;p(zi|z' : 0)dz;
R
K .
= > on(zl)mj, (3)
k=1
where
N, B /, 2z
an(z)) = W N(N+M 1)(Zs ¢**) 4)

K N
D ket wkN(N-i—M—l)(zlsa ¢%x)

¢% means a set of the parameters concerned with z.
The output which belong to the left output neuron
group can be also obtained by the similar way.

The kth input neuron outputs for the input vector
Zs

£(zs, wi, dr) = WeN(n+M)(Zs, Pk)- (5)

The output value &(z,,wk, k) is transmitted to the
central output neuron, and central output neuron calu-

culates

p(zsvwaqs) ZE Zk>¢k (6)

Zk 1 Wk g

2. 3 Learning Rules

The parameter ¢ can be derived by maximizing the
log-likelihood function

L(zs, w, ¢) = log p(2s, W, §). (M

The each estimatee value of w, my and X, can
be obtained by the iterative calculation derived by
the Deterministic Annealing Expectation Maximiza-
tion (DAEM) algorithm[5] which extends the EM al-
gorithm[6]

S

w ™ = Z ®)
S (t)

hy'(zs
m = ——-———Z Zehy 12 ), (9)
Zs:l
(1) _ v (2, —m)(z, — m{)Th" ()
k =

Zle hit) (22) (10)

where
B
{ ()N(N+M)(Zs7¢k )}

5
Y {wsct)N(N+M)(Zsa¢kt))}

8 denotes a positive constant. If the parameter 3 takes
very small (= 0) then h( (z) is regarded as the uni-
form distribution. This means that all z, contribute
uniformly to the estimation of the parameters. When
8 takes 1, the DAEM algorithm is equivalent to the
EM algorithm. In the estimation of parameters, the
DAEM can avoid the local optimal solution by using
an annealing which increases 3 from a small value to
1 gradually.

2. 4 Models

We further improve the PNN to execute faster
learning and avoid the over-fitting. The following sur-
vival of the fittest type learning rule is applied to the
update rule[2] of parameter w.

wi Y = { Zh“ >+1} (12)

This update rule works for pruning the redundant in-
put neurons. This effect can realize the faster learning

hit) (ZS) =

(11)
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and the avoidance of the over-fitting by using only nec-
essary input neurons for estimating the unknown prob-
ability density function.We call such neural network a
Competitive Probabilistic Neural Network (CPNN).

We can apply, of cause, the steepest decsent method
to obtain the parameter § which maximizes the log-
likelihood function L(zs,8), however it is easily con-
sidered that iteration number of learning will be fluc-
tuation by the setting of learning rate. Therefor we
apply the learning rule which is derived from the EM
algorithm to the proposed system where the input neu-
rons and the central output neuron is used for learn-
ing. Then the proposed system generates outputs of
the right and left output neuron group by using ob-
tained parameters. From reasons mentioned above,
the proposed system is united model of the learning
part and the output part through the input neurons.

In the simulation we first show the effectiveness of
the proposed CPNN for nonlinear modelling. In order
to show the effectiveness of the CPNN we consider the
following three different learning algorithms for the
PNN.

Model PNN: PNN using a EM algorithm which
does not have a ability pruning neurons.

Model PNN+P: PNN using a EM algorithm w-
hich has a ability pruning neurons by an addi-
tional condition.

Model CPNN: PNN using a DAEM algorithm
which has a ability pruning the redundant neu-
rons by both the survival of the fittest type learn-
ing rule and an additional condition.

As the additional condition to pruning neurons, we
consider that if the parameter wy, satisfies wy < Cy
then the kth input neuron vanishes.

3 Simulation Results
3.1 Effectiveness of CPNN

Table 1 shows the differences among these learning
algorithms in applying to the same data. All models
have 300 input neurons at initial state.

Ng denotes the number of surviving input neurons.
The iteration number (Iy) of learning is counted at ev-
ery update about all parameters wy, (k =1,2,---,K),
mi (i=1,2,---,N)and o (i, =1,2,---,N).

From results obtained above and results of the mul-
tiple regression analysis, compared with the linear
modelling, the nonlinear modelling can reduce the er-
ror E and the real error E,. It is particularly known
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Table 1 (a) Learning results (C,, = 0.001).
Ns | In |E(x10%)|R2(%)| E.
PNN | 200 | 4600 | 8.6 99.92 | 5448.96
PNN+P|l 116 {2668 | 8.9 99.92 | 5493.42
CPNN || 176 | 4048 | 4.4 | 99.98 | 3039.67

Table 1 (b) Learning results (C,, = 0.003).
NS IN E(><102) Rz(%) E,. :
PNN+P| 71 [1633] 11.9 | 99.85 [6584.94 |
CPNN || 135 |3105| 5.4 99.97 | 3072.24

that the model CPNN can estimate the joint probabil-
ity density function of the sampling data better than
the other two models PNN and PNN+P.

The number of survival input neurons (Ns) and
the iteration number (Iy) of the model PNN+P are
smaller than the model CPNN, which means that the
usual PNN estimates the unknown function by using
many redundant input neurons which generate small
outputs. Such input neurons cause not only the delay
of learning but also the over-fitting. However even if
we eliminate such redundant input neurons by consid-
ering the condition of pruning, we can not expect a
good performance for the nonlinear modelling by such
model PNN+P which can not reduce a large error.

On the other hand, the proposed CPNN can re-
duce the errors and increase the adjusted coefficient of
multiple determination R2. The reason why it shows
a good performance that the necessary input neurons
to estimate a function tend to generate large outputs
by the survival of the fittest type learning rule of the
CPNN.

3. 2 Analysis Results by Proposed
System

We secondly apply the proposed decision support
system to the sampling data in agriculture from 1997
to 1999. In this case, N = 11 and M = 1. The
relationship between the brix (= y;) and the other
factors can be obtained by observing one of output
Ly; = Ep[zl|zt : 6], (i = 1,2,---,N) of the left out-
put neuron group after learning. Figure 3 shows the
relationship between the leaf color (= z3) and the brix,
where the real line output of the L;3.

We can easily understood that the proposed system
could estimate the nonlinear transformation from the
exogenous variables to the endogenous variable.

We finally shows that the proposed decision sup-
port system can advise a detailed policy in response
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Figure 3 The relationship between the leaf color
and the brix (or acid).

to a situation. In this case, it is assumed that the
percentage of water content (= z4) is a controllable
exogenous variable. Therefor we should observe the
output Ry = Er[z%|z, : 6]. The inputs I (j # i)
are settled to sth sampling data when the system gen-
erates the output Ry4. Figure 4 shows the analysis
results for the 20th sampling datum where the real
line output of the Ry4;.

LU L
07 07
05 05 __r——l_
03 03

01 0.1 n N —

7 9 1 13 1R 05 1 15 2 25

Figure 4 The maximum likelihood estimator of
the percentage of water content [%]
for the brix (or acid) at 20th sampling datum.
(025 are given by learning.)

The line represents the maximum likelihood estima-
tor. From figure 4, for example, the decision support
system advises that the percentage of water content
should be given by around 60% to make the brix up in
the situation. That is, in order to increase the brix, the
percentage of water content must be increased. How-
ever the results of this analysis show that there are
some cases which are different from such tendencies in
the past situations. The reason why we have such re-
sult which differs from the usual sense that it is stems
from the consideration about the error of observation.

The proposed system can consider the error of
the observation by settling the parameters o (k=
1,2,---,K). This means that we can estimate a large
observation error for the CP by giving the parameters
35 small values, which lets us be able to consider the
existence of such latent error. Figure 4 (b) is a result
obtained under the parameters o3> are given by the

:2: 4

small constants.

4 Summary

In this study, we propose an application of a neural
network to a decision support system. We further pro-
pose the competitive probabilistic neural network ap-
plying a survival of the fittest type learning rule. Our
model is an algorithm which extends the deterministic
annealing Expectation Maximization algorithm.

In simulations, we show the effectiveness of the pro-
posed CPNN for a nonlinear modelling, where the
CPNN can can execute faster learning and avoid over-
fitting rather than the usual probabilistic neural net-
work. Furthermore the results obtained by applying
the proposed decision support system to the sampling
data show that the proposed system can not only give
the general tendencies which agree with the usual lin-
ear modelling but also advise the detailed policy which
can not be gotten by the usual linear modelling by con-
sidering the observation error.
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Abstract In this paper, we propose a new function discovery system model (S-Poly model) for the artificial
life type discovery system (S-System), by incorporating non-linear optimization technique in it. This model
uses Polytope method for optimizing the values of the constants of the function under discovery process
while evaluating the fitness of it with the observation data. The new model significantly reduces the number
of generation required for the discovery. Also, we propose two other models combining Polytope with
Genetic Programming (GP-Poly model) and mutation (Mut-Poly model). All these models are found
effective in the function discovery, while S-Poly model is found to be the fastest among the three.

Key words: artificial life, genetic programming, function discovery, Polytope method

1. Introduction

J. Koza"" first proposed the function discovery
system based on Genetic Programming (GP).
However, the system has some disadvantages. We
thus proposed a bug type of artificial life based
system to overcome these problems®. We called
the system as S-System to indicate the
incorporation of the concept of sexual and asexual
reproduction in it. We then proposed a method to
improve the search ability®. However, the system
still needed considerably long time for the
discovery. Hence, in this paper, we propose a
non-linear optimization method incorporated
S-System that significantly reduces the time for
the discovery.

2. Algorithm of function-discovery

2.1 Main routine

Figure 1 is the flowchart of the algorithm of
function-discovery by the use of a bug type of
A-life proposed by us'”. The flow is summarized
as follows.

(1) Numerous bugs with the arbitrary function are
generated at random. The number Pop is
selected from the numerous bugs in order of
high fitness.

(2) The generation Gene of the bug is set to 0.

(3) The value of the internal energy, energy ,, of
all the bugs is initialized to 0.

(4) The procedures from (5) to (7) are repeated for
all the bugs; the bug number ranges from 1 to
Pop.

(5) The bug p moves. This means that the values
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Fig. 1 The flowchart of the algorithm of
function-discovery using the bug type of artificial
life.

of constants K in the chromosome change
slightly. That_is to say, the values of K are
replaced by K + dK, where dK is the small
change of K | K=(K,,K2,-~,K)

n b4



d_lz'=(dK,,dK2,---,dKn) and n is the
number of constants in the chromosome. This
concept is based on Ref. (4). The details are

given in Ref. (2).

(6) The bug p catches the observation data (i.e.,
fitness fif, of bug p is calculated from the
observation data).

(7) In the case that fitness fit , reaches the
threshold fitness Fit,;, this algorithm ends.
This means a bug has discoverd the function f.

(8) The algorithm ends when the current
generation Gene reaches the maximum
Generation Gene,,, .

(9) After the descendant-generation-routine is
called, Gene is added to 1 and the algorithm
returns to procedure (3).

2.1 Descendant-generation-routine

The flowchart is displayed in Fig. 2, and is
summarized as follows.

(a) Based on the generation-gap, Par bugs are
selected and they are passed down to the next
generation. The elite strategy is adopted for
the generation-gap.

(b) The bug number p is set to be 0. By the
repetition of the following procedures from (c)
to (g), Pop - Par bugs are generated.

(c) A bug is selected by the tournament strategy.

(d) The selected bug is judged whether it has the
ability to sexually reproduce. In the case that
the selected bug has the ability of sexual
reproduction, procedure (e) is performed. In
the_ other case, procedure (f) is carried out.

(e) The bug finds its partner, and they produce

two children by crossover. Jump to procedure

(8).

() Two children are produced by asexual
reproduction.

(g) A part of the chromosome is changed by
mutation at the rate of R,,,.

Thus, the descendants of the number of Pop
are generated. For the details sexual/asexual

reproduction and mutation, see Ref. (2).

3. Non-linear optimization method
incorporated function discovery algorithm

GP and S-System are a kind of extension of
Genetic Algorithm (GA) and uses the selection,
crossover and mutation for function discovery.
Table 1 shows how crossover and mutation change
the function during the discovery process in GP
and S-System. In both models, function type
changes due to mutation. The difference between
the two methods lies in the way of incorporating
the crossover. In S-System, since the crossover is

(a) rGeneration gap Bug No.
®
[\

Selection of bug by
tournament strategy

(c

~

«
Does the bug sexua
eproduce ?

(e) Y

p=p+2
I Sexual rcproductiﬂ @ E:::I

r Asexual reproduction l

()| Mutation

Fig. 2 The flowchart of descendant-generation
routine.

Table 1 The change of function in GP and S-System.

Model crossover Mutation
GP Function type" " Function type "
S-System Values of ‘constant | Function type "N

only

*1)Includes the condition where the function type
does not change.

carried out only between the same type of
functions, constants only change. Thus the schema
does not get destroyed in S-System. This improves
the local search ability'”. However, the time taken
for the discovery is long.

Thus, S-System is characterized with the
evolution of the same type of functions. Moreover,
we can think that if the function type is limited to
one, the constants in it can be optimized by usin§
one of the non-linear optimization methods®.
From this, we incorporate a non-linear
optimization method in S-System. We alter the
previous S-System model in the following
way.

(1) When the fitness is calculated, the constant
K(=k), ky ---) in the gene (function f) is.
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changed using Polytope method® so as to

minimize error. The new values of constant K’

changed by the method is then replaced by K.
(2) The algorithm for movement of bug is

removed.

(3) Although the target of crossover is a slight
change of constant dK in the original model,

we change it to constant K.

The other part of the algorithm of S-System is
kept intact. Concerning non-linear optimization
methods, we adopt Polytope method®. The reason
is as follows: When there are many kinds of bugs,
which have different type of functions, the
evaluation of the gradient for all functions is
impractical. Polytope method does not require the
gradient function to be evaluated and hence we
adopt this method.

The concept of movement, in which the value
of constant change slightly®, is not required in the
new model, because the value of constant is
changed by the Polytope method.

In general, the values obtained by Polytope
method depend on initial values. In this model, the
constant K in the gene (function f) corresponds to
the initial values. This might results in a local
minimum solution. In S-System, there exist many
of functions with the different values of constant.
This means that they have different initial values,
so the probability of trapping in the local
minimum is reduced. In addition, with the
crossover in the above procedure (3), the values of
constants (= initial values) can change greatly
compared to the original model. This also helps to
overcome local minimum trap.

4. Non-linear  optimization method
incorporated GP and mutation model

Table 2 Parameters for function-search.

No. Parameters Values
1 Population size 500

2 Initially created population size 100

3 Maximum generation 100

4 Generation gap 0.8

5 Tournament size 3

6 Crossover rate 0.5

7 Mutation rate of the chromosome 0.8

8 Mutation rate of the constant 0.1

9 Fitness for algorithm-end 0.96

10 Range of the constant by mutation -10 ~ 10
11 Depth of nodes 8

12 | Function set =, XN
13 Crossover type Uniform

The new model is characterized with the
change of the function type using mutation, with
the optimization of the value of constants with
Polytope method, and with the change of initial
value using crossover. In the similar way, the
following methods can also be thought.

(4) Remove (3) of above and make crossover
between the different types of function. This is
equivalent to combining GP model with the
Polytope method. We call this as GP-Poly
model.

(5) Remove (3) and (4) and make algorithm
without crossover. This can be thought as
mutation combined with Polytope method. We
call this as Mut-Poly model.

5. Results

We now present the results of using the
proposed models for function discovery. The
conditions with which S-Poly model was used for
discovery are shown in Table 2. For GP-Poly
model, the item 8, 10, and 13 were removed and
for Mut-Poly model item 5, 6, 8, 10 and 13 were
removed. We used all the three models to search
the Kepler's law that was performed in the
previous paper”. All the models could discover
the law at a few generations. Since the average of
generations required by previous system to
discover the law was about 300*’, we found the
new models considerably faster. Computing time
until discovery has been decreased to 1/20 or less.
However, the difference in performance among the
three models could not be understood due to an
early discovery by all of them. Thus, we used the
following expression to obtain dummy data sets
for a complicated function type.

J=Js'{exp(:";]—l} ’ M
.
/W:-:oly .

GP-Poly .
S-Poly 1

I L L L

0 20 40 60 80 100
Generation
Fig. 3 The average of 30 experiments
showing the relation between the
generation and the fitness of the bug with
the highest fitness.
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where,J =1.0x107, ¢=1.602x10",

k, =1.382x10"*. V was varied in steps of 0.01 from
-0.05 to 0.1 in 16 steps and 3 value of T, 243, 273
and 303 were used to evaluate J. In total, 48 sets
of data were generated as observation data. The
three stated models were then used to search
function J=f(V,T). 30 experimental runs were
performed. The discovery rate was found to be
0.80, 0.77 and 0.77 for S-Poly, GP-Poly and
Mut-Poly models. Fitness over 0.96 was used as
the condition for discovery. In Fig. 3, the
transition of fitness that is an average of 30
experimental runs are shown. From the figure, it
can be seen that all the models are fast in
discovery. Among the three models, S-Poly model
is the fastest.

Average computing times for each generation of
S-Poly, GP-Poly and Mut-Poly models are 144,
180 and 115 seconds, respectively. Computing was
performed with Pentium Il 400 MHz processor
operating on Windows NT system with C++
Builder 3.

6. Conclusions

In this paper, we proposed a new model
called S-Poly model for function discovery by
combining non-linear optimization method with
the S-System. The proposed system could reduce
the number of generations required for function
discovery considerably. Also, by combining
non-linear optimization method with genetic
programming and mutation, we proposed GP-Poly
and Mut-Poly models. All these models could
discover the desired function effectively. The
S-Poly model was found to be fastest on the
average.

Asahi Technion Ltd has supported a part of
this research.
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Abstract

We investigated the population dynamics of such
tritrophic. anteractions using o model of Abstract
chemistries, Absiract Rewnriting system of Alulli-Sets
(ARMS) which 1s a new research method in Complex
Systems and Artificial Life. In ARMS model, we re-
garded a tritrophic interaction mediated by herbivore-
induced plant volatiles that atiract carnivorous natu-
ral enemies of herbivores as chemical reactions of four
reagents (planis, herbivores, carnivores and volatiles).
The intensily of interactions belween individuals cor-
responded to reaction speed in the ARMS model. We
compared the case where plants produce herbivore-
induced volaliles vs the case where they do noi with
the model.  Further, by changing the reaclion speed,
we found that there was a case where herbivore-induced
volatiles that attract carnivores resulted in the popula-
tron increase of the herbivores. We will discuss several
conditions in lritrophic inleractions thal differently af-
fecl the population density of plants, herbivores and
carnivores based on the prediction by the ARMS model.

Keywords: [cological System, Artificial
Chemistiries, ARMS

1 Introduction

A phenomenon that plants respond to herbivore
feeding activities by producing volatiles that in turn
attract carnivores enemies of the herbivores has been
reported recently[2, 4]. These volatiles are not the
mere result of mechanical damage, but are produced

by the plant as a specific response to herbivore dam-

age.

In mathematical ecological studies concerning with
the system, one notable study is that of, Sabelis and
de Jong(1996)[6] who reported that, when herbivore-
induced volatiles profitable for plants, the kinds of the
volatiles become polymorphic within species. They
use game theory and show that ESS corresponds to the
case when each species of plant produces the volatiles
in polymorphic way.

In order to investigate the population dynamics
of the tritrophic systems, we introduce an abstract
rewriting system on multisets, Abstract Rewriting
System on Multisets (ARMS) [7, 8]. This system is
modeled as an abstract chemical system which is new
research field in Artificial life and Complex systems.

In ARMS model, we regarded a tritrophic inter-
action mediated by herbivore-induced plant volatiles
that attract carnivorous natural enemies of herbivores
as chemical reactions of four reagents (plants, herbi-
vores, carnivores and volatiles). The intensity of inter-
actions between individuals corresponded to reaction
speed in the ARMS model. We compared the case
where plants produce herbivore-induced volatiles vs.
the case where they do nol with the model. Further,
by changing the reaction speed, we found that there
was a case where herbivore-induced volatiles that at-
tract carnivores resulted in the population increase of
the herbivores. In ARMS, a reaction rate is realized
as the frequency of applying a rule.
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2 A R wag

We will introduce the model, “Abstract Rewriting
system on MultiSets (ARMS).” Intuitively, ARMS is
like a chemical solution in which molecules floating on
it can interact with each other according to reaction
rules.

Technically, a chemical solution is a finite multiset
of elements these elements correspond to molecules. A
multiset allows to include the same elements, such as
a,a,ab,c.e. We can define the density by the number
of symbols. For example, the density of ”a” of the
multiset is 3. Reaction rules that act on the molecules
are specified in ARMS by such a rewriting rule as a,b
— e f. If the left hand side of the rule is included in the
multiset, they are replaced by right hand side of the
rule. For example, a,b — e f rewrites {a,a,a,b,c,d}
to {a,a,e, f,c,d}. The reaction rate is expressed by
the frequency of applying a rule.

In this section, we model the tritrophic system by
using A RMS. We assume the symbol “a” as a leaf, “b”
as a herbivore, “d” as a carnivorous and “c” as a cer-
tain density of herbivore-induced volatiles that attract
carnivores, respectively. Furthermore, we add “e” as
an “empty state” in order to introduce “death state.”
A plant is defined implicitly as the certain number of
leaves. Lvolution rule R is defined as follows;

e B g ri  (increasing leaves),

ab 2 bbe (a herbivore eats a leaf),

dbe B2 dd rs (@ carnivou catches herbivore),
d ke rqy (the death of a carnivous),

boEoe (the death of a herbivore).

where k; illustrates the reaction rate. The ry cor-
responds to sprout and growth of a plant, r» to the
case when a herbivore eats a leaf and the leaf gener-
ates volatiles, 73 to a carnivorous catches herbivore, r4
to the death of a carnivorous and r5 to the death of a
herbivore, respectively.

By using this model, we compared the case when
leaves generate volatiles to does not. The evolution
rules of the system without volatiles R, is defined as
follows;

B
£

aa ke (increasing leaves),

!

bl
JQ

ab 3 bb ks (a herbivore eats a leaf),

kol
®

db

2 dd kg (acarnivou catches herbivore),
d 52 e ke (the death of a carnivorous),
p oo k1o (the deathof a herbivore).

We set reaction rates of kq, ka4, ks, ke, ko and kjo
as 0.5, 0.1, 0.1, 0.5, 0.1 and 0.1, respectively.

3 Simulation and results

In both Ry and Rs, the symbiotic relation consist-
ing of plants, herbivore and carnivores (figure 3) can
be found. It is interesting that R, (the system without
volatiles) is likely to lose the relation under the same
conditions (the number of plants, herbivores and car-
nivores in the initial state, reaction rate of r3 and rg).

220 T T T T T | It T T
200 \“\,_MW herbiF\)/z‘Pe: gg; -------
180 o carnivores (d) «--reeer T
160 |- AN 1
140 | ’\\/‘ﬁm\-
120 + h

100 % Ny
80 + ‘
ok M
40 + ]

RS .
20 ot T g A L it N, v
X —~—b "
1 L I 1 I I L 1 et

0
0 100 200 300 400 500 600 700 800 900 100
Steps

The number of a,b,d

Figure 1: The symbiotic relation consisting of plants,
herbivores and carnivores (R, rs = 0.55)

Figure 3 illustrates the symbiotic relation consisting
of plants, herbivores and carnivores, f?; is used and in
the initial state, the population size of plants is 200,
hervibore is 20, carnivores 10.

On the other hand, figure 3 illustrates that the case
when 2, is used under the same conditions as It used.
In this case, at first herbivores extinct thus carnivores
can not survive.

The time course of population size of plants, herbi-
vores and carnivores of R; (figure 3) is very different
from R, (figure 3). In R; there are three attractors
around (a, b, ¢) = (200, 100, 22)(1), (180, 105, 27)(2),
(150, 120, 46)(3). At first the time course is attracted
by (1) then (2) and finally (3). On the other hand in
R» the course is attracted around (120, 200, 82), but
departs from there in the long run.

These results show that the system with volatiles
(plants produce volatiles) is more robust than the
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Figure 2: The case when the symbiotic relation is lost
(RQ, rg = 055)

The number of a,b,c

Figure 3: The time course of the population size of
plants (a), herbivores (b) and carnivores (¢) (Ry,r3 =
0.55)

other. Thus, we are going to investigate the role of
volatiles furthermore.

4 Discussion

Throughout the simulation, we discovered that her-
bivores could keep their population for at least 1000
generations in the system where the infested leaves
generated the volatiles, whereas the herbivores were
exterminated by the carnivores in around 100 gener-
ations in the system where leaves did not do so. In
our model, the carnivores that use the volatiles to find
the herbivores are not able to find their victims in
a plant from which the volatiles were emitted under
the detectable level for carnivores. This is probably

The number of a,b,c

Figure 4: The time course of the population size of
plants (a), herbivores (b) and carnivores (c) (until the
plants extinct Ry, rg = 0.55)

the reason why the herbivores survived in the system
where leaves generated the carnivore attractant.

This result, suggests the possibility that herbivores
induce the volatiles for their survival. This may be
true in the tritrophic system consisting of plants,
two-spotted spider mites (Tetranychus urticae) and
predatory mites (Phytoseiulus persimilis) (Dicke et al.
1998). Two-spotted spider mite is a tiny (ca. 0.6
mm) herbivore. However, due to their rapid popu-
lation increase on a plant, they tend to overexploit
the plant. A kidney bean leaf infested by the spider
mites started emitting volatiles that attract predatory
mites P. persimilis (Maeda et al. 1998). Once in the
prey colony, P. persimilis overexploit the spider mites.
However, the volatiles were induced only after the spi-
der mites increased over certain number per leaf (ca.
more than 100-300 females per small plant) (Maeda
et al. in prep) and there will be a time lag between
the emission of the volatiles and the visitation by the
predatory mites. Thus, the spider mites of the next
generation that disperse from the current patch before
the plant start emitting the volatiles can be free from
the predator. Such spider mites will establish a new
colony nearby. At the same time, the original colony
may be exterminated by the predators. This cycle may
be one of the defense strategies of the two-spotted spi-
der mites against the predatory mites that search for
them with the volatiles, and may be applicable for the
prediction of the model. We will test this in the future
experiments.
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5

Conclusion

We proposed a new rewriting model, ARMS and
applied it in order to investigate an ecological system
that plants respond to herbivore feeding activity by
producing volatiles that in turn attract carnivorous
natural enemies of the herbivores. Throughout a sim-
ulation we obtain an interesting result that the pos-
sibility that herbivores induce the volatiles for their
survival.
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1 Introduction

The genetic algorithm (GA) constitutes a large class of
evolutionary computing methods with many applications
in both technological and scientific research [1~6].
Based on the Darwinian principle of the survival of the
fittest, genetic algorithms could deal with many
challenging optimization problems that are difficult to
solve with conventional techniques. Due to the ability of
exploring different regions of the solution space in
parallel and maintaining multiple solutions concurrently,
genetic algorithms can execute search tasks quickly with
relatively small and controllable probability to be
trapped in local optima [1][2].

However, like other randomized algorithms such as
the simulated annealing [7] and the ant system [8], the
performance of the genetic algorithm varies greatly from
one problem instance to another, even across repeated
trials on a single problem instance [9]. The phenomenon
of the unpredictable standard deviation in performance
existing in the randomized searching algorithms can be
characterized by a distribution describing the probability
of obtaining each possible performance value. Although
the mean or the expected values of these distributions are
usually used as an overall measure of quality, the
variance of a performance distribution also affects the
quality of an algorithm to a great extent, since the
variance of a performance distribution determines how
likely it is that a particular run’s performance will
deviate from the expected one. The conception of the
variance of a performance distribution is very similar to
the conception of risk in economics. Indeed, risk is an
important additional characteristic of algorithms because
one may be willing to settle for a lower average

performance in exchange for increased certainty in
obtaining a reasonable answer. In analogy with the
similar situation when trying to maximize a utility that
has an associated risk encountered in the economics,
Huberman and his collaborators have developed a
method of combining existing algorithms into new
programs that are unequivocally preferable to any of the
component algorithms using the notion of risk in
economics [9]. If we treat each component algorithm as
an agent and treat the whole combined algorithm as a
multi-agent system, we can see clearly that since the
computing material, typically the processor time, is
limited, agents in such a system must share the whole
computing material and compete for these material.
From this point of view, the main relationship between
these agents is competition and it is the competition
between these agents that helps the whole system to get
the desirable performance.

On the other hand, the theoretical studies on the
parallel genetic algorithms such as the study of the
effects of dimensionality on parallel genetic algorithms
by Dr. K.Y.Szeto has proved that the exchange of
individuals between populations is one of the most
important aspects for a parallel genetic algorithm [3~6]
[10]. If we also treat each population in a parallel genetic
algorithm as an agent and treat the whole parallel genetic
algorithm as a multi-agent system, we can also see
clearly that since agents in such a system exchange
information with others, the main relationship between
these agents is cooperation and it is the cooperation
between these agents that helps the whole system to
evolve toward a desirable direction.

Considering these, it is very natural to have the
thought that if we combine the competition between
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agents and the cooperation between agents into a
multi-agent computational system, the performance of
this system may reach an outstanding one. It is our aim
in this paper to put forward a generic method to construct
such a system and to analyze some main features of such
a system.

The rest of this paper is organized as follows. In part
2, we will describe the method of constructing such a
cooperative genetic algorithm. In part 3, we will describe
some typical characteristic of the cooperative algorithm.
In part 4, some experiments and their results will be
discussed briefly. Finally, in part 5, we will give some
conclusions and describe some of our future work.

2 Construct a cooperative genetic
algorithm

The basic idea of constructing a cooperative genetic
algorithm is to allocate the processor time that is
originally exclusively occupied by a single simple
genetic algorithm to several simple genetic algorithms
that run concurrently on a serial computer and let these
simple genetic algorithms exchange some individuals in
each evolving cycle. The building block of our
cooperative genetic algorithm is the simple genetic
algorithm, which can be described as formula (1).

SGA=(P,S,C,M,U,T) €))
According to the formula, a simple genetic algorithm
SGA consists of a population P, a selection method S, a
crossover operator C, a mutation operator M, a survival
strategy U and a termination criterion 7. The evolving
progress of such an SGA can be seen as a sequence of
population P', (i=0,1,2,...). Here,

P =UM(C(S(P')))) @
Formula (2) means that the (i+1)™ generation can be got
by applying the selection method, the crossover operator,
the mutation operator and the survival strategy one by
one on the i generation. After the new generation has
been created, the termination criterion is checked to
determine whether the simple genetic algorithm should
be stopped or not. If the criterion is satisfied, the
algorithm is terminated; otherwise, the evolving progress
should be continued.

For simplicity, we will assume that a cooperative
genetic algorithm consists of two simple genetic
algorithms with the same parameters, the same operators
and the same strategies in the rest of this paper, although
it is not a necessary requirement. Based on this
assumption, a cooperative genetic algorithm can be
described as formula (3).

CGA = (SGA,,SGA,, f,z,T) 3)
According to the formula, a cooperative genetic
algorithm consists of two simple genetic algorithms

SGA,; and SGA,, a processor fraction f, an exchange
fraction 7 and a termination criterion 7. The
cooperative genetic algorithm is constructed simply by
allocating the processor time that is originally
exclusively occupied by a simple genetic algorithm to
two simple genetic algorithms that run concurrently on a
serial computer and letting these two algorithms keep
contact with each other.

The whole evolution progress of this cooperative
algorithm can be decomposed to several evolution steps.
Each evolving step can be illustrated as Fig.1.

Start

Generate a
random number r

Yes No

No

Fig.1 : A typical evolving step of the cooperative
genetic algorithm

According to the figure, we can describe each
evolving step of the algorithm as following sub-steps.

Step 1: Generate a random number » €[0,1];

Step 2: If r <[, let the SGA, evolve a generation,

otherwise let the SGA; evolve a generation;

Step 3: Let the SGA, and the SGA, exchange some

individuals, the number of these individuals_
is T‘)(fz

Step 4. Check the termination criterion. If the whole

algorithm should be terminated, stop the
algorithm; otherwise go to step 1.

We should also pay attention to several other things.

The exchange strategy: Each simple genetic
algorithm uses the exchange strategy to select some
individuals from its population and exchange them with
the other simple genetic algorithm. The simplest strategy
is random selection. There are also some complex
strategies such as random selection plus the best ones,
random selection plus the worst ones, and so on.

The termination criterion: The whole algorithm
use the termination criterion to stop the running of the
algorithm. The simplest criterion is to check the
termination criteria of both component genetic
algorithms and use their logical or result. That is, if any
component genetic algorithm should be terminated, the
whole cooperative algorithm should also be terminated.
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The symmetry: There are some symmetric features
existing in our algorithm. Since we assume that each
component simple genetic algorithm has same
parameters, we can get that

CGA(SGA,,SGA,, f,7,T) = CGA(SGA,,SGA, 1 - f,7,T)
and

CGA(SGA,,SGA,, f1,T) = CGA(SGA,, SGA,,0.5,0,T)

Here, we assume that the total process time is 1.

3 Main features of the cooperative
genetic algorithm

In this part, we will focus on two control parameters —
the processor fraction ( /) and the exchange fraction ( 7)
and two performance variables — the mean or expected
value ( m ) and the standard deviation ( ¢) of the
performance distribution. Fig.2 shows the typical
relationship of the mean value versus the processor
fraction and the exchange fraction. The figure describes
the typical relationship of the standard deviation value
versus the processor fraction and the exchange fraction is
very similar to Fig.2, so we omit that figure here.

e

. - . . <~ 08
~ - 4

f \y«/ﬂ;;/ Q r

L]

Fig.2 : The typical relationship of the mean value versus the
processor fraction and the exchange fraction.

By keeping the exchange fraction 7 as a constant, we
can get the curve of the mean value versus the processor
fraction and the curve of the standard deviation value
versus processor time, both of which are shown in Fig.3
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Fig.3 : The curve of the mean value and the standard deviation

versus the processor fraction

We can even get the curve of the mean versus the
standard deviation value, which is shown in Fig.4.
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Fig.4 : The curve of the mean value versus the standard
deviation

The curve shown in Fig.4 is very similar to the efficient
Jrontier curve discussed by Huberman in [9]. There are
several features of the curve that are worth noting. First,
endpoint A4 corresponds to the situation that there is just
one simple genetic algorithm running alone (= 0 or 1),
and endpoint B corresponds to the situation that both
simple genetic algorithms sharing computer time equally
(f = 0.5). Second, there exists a regime, the efficient
frontier R, defined by the fact that for every point on the
curve, there is at least one point on the efficient frontier
that is always preferable, that is, has a lower standard
deviation value or higher mean value, or both. Once this
efficient frontier is determined, one can choose the
desired mean-deviation combination on it and calculate
the corresponding fraction of computer cycles to be
allocated to algorithm 1. This calculation can be done by
plotting both the mean value and the standard deviation
value as a function of /' (As is shown in fig.3).

If we keep the processor fraction fas a constant, we
can get the curve of the mean value versus the exchange
fraction and the curve of the standard deviation value
versus the exchange fraction, both of which are shown in
Fig.5

The standard deviation

60

0 0.1 02 03 04 05 06 07 08 09 1
The exchange fraction

Fig.5 : The curve of the standard deviation value versus the
exchange fraction
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There are also several features of the curve shown in
Fig.5 that are worth noting. First, we can see from the
figure that the exchange fraction or the information
exchange level has large effect on the performance of the
algorithm, since the performance with some information
exchange is much better than the one without any
information exchange. Second, if the information
exchange level is too high, the performance will drop
either. This phenomenon is not surprising since too much
information exchange may destroy the internal
information chain existing in the simple genetic
algorithm.

4 Experiments and Results

In order to test the efficiency of our cooperative genetic
algorithm, we have used our generic method to construct
corresponding algorithms for function optimization
problems and combinatorial optimization problems. As
for the function optimization problems, we use the
simple genetic algorithm and the cooperative genetic
algorithm to solve the standard DeJong functions [1][2]
and compare the mean and the standard deviation values
of their distributions. As for the combinatorial
optimization problems, we use the simple genetic
algorithm and the cooperative genetic algorithm based
on it to solve the standard traveling salesman problem
and compare the mean and the standard deviation values
of their distributions. Results show that with proper
parameters, our cooperative algorithm can improve the
computational efficiency to a large extent. We will
discuss the result in a more detail way in another paper.

5 Conclusions

In this paper, we combined the idea of competition
between agents with the idea of cooperation between
agents into a multi-agent computing system and put
forward a cooperative genetic algorithm. After
describing the generic method of constructing such a
cooperative genetic algorithm, we discussed the main
features of such an algorithm. In order to test the
efficiency of our algorithm, we have constructed and
implemented corresponding algorithms for function
optimization problems and combinatorial optimization
problems. Experiments results show that our method can
improve the computation efficiency to a large extent.
There are also some other things that are worth
noting in our future work. First, the competition is now
limited to the processor time allocating, but we may
develop this idea and construct some more complicated
algorithms such as some multiple-level cooperative
genetic algorithms. Second, we may incorporate the idea
of competition and the idea of cooperation into some
other randomized searching algorithms such as the ant

system. By doing this, we may construct more
algorithms that are more efficient in their domains. Third,
although our algorithm now runs only on a single serial
computer, it is potential to be extended to more complex
computing environment such as a parallel computer.
Finally, although we do not consider the distributed
computing environment in our current algorithm, but if
we consider the existing asymmetry in the distributed
computing environment, we may develop our idea and
method and extend them to the distributed computing
environment.
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Abstract

In this paper we propose an application of a genetic
algorithm to control the information network. The
communication channel and the communication con-
trol processor are finite resource. We must use these
resources efficiently to improve the quality of service
(Qo8S). For this purpose we apply an evolution com-
putation such as a genetic algorithm to an optimal
routing and flow control.

1 Introduction

An optimal routing and a flow control are important
problems in multiple I/O data network. Recently, the
computer network such as an Internet which was de-
veloped from the ARPAnet has come to be a huge sys-
tem. Therefor it becomes difficult to solve the routing
problem and the flow control problem, because these
problems are formulated as a constrained nonlinear
optimization problem which has many local minimum
points.

The genetic algorithm (GA) is one of powerful
tool for searching a global minimum point of the
constrained nonlinear optimization problem[1]. It is
known that the GA is available to solve the rout-
ing problem such as the travelling salesman problem.
However there are few studies which use the GA for
solving the routing problem and the flow control prob-
lem simultaneously. The Dijkstra’s algorithm(2] has
been applied to the routing.

The purpose of this paper is to apply the GA to
solve both the routing problem and the flow control
problem. The proposed method can realize an adap-
tive routing and a distributed flow control by using a
flooding algorithm which executes a broadcast of Aow
information.

Simulation results say that our method can not only
search the optimal routing among Origin - Destination

pair but also control the flow of link. Furthermore
compared with the usual method named a flow devia-
tion method, we show that the proposed method can
find a minimum solution.

2 Multiple I/O Data Network

We assume that a network consists of N nodes. The
packet switching method is used as the method of com-
munication. Assuming that a packet switching equip-
ment is placed in each node. Data is sent by links
among nodes. Node i, (i = 1,2,---,N) is connected
to neighboring node j by a link L;;, (j € L;), where L;
denotes a connection from node 7 and a link capacity
of L;; is assumed to be finite. The conceptual figure
of information network is shown by figure 1. Assum-
ing that there is infinite waiting buffer for each link in
node 7. The service rule in the waiting buffer is the
first in first out (FIFO). We furthermore assume that
there are a topology table which describes the net-
work topology information and a traffic table which
describes the link traffic information at all nodes.

Sendai

L;;
Kanaza.

Nagoya

Figure 1 = Conceptual figure of information network.

In this study, the network routing is executed by
a virtal circuit. The topology and traffic tables are
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updated by the flooding when the network detects its
change. The session w which has an origin o and a
destination d is represented by the pair of them (OD
pair) such as w = (0,d). W denotes a set of OD pair,
and P, all subsets of the directed path which connects
the origin and the destination of session w. Assuming
that the arrival rate (flow) of an input traffic relating
to a path p of a session w is described by ., p[pkt/s],
the total flow f;;(x)[pkt/s] in the link L;; is given by

fz] Z Zw,p

PEPi;

(weW)

where x denotes a flow vector which consists of all
flow z,, , and p;; a set of paths which include the link
L;;. And the total flow of an input traffic at node o in
session w is described by r,[pkt/s].

Suppose that the network can detect the link capac-
ity ci;[pkt/s] at all link L;; and the delay d;;[s/pkt] at
output links from node. In the flow model base on
the M/M/1 approximations, the flow vector x which
minimize an average of packet number in the network
is obtained by the solution of the following nonlinear
optimization problem (NLP)[3].

Minimize
N N
_ f,,(x) e
Do =22, (5250 + 4o50)
N N
=3 Dy {fii(x)}
=0 j=0

Subjett to

S gup=re (WEW),

pEPy
0< fij(x) <cij (weW, pePy).

3 Routing and Flow Control by Usual
Method

3.1 Routing by Dijkstra’s Algorithm

The first derivative function of the average packet
number D(x) with respect to the flow z,, , is given by

BD(X) _ [ Cij
OZw,p {eij — fu(x)}?

Z D; {fu(x

LIJEP

+dij

It can be considered as the length of the path p, that
is, this is called the first derivative length (FDL) of the
path p. The path which minimizes the FDL is called a
MFDL. In usual routing of the low model, the short-
est path problem has been solved by the Dijkstra’s
algorithm.

The second derivative function of the average
packet number D(x) with respect to the flow zy p is
also given by

82D (x) _ 1

(0 w,p)? {Cij - fi;(x)}?

Z DY {fi;(x)} -

L;;ep

3. 2 Flow Control by Gradient Method

We introduce a constant p < 1 to ease restrictions
on the total flow f;;(x) of the link L;; in NLP. Then
we consider a function D;; {fi;(x)} which has the same
value of the first and second derivative of the function
Di; {fi;(x)} at fij(x) = pcij. Figure 2 shows the dif-
ference among these functions.

200
150
100

50
44 45 46 47 48 49 50

Difference between~the function
Dy {fi(x)} and Di; {fi5(x)}-
(c;j = 50 [pkt/s], di; = 1 [s/pkt] and p = 0.98)

Figure 2

The function D;; {f;(x)} is given by

Di;{fi;(x)},
(fij(x) < pcij)

Dij {fi;(x)} = 0ui(fi; (%) = pei) (fii (%) = Bij)
+Dij{pci;},
(fij(x) > peiz)
where
o = D" {pcis},
B = pcij - a‘;Dﬁj{PCﬁ}
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We further describe the MEFDL of each OD pair w
by p and give the flow z,, 5 such as

Typ =Tw — E Tw,p-
PEPy, p#P

Thus the NLP can be translated into the following
nonlinear optimization problem (NLP');

Minimize
N N
=3 > Dy {fi(x
i=0 j=0
Subject to
0<zy, (WEW,pEP, p#p)

where X consists of all flow vector which is excepting
the MFDL.

The first derivative function of the average packet
number D(X) with respect to the flow z,, ,p is given by

0D(x) _ 8D(x) 8D(x)

Oy p 0Twp OTwp’
(weW, pe Py, p#p)

where the first term of the right hand is defined by

8D(x)

Gup = = ) Di{fy(x)}-

Lijep

Then the function ng{ fij(x)} is a modified MFDL

and it is derived by

D3 {fi;(x)},
(fii(x) < peij)
i (2fi;(x) = Bi; — pciz),
(fij(x) > peij)
The second derivative function of the average

packet number D(X) with respect to the flow Toy,p IS
given by

Ijgj{fij(x)} =

_9°D(x) _ Wi s
oo = G = L,.,;L,,D a0}
where
" _ D” {fz (x)} (fi;(x) < peij)
Dij{f:i(%)) = { 2 (fy(R) > pery)

L, denotes the set of link which belong to either the
path p or the MFDL(p).

In the usual flow model, the flow control has been
executed by the following gradient method

k+1 = max [01 zﬁ),p - ekH‘l;,;;J(GwyP - Gwvﬁ)] .

mw,P

4 Routing and Flow Control by GA
4. 1 Routing by GA

Supposing that there is the topology table which
describes the topology information of network at all
nodes. The content of topology table is a neighbor
node j which is connected from node ¢ and it is up-
dated when the network detects changes. ‘The chro-
mosome consists of H, (< N) genes, and h, (h =

-, H)th locus denotes hth trough point of the vir-
tual path. Table 1 shows an example of topology table.

Table 1 Example of topology table

Connection Node
Node | 11213415
1 214101010
2 1{3]4]5]|6

Figure 3 shows an example of chromosome (H = N)
which is generated for the OD pair (1,9), where the
lethal chromosome is marked by x.

1 |1|2]5]6]9|0]0]0]0]
x [1]4f2[6]3]2][5][9[0]
2 |1|4]2]5]8]9]0]0]0]

kr |1|2|5|4.|7|8I9]0]0]

Figure 3 Example of initial population.
for OD pair (1,9)

In the routing by GA, the reproduction is executed
by the roulette selection. The crossover is executed by
the one-point crossover. The mutation is not applied
to the routing.

4. 2 Flow Control by GA

In the flow control by GA, the crossover is executed
by the whole arithmetical crossover. The mutation
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is executed by both uniform mutation and boundary
mutation.

Figure 4 shows the structure of chromosome for the
flow control by GA. An example of the initial popula-
tion in feasible region is shown by figure 5.

Xk {:?uklzlirw[ 0 |@21I¢Ez2 0 ‘ 0 lehszhw}tu]

Figure 4 Structure of chromosome for flow control.

v A 2loo2[a]1]2]

% [o]6[1JolsT1]ofo[2[1]2]4]

Figure 5 Initial population in feasible region.

5 Simulation Results

We consider the lattice type network (Figure 3).

Figure 6 Structure of lattice type network (3%).

In order to compare the validity by difference of
the network size, we first assume that sessions occur
in same rate for the node number of network. Therefor
we assume that the network has N nodes and 1/vVN
sessions. Figure 7 shows the comparison of validity by
difference of the network size.

In order to compare the validity by difference in ra-
tio of session, we secondly assume that sessions occur
in different rate for the constant node number of net-
work. Figure 8 shows the comparison of validity by
difference in ratio of session.

-3

08} * * .

0.75 .

0.7k

0.65 i 1 | 1 4 | | | IN
22 32 42 52 & 7 8 92 102

Figure 7 Comparison of validity by difference of the
network size.

0.75 - .

7k

0965|[||l||||||l||l
[234567809101112131415/"]

Figure 8 Comparison of validity by difference in ratio
of session.

6 Summary

In this study we proposed the routing and the
flow control by applying genetic algorithm to the flow
model which can evaluate the congestion of network
by the arrival rate of traffic.

From the results of simulation, compared with usual
method, it was shown that the proposed method can
reduce the average of packet number in networks. And
we can say that proposed method has the effect which
makes the ratio used of link uniform.
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Abstract

The objective of this paper is to demonstrate the
possibility of behavior-based intelligence from a view-
point of the affordance theory. A virtual robot that
executes various tasks demanded in several different
environments is described. Through the interaction
with surrounding environment, the robot recognizes
not only current environment but also its own posture
successfully, whereas the robot has no map represent-
ing the world in which it is going to act. For the great
work, the robot finds and uses appropriate affordances
lurking in the surrounding environment.

1 Introduction

The essential ingredients of vital intelligence de-
pend on the kinds of experience that comes from the
interaction between living bodies and their surround-
ing environments. In order to formulate and exam-
ine such a new Artificial Intelligence (AI) paradigm,
robotic agents have been studied intensively[1].

R. A. Brooks[2] showed the possibility of behavior-
based intelligence by making a behavior-based robot
known as subsumption architecture[3]. After that,
the behavior-based approach becomes a dominant
methodology for realizing the new AI paradigm[4, 5].
Behavior-based robots usually have no map that rep-
resents their world, however they can take appropriate
motion through the interaction with their surrounding
environments. Although many successful robots have
been built up based on this approach, until recently,
little attention has been paid to the interaction be-
tween robots and their environments.

In this paper, instead of the mechanical structure of
behavior-based robots, we focus our attention on the
interaction between robots and environments based on
the affordance theory. The “affordance” advocated by
J. J. Gibson[6] is an important concept in the research

fields of perception and cognition. The affordance ex-
ists in their surrounding environments and affords the
potentialities of motions to living bodies.

We present a virtual robot that behaves itself like
an intelligent one by detecting useful affordances in
its surrounding environment. Through the active in-
teraction with environments, the robot not only dis-
tinguishes between environments, but also recognizes
its own posture successfully, whereas the robot has
no map representing the world in which it is going to
act. The architecture of the robot is separated into
two parts, namely, brain and body. The robot’s brain
is defined by a Finite State Machine (FSM), which is
evolved by using a Genetic Algorithm (GA). On the
other hand, the robot’s body moves according to the
deterministic action command given by FSM. Tracing
the behavior of the robot, we specify two types of af-
fordance in each environment. The positive affordance
allows the robot to take intentional actions, while neg-
ative affordance forbids the robot to take them. Then,
analyzing the contribution of these affordances to the
robot’s motion, we try to explain the origin of the
behavior-based intelligence.

2 Robot and Environment

Our image of an intelligent robot is illustrated in
Fig.1. We suppose that there are several different en-
vironments in which the robot has to play an active
part. The robot’s body happens to be surrounded with
one of the environments. Then, the robot is requested
to distinguish the current environment from the oth-
ers by itself and execute the task demanded in each
environment as soon as possible.

The process of robot’s brain is described as a Finite
State Machine (FSM), which is defined by a sequence
(@, C, I, 6., b, qo): a set of state Q, a set of action
command C, a set of input I = {0, 1}, a command
function é. : @ — C, a transition function &, : Q x
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current environment

other environment

Figure 1: Image of robot and environment

I — @, and an initial state qo € Q. First of all,
the command function 6. : Q@ — C is evaluated at
the initial state gg € Q of FSM. The action command
¢, € C associated with the state orders the robot’s
body one single simple motion, probably of limited
extent, such as move jaws right one unit length. If
possible, the robot’s body takes the action and returns
symbol 1 € I to the FSM; otherwise it does not move
and returns symbol 0 € I. Then, according to the
robot’s reply, the transition function 8; : Q@ x I — @
is evaluated to obtain the next state.

3 Genetic Algorithm

In order to design an intelligent robot’s brain, i.e.,
an appropriate structure of FSM, we employ a GA.
The plural of FSM is created randomly and modified
repeatedly by using genetic operations.

3.1 Lamarckian Mutation

In the mutation of FSM, a state g; € Q is selected
and modified by one of the following operations: 1) Re-
place the action command é.(g;) € C; 2) Change the
value of the transition function 6;(g;,0) and 6:(g;,1);
3) Duplicate the state g; € Q; 4) Delete the state
g; € Q. The above four operations have been also
adopted by the Evolutionary Programming|8].

In the Lamarckian mutation of FSM, which has
been proposed in our previous paper[7], we chose a
target state g; € @ by using the probability propor-
tional to its weight W (q,) defined as follows.

+ FINE % S¢(g;) (1)
W(g;) = 0, (iff So(g;) = Si(gj) = 0)

where, BASE, TAX and FINE are positive scaling
parameters; So(g;) and Si(g;) denote the total num--
bers of 0 and 1 replied to g; € Q) respectively.

Il

3.2 Multiple Fitness Function

We suppose that there are N different environments
E, (n =1~ N) in which a virtual robot has to ex-
ecute its task. The computational time of FSM is
evaluated by the total number of the state transition
executed until the robot completes the task in each
environment. Therefore, we measure the performance
of FSM by the computational time and define a fitness
function of FSM in each environment F, as,

Qn
3 M,E,)= ———7——— 2
fitness(FSM, E,) time(FSM,E.) (2)
where, time(FSM, FE,) denotes the computational
time of FSM spent in the environment E,; o, is a
coefficient for scaling the value of the fitness.
Then, we define a multiple fitness function as,

N .
fitness(FSM) = Z fztness(ﬁSM, E") (3)

n=1
3.3 Generation Alternation Model

Since we have to adapt the robot’s brain (FSM) to
several different environments E, (n = 1 ~ N), we
use the techniques of applying GAs to multi-criteria
optimization problems|[9].

In the genetic alternation model, the selection of
parental FSMs is carried out in parallel by the roulette
wheel algorithm in the light of their fitness in (2) for
each environment E,. At the same time, some FSMs
are also selected from the current population accord-
ing to their multiple fitness in (3). Then, in order to
create the next generation, the Lamarckian mutation
and one-point crossover are applied to them. Elitist
selection is also employed in parallel, namely the best
FSM always survives to the next generation.

4 Experimental Results

We have conducted experiments on an extended
version of the well-known “carrying sofa problem”[10].
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a) Environment E;
(room-A)

b) Environment E,
(room-B)

o

¢) Environment Fj

(room-A)

d) Environment Ej4
(room-B)

Figure 2: Four environments of robot

As you can see in Fig.2, there are two symmetrical
rooms, room-A and room-B, in which the robot has
to move from start to goal avoiding obstacles as soon
as possible. Painted area denotes wall and obstacles.
The robot must distinguish the current room from
the other by itself. Furthermore, we suppose that the
robot has a rectangular body and takes two different
starting postures in each room. Consequently, there
are four different environments E; ~ Ej for the robot.
Five action commands are allowed to the robot: 1),
2) move £z direction one unit length; 3), 4) move +y
direction one unit length; 5) rotate R = 90°.

Figure 3 shows a tabular form of the best FSM (only
valid states) genetically evolved. The table lists the
states g; € Q coupled with an action command d.(q;)
down the side and inputs 0, 1 € I across the top.
The column under each input gives the value of the
transition function é; : Q@ x I — @ corresponding to
that input at each state shown on the left side.

The virtual robot loaded with the best FSM moves
from start to goal in 18, 17, 21 and 20 unit times,

5t 6t
@ & 0 1 @ % 0 1

Qo |ty || @ 9 | —Y | Qo0 | g7
a1 | =T |1 Q| @ 9 | —Y | @12 | Q2
@ | R |a|a | g +y|a g
43 | =% | g5 | qu 9 | Yy | g1 | &7
94 | —Z | g7 | Q13 || Q10 | +T | Q6 | G5
95 | —Y | 41| G 13 | =T | G5 | G8

Figure 3: Tabular form of the best FSM

b) Trajectory in E,
(room-B)

a) Trajectory in E;
(room-A)

Figure 4: Trajectories of robot’s body

respectively, within the four environments E; ~ Fj
shown in Fig.2. Figure 4 illustrates different trajecto-
ries of the robot’s body starting from the same initial
posture in room-A and room-B. From the results in
Fig.4, we can say that the robot is able to distinguish
two rooms by itself, because it has arrived at respec-
tive goals directly. Note that we can not intuitively
predict such an intelligent performance of the robot
from the simple structure of the FSM in Fig.3. This
means that the cognitive behavior emerges from the
interaction between robot and environments.

Figure 5 indicates two types of affordances in each
environment, i.e., a part of environments concerned in
the robot’s behavior. The positive affordance light-
shaded permits the robot’s actions ordered by the
FSM in Fig.3. On the other hand, the negative af-
fordance dark-shaded prohibits them. We can ignore
all other parts of environments, because they do not
affect robot’s motion. By tracing the behavior of the
robot within the respective environments, we could
find that the robot recognizes not only current room
but also its own starting posture by using the positive
and the negative affordances.
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a) Affordances in E, b) Affordances in E,
(room-A) (room-B)
Ll
positive
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negative []
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c) Affordances in F3 d) Affordances in Fy4
(room-A) (room-B)

Figure 5: Affordances found and used by robot

5 Conclusions

In this paper, we have presented a virtual robot
that recognizes not only current environment but also
its own posture through the interaction with surround-
ing environment. From a view-point of the affordance
theory, we have traced the amazing robot’s behavior
to the origin of its intelligence. As a result, we have
specified positive and negative affordances character-
ized by robot’s actions in each environment.

The results and analysis reported here are only the
beginning of our continuing research project. Further
work will consider the affordance in the world for a
real robot with physical body. In order to depict use-
ful affordances within more complex environments, an
effective measure will have to be developed.
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Abstract
In this paper, we propose the hierarchical PDGA and
evaluate its effectiveness compared Cone with lattice
topology. We find that our proposed hierarchical PDGA
obtains almost same or better solution than Cone. More-
over, we propose and investigate the processing time by
the hierarchical PDGA on bus connection.

key words: hierarchical PDGA, topology

1 Introduction

Genetic algorithms (abbreviated to GAs) [1, 2] are re-
markable one of meta-heuristics to solve combinatorial
optimization problems. Many papers report its effective-
ness and usefulness 1], but GAs generally take expensive
computation cost. As a straightforward approach to over-
come the problem, many proposals on parallel GAs are
appeared [3, 4, 5, 6, 7, 8]. The distributed computation
of parallel GAs contributes to keeping variety of chromo-
somes to avoid immature convergence in which the chro-
mosome set is divided into several groups and is operated
independently [5, 6].

A Parallel and Distributed GA (PDGA) has been pro-
posed in [9] where we showed its effectiveness and in-
fluence of the network topology of the parallel machine.
In that paper, Cone topology obtained better solution
quality than the others, ring, torus, and hypercube. Cone
topology is regarded as hierarchical connection of ring
topologies. Each layer of the topology corresponds to
a ring and each processor element (PE) except for the
lowest layer PEs is connected to two PEs located at the
immediate upper layer. The relation between layers is
like binary-tree and the number of PEs at the n-th (from
the top) layer is 2™ (see Fig. 1).

In [9], the PDGA is proposed on the assumption that
it carries on the particular parallel machine model. The
objective of this paper is to extend the PDGA to the hi-
erarchical one and to investigate its effectiveness on ordi-
nary loosely-coupled multiprocessor systems. Moreover,
we show implementation of the hierarchical PDGA on
an Ethernet-based parallel machine platform using MPI
(message passing interface) [10].

In Sect.2, we describe the detail of the PDGA and
propose the hierarchical PDGA. In Sect.3 we investigate

K.Onaga
Okinawa Research Center
TAO
1 Asahimachi, 900-0029 Japan

Figure 1: Cone topology

the effectiveness of the hierarchical PDGA by compar-
ing Cone with the PDGA and lattice topology with the
hierarchical one. Moreover we show the implementation
of the hierarchical PDGA on bus connection in Sect.4.
Finally, We conclude this paper in Sect.5.

2 PDGA and its Application to Hierar-
chical Mechanism

In this section, we describe the detail of a parallel and
distributed genetic algorithm (PDGA) on loosely-coupled
multiprocessor systems. Since the isolated execution (no
communication) of GAs is not effective [5], in our method
cooperation among PEs, say transfer of chromosomes, oc-
curs on the neighboring PEs (we say two processors are
neighbor when a directed communication link connects
them). We call chromosome-transfer migration and mi-
grated chromosome migrant.

At the beginning of the execution, each PE generates
its own chromosome set according to the GA parameters.
Then each PE carries out genetic operations, crossover,
mutation, and selection, on its population at each gener-
ation like ordinary GAs. Before the next generation, the
migration takes place if its condition holds. We call this
condition migration condition. The procedure for each
PE is shown as follows:

0: procedure PDGA;

1: begin

2: Prepare for genetic operation by a
problem instance and parameters;

3: Initialize a population;
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4 repeat

5: Evaluate all the chromosomes;

6: if the migration condition holds then

7 Do the chromosome migration;

8 end if;

9 Select the chromosomes for the next
generation by the roulette wheel way
with the elite strategy;

10: Create new chromosomes by applying
crossover and mutation according to
the crossover and the mutation rate;

until the termination condition holds;
end;

11:
12:

In our previous study [9], we employed three standard
topologies and our proposed Cone topology for the inter-
connection network of a parallel machine. The solution
obtained from Cone topology was better than that from
the others. A feature of Cone topology is hierarchical
connection of ring. Consequently, its hierarchical topol-
ogy brings out the effectiveness of migrant among PEs.
We propose the hierarchical PDGA not to take account
of the particular topology.

The hierarchical PDGA has to be organized by two
PEs at least. Each layer has several PEs as a group
and they are connected to specific neighboring PEs since
many connections of other PEs occur the immature con-
vergence in a chromosome set. Some PEs in the layer
have a connection network to an immediate upper layer
PE except for the lowest layer one. That is, a migrant
emigrates from another PE located in the same or upper
layer. The migration from upper to lower layer does not
admit on the hierarchical PDGA.

3 Hierarchical
Topology

PDGA on Ordinary

Figure 2 and 3 show a torus and hypercube topology, re-
spectively (four edges are omitted for being easy to see
in Fig. 3). They are ordinary topology for the multipro-
cessor systems and each PE has several direct connection
links. Many direct links affect the evolution by PDGA as
immature convergence. We propose not to use all connec-
tion links of PE for avoiding the immature convergence,
moreover to control active (migration) connections. We
generate the hierarchical topology virtually in the pre-
vious two ordinary ones. Thick line means the active
link and those lines compose the hierarchical topology in
Fig. 2 and 3. That is, in Fig. 2 there are three layers
in which the outside and small square show the lowest
and middle layer, respectively. The center PE represents
by itself the top layer in Fig. 2. Each layer connects by
active links. Figure 3 has two layers, the big and small
cube show the lowest and top layer, respectively. Two
active links connects with two layers in Fig. 3.

gttt
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_?.
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Figure 2: Torus topology

Figure 3: Hypercube topology

In this paper, we are not concerned with a dynamic
interconnection network like a omega, crossbar network,
and so on. Applying a dynamic interconnection network
to the hierarchical PDGA is also an interesting topic.

We evaluate the solution quality generated by the pro-
posed method to investigate the influence of modified
standard topology to the hierarchical one. In this ex-
periment, we solve by the PDGA eight benchmark in-
stances [11, 12, 13, 14] of the multiple knapsack prob-
lem [15]. These problem instances are available from
the OR Library [16] where problem instances with the
optimum solutions are collected for several kinds of the
combinatorial optimization problems. Our PDGA was
run on a virtual multiprocessor system implemented on
a Linux machine with Java. Throughout the experiment,
the following parameters are used in each PE:

e generation span = 100
e population size = 3
e crossover rate = 1.0
e mutation rate = 0.0

In the experiment, we execute the hierarchical PDGA
on the virtual multiprocessor systems to compare two
topologies, Cone and lattice in which our proposed hier-
archical PDGA runs, since the lattice topology is similar
to torus and also makes hierarchical connections in itself.
Figure 4 shows 6x6 lattice network and it is regarded as
hierarchical topology of three layers: The outside proces-
sors in the lattice network compose a group of the lowest
layer in the hierarchical topology, and the group of pro-
cessors for the layer composes as the lattice goes inside,
(see Fig. 4). We employ all connection links for the mi-
gration in this experiment.

Table 1 shows experimental results comparing Cone
and lattice topology. Three columns, namely 16, 32, 64
in Cone, represent by percentage how often among fifty
executions of the previous PDGA obtains the optimum
solution for eight problem instances in Cone topology and
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Table 1: Frequency to obtain the optimum

Problem || Cone  [%] || elite [%] | random [%] | random&elite  [%]
Instance |[16 [ 32 [ 64 | 5x5 | 8x8 | 10x10 | 5x5 | 8x8 [ 10x10 | 5x5 | 8x8 | 1010
hpl 14 | 18 | 48 12 54 58 20 66 66 20 42 76
hp2 12 | 42 | 80 38 68 96 50 96 98 50 84 98
pbb 8112 | 16 18 20 30 14 40 64 20 50 52
pb7 411224 6 24 42 20 46 72 40 38 70
sento?2 41 8]24 0 12 22 4 20 12 6 22 22
weing7 0 0] O 2 6 8 6 4 4 4 4 8
weing8 12 | 42 | 64 32 76 72 56 84 98 36 88 94
weish25 || 18 | 38 | 64 14 38 50 22 62 86 16 68 74

Figure 4: 6x6 lattice topology

three cases of the number of processors, say 16, 32, and
64. The value of remaining nine columns has the same
substance and they are obtained from lattice topology by
the hierarchical PDGA. Names of columns, elite, random,
and randomé&elite, in Table 1 mean the type of migrants.
The column of elite indicates that migrant is an elite
chromosome which has the best fitness value in the pop-
ulation, random a randomly-selected chromosome, ran-
dom&elite a randomly-selected chromosome in the same
layer and an elite one for upper layer. These columns are
divided into three inner columns according to the size of
lattice topology (the number of processors).

From this table, we find that the results obtained from
lattice topology is almost same or better than Cone. That
is, we obtained better solution quality than torus from
lattice topology by the hierarchical PDGA, since the so-
lution quality obtained from Cone is better than that of
torus from the previous experiment [9].

4 Hierarchical PDGA on Bus Connec-
tion

We propose and evaluate the implementation of the hier-
archical PDGA on multiple PCs connected by bus-type
network (e.g., Ethernet) in this section.

The hierarchical PDGA on bus is implemented by
C++ with MPI [10]. Processes generated by MPICH
have to be divided into several groups, that is, a process
group corresponds to one layer and the leader of group
communicates to the upper. Figure 5 shows a process
group and its message passing on twenty-five processes.

Each process group has the same number of processes and
each process sends a migrant to neighbor in the group,
that is, Each process communicates with another process
in the same layer as the PDGA with a ring topology.
A leader of each process group sends the migrant to its
upper layer.

We investigate the solution quality and processing
time of the hierarchical PDGA on Ethernet. The prob-
lem instances and GA parameters are the same as in the
previous experiment. An elite chromosome is selected as
a migrant transfered within the same group, and also one
chromosome is chosen randomly in leader’s population as
a migrant to upper layer. We use 4 PCs (SMP Linux Red-
Hat) connected with 100BASE-TX switching HUB. Each
process carries out its own operation for 0.5 seconds.

Table 2 shows the experimental results comparing
two problem instances, hpl and weish25. The col-
umn, namely “groupxlayer” represents the size of process
group and the number of layers. The values in column
“GO time” and “Comm time” mean the average process-
ing time for genetic operation and for communication at
all process, respectively. The last column shows the av-
erage of fitness value of the final solution. From these
results, we find out that communication time increases as
the number of processes goes on increasing, that is, many
processing delays which are the collision of packets, the
blocking from another process are occurred on Ethernet
network. Moreover, since the optimum values are 3418
(hpl) and 9939 (weish25), the lower improvement of ob-
tained fitness values (see “fitness ave” columns in Table 2)
is cased by much communication among processors. We
find out that many delays of message passing and less mi-
gration are an important factor for the solution quality
using the Ethernet.

5 Concluding Remarks

This paper considered the influence of the hierarchical
PDGA. In the experiment, we compared Cone with lat-
tice topology according to the fitness value. We found
that our proposed hierarchical PDGA obtained almost

- 343 -



Table 2: Processing time and fitness average of hierarchical PDGA on bus connection

hpl (chromosome length=28) weish25 (chromosome length=80)
groupxlayer || GO time [%] | Comm time [%] | fitness ave || GO time [%] | Comm time [%] | fitness ave
4x4 20.67 79.33 3378.28 44.65 55.35 9767.60
H5xH 16.89 83.11 3393.14 42.64 57.36 9824.60
6x6 13.46 86.54 3395.26 36.85 63.15 9827.78
<7 11.54 88.46 3396.94 35.99 64.01 9832.56
8x8 10.64 89.36 3399.20 31.94 68.06 9833.90

\
' group0
;

| groupl

\
| group2
/

\
, group3

\
} groupd
;

. :leader process

Q :process

Figure 5: Hierarchical PDGA by MPI

same or better solution than Cone. Moreover, we inves-
tigated the processing time by the hierarchical PDGA on
bus connection. From the experiment using Ethernet,
the solution quality of the hierarchical PDGA did not
improve very much. This was caused by the communica-
tion delays among processes. As future works, we analyze
more detail issues about the delays among processors on
bus connection, and develop the hierarchical PDGA on
Ethernet using MPI. We also consider to apply the hier-
archical PDGA to a dynamical interconnection networks.
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Abstract

Reinforcement learning has recently been
receiving much attention as a learning method for
not only toy problems but also complicated
systems for example robot systems. It does not
need priori knowledge and has higher capability of
reactive and adaptive behaviors. However
increasing of action-state space makes it difficult
to accomplish learning process. In the most of all
previous works, the application of the learning is
restricted to simple tasks with small action-state
space. Considering this point, we present a new
reinforcement learning algorithm: “Genetic
Algorithm based action space structuring
Q-learning”. The algorithm is applicable to the
systems that have large action space, for example
a robot with many redundant degrees of freedom.
To demonstrate the effectiveness of the proposed
algorithm simulation of obstacle avoidance of a 30
links manipulator has been carried out. As the
result, effective behavior has been obtained by
using our proposed algorithm.

1 Introduction

Reinforcement learning has recently been
receiving much attention as a learning method for
not only toy problems but also complicated
systems for example robot systems. It does not
need priori knowledge and has higher capability of
reactive and adaptive behaviors. However there
are some significant problems in applying it to
real robot tasks. Some of them are deep cost of
learning and large size of action-state space.

In the Q-learning[l], increasing of size of
action-state space makes it difficult to accomplish
learning process. The application of the usual
Q-learning is restricted to simple tasks with the
small action-state space. It is difficult to apply the
usual Q-learning to the real robot that has many
redundant degrees of freedom and large
action-state space. In order to apply the learning
algorithms to the systems with the large
action-state space, the various structural and
dividing algorithms of the action-state space were
proposed[2][3]. In the dividing algorithm, the state

space is divided dynamically, however the action
space is fixed and it is impossible to apply the
algorithm to the task with large action space. In
the classifier system that is a typical example for
structural algorithms, “don’t care” makes it
possible to create general rules, however it causes
the partially observable problem. And still more
there is a problem of impossibility of coexistence of
general rules with special rules. It was only
applied to the large state space systems and not to
large action space.

Considering these points, we present a new
reinforcement-learning algorithm: “Genetic
Algorithm based action space structuring
Q-learning” which can solve the problems of the
classifier system and be applied to the problem
with the large state and action space. We assume
that the world constitute a Markov division
process. Under the assumption the algorithm is
applicable to the systems that have large action
space. This algorithm has two dynamics. One is
the learning dynamics based on Q-learning, and
the other is structural dynamics based on Genetic
Algorithm. Genetic Algorithm is used to select
effective actions from large action space. Q-table is
structured from actions that are generated by
Genetic Algorithm. Q-learning has been carried
out and fitness of the genes is calculated from the
reinforced Q-table. And again, actions are
restructured using Genetic Algorithm. This cycle
is repeated and effective behavior is acquired. In
our proposed algorithm, state space does not
structured directly, however under a condition
that we propose, some part of space can be
structured dynamically with structuring action
space and the problem with large state and action
space can be solved. Details of the condition are
expressed in the section 3. The remarkable point
of our proposed algorithm is the method of
calculating fitness from the Q-table. To generate
general action and special action simultaneously,
we contrive the method. Another advantage of the
proposed algorithm is the coexistence of general
actions with special actions and exclusion of the
partially observable problem caused by using
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“don’t care”.

To demonstrate the effectiveness of proposed
algorithm simulation of obstacle avoidance of a 30
links manipulator is carried out.

2 Learning Dynamics
2.1 Qutline

Proposed algorithm has two dynamics. One is a
learning dynamics based on Q-learning and the
other is a structural dynamics based on Genetic
Algorithm. Fig. 1 shows the flowchart of our
proposed algorithm.

Start

i

! Create Initial Random Population }

—|

Convert Gene to Action J
[]

Create Q-table

Q-learning

M~ ]

Calculate fitness from Q-table ‘
Selection gnd
]
mproduction (Crossover, Mutation) |
I

Fig. 1 Flowchart of proposed algorithm

Each action is expressed as a phenotype of genes
and restructured by Genetic Algorithm. At first,
an initial set of population is structured randomly,
and the Q-table that consists of phenotype of
initial population is constructed. The Q-table is
reinforced using learning dynamics and the
finesses of genes are calculated based on the
reinforced Q-table. Selection and reproduction are
applied and new population is structured.
Repeating this cycle, effective behaviors are
acquired.

2.2 Cording

In this algorithm, each individual express the
selectable action on the learning dynamics. It
means that subsets of actions are selected and
learning dynamics is applied to the subset. The
subset of action is evaluated and new subset is
restructured using Genetic Algorithm. The
number of individual means the size of the subset
and fewer size of subset make it impossible to
accomplish the tasks and Genetic Algorithm does
not work effectively. So the size of the population
should be chosen as the large enough dependently
on the complexity of the task. In our proposed
algorithm, the number of actions that consist of
the Q-table is reduced as learning is advanced. So
our proposed algorithm works effectively even
when the size of population is large.

2. 3 Consisting of Q-table

To reduce the redundancies of actions, the genes
that have same phenotype are regarded as one
action and the Q-table is consists of all different
actions. And the size of the Q-table is decreased
with the convergence of the obtained actions from
structural dynamics using Genetic Algorithm.

In this algorithm, state space is not structuring
dynamically. It is structured in advance. But by
designing the action space suitably, some parts of
state space can be structured dynamically. The
way of the design is discussed in the section 3.

2. 4 Learning dynamics

The conventional Q-learning[1] is employed as a
learning dynamics. The dynamics of Q-learning is
written as follows

Q(S’a) <« (1 - a)Q(s,a)
+a(r(s,a) +y maxQ(s’,a’)) )

where
s state, a - action, r reward
o learning rate, y:discount rate

2. 5 Calculating of fitness
The fitness of genes is calculated at two steps.
The first step is regulation of the Q-table and the
second step is calculating of the fitness from the
regulated Q-table.
At first, we calculate the maximum and
minimum value of the state as follows.

V e (5) = max(Q(s, ")
ifV . (s)<O0thenV,

Voa (5) = min(Q(s,a"))
if Vmin (S) > O then Vmin (S) = 0

(s)=0

Then Q of the regulated Q-table is given as follows

if O(s,a)=z=0 then

i — 1 - P
Q'(s,a) V) Q(s,a)+p
if O(s,a)<0 then
' ___ P
Q(S’a) - Vmin(S)Q(s,a)+p

where p is the constant value which means the
ratio of reward to penalty.

Next, we fix the action to a; and sort Q'(s,a)
according to their value from high to low for all
state, and we define it as the Qs(s,a) and
repeating the operation for all actions. For
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example Qs(1,2) means the maximum value of
Q'(s,a) and Q's(NV;,a) means the minimum value of
Q'(s,a), where M is the size of state space.

In the second step, we calculate the fitness. The
fitness of gene whose phenotype is a; is given as

follows
fit@@) = w, Qs(i,ai) fwy 0.(La,) ;QS(2,ai) ..

0,(La)+0/(2.a) +---+Q,(N,,a,)

+w
NS
j/
N, ZQs(k,ai)
=]
W,
=1 j

"2

where w; is a weight which decides the ratio of
special actions to general actions.

The fitness defined in (2) has the three
important points. The first point is the
regularization of the state value of the Q-table. In
the Q-learning, the value of the state that is closer
to goal state is higher. So if the fitness is
calculated from unregulated Q-table, the selected
actions at the state that close to the goal are
evaluated as a high values. And the actions that
are selected near the start state are evaluated as a
low values and they are extinguished. But to
accomplish the task, a series of actions are needed.
So the regularization of state value of the Q-table
is important.

Second point is the handling of penalty. At the
Q-learning, the penalty that has negative value is
employed. But the fitness of Genetic Algorithm
should be positive, so the conversion of penalty to
the fitness is necessary. At the proposed method,
the positive value of the Q-table is converted to the
value from p to 1.0 and the negative value
converted to the value from 0 to p. We can choose
the rate of the reward to penalty by selecting the
value of p.

Third point is the method of calculation of the
fitness. The first term of the equation (2) means
the maximum value of the action. When w1 is
chosen as a large value, the action that is effective
in the special state is evaluated as a high credit,
and the special actions are generated by Genetic
Algorithm. The last term of (2) implies the mean
value of the action. And when was is chosen as a
large value, the action that is effective in the
various states is evaluated as a high credit and
general actions are generated. Selecting the
weight, we can choose the ratio of the special
actions to general actions. And in the proposed
algorithm, the special actions and the general
actions are evaluated as a high credit
simultaneously, so they can coexist. And our

@

proposed algorithm does not have “don’t care”
symbol, so the problems that caused by using
“don’t care” symbol do not exist.

2. 6 Selection and Reproduction

Various methods of selection and reproduction
that have been studied can be applied to our
proposed algorithm. The method of the selection
and reproduction should be chosen for each given
task. In this paper the method of the selection and
reproduction is not main subject so the
conventional method is used.

3 Dynamic structuring of state space

The dynamic structuring of the state space can be
employed to our proposed algorithm under the
following conditions.

The state space can be divided into two states as
an interior state and an exterior state. The
interior state can be controlled directly, for
example a joint angle of the manipulator. The
exterior state is like a state of environment, which
cannot be controlled directly for example a
position of the obstacle.

By designing the actions as the desired interior
state, the dynamic structuring of the interior state
space is possible. The action that is selected at one
step past means the present interior state, so the
interior state space that can be transited is
equivalent to the action space that is selectable in
the present learning dynamics.

In our proposed dynamics the actions that can be
selected is structured dynamically, and by
designing the state space of the Q-table as the
selectable actions, the state space of the Q-table is
structured dynamically as the action is structured.

4 Simulation

To demonstrate the effectiveness of the proposed
algorithm, a simulation of obstacle avoidance of a
30 links manipulator is carried out.

4.1 Task

We apply the proposed algorithm to the problem
of the obstacle avoidance using a 30 joints
manipulator. Let us define the origin and
coordinate as shown in Fig. 3. The origin means
the fixed end of the manipulator and the first joint
angle is the absolute angle with respect to the
x-axis. The other joint angles are relative angles to
the next links and we define the straight state is a
Oldeg] and counterclockwise is positive. The goal
of the task is moving the top of the manipulator to
the interior of desired circle with avoiding the
obstacle. The length of each link of the
manipulator is 0.05[m] and the initial attitude is
the straight line on the x-axis. The obstacle is a
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circle whose radius is 0.1[m]. Its center moves to
the counterclockwise on the circular orbit whose
center is (0.5, 0.5) and radius is 0.3[m] by constant
speed. And the initial position on the circle is
random. The goal position is the 0.1[m] radius
circle and the center is (0.5,0.5) and does not
move.

Orbit of Obstacle
4
Y Goal
g ~ Obstacle
0.5
N @A
N Constant
.'-.. Speed
4 05 . S x
Manipulator

Fig. 3 Task of simulation

4. 2 Simulation model of the manipulator

We regard that the actuator is the stepping
motor and the angle and angular velocity can be
controlled. We introduce following assumptions.
All joint is moved to the desired angle by the same
constant angular velocity. And when the joint
reaches the desired angle, the joint is stopped.
And when all joint angles reach the desired angle,
the manipulator is stopped.

4. 3 Formation of Genetic Algorithm

The dynamics of Genetic Algorithm of the
proposed algorithm is composed as follows.

At first we describe the cording. We define the
action as the desired angles of the joints. And the
actions are corded as the gene. One action
expresses the all joint angles related to the one
shape of the manipulator. One action is corded one
chromosome and the chromosome has a same
number of genes as the number of joints. One gene
expresses the angle of one joint. One gene has 9
characters that express the angles from —40[deg]
to 40[degl every 10 degrees. The number of
individuals is 200. The roulette selection is
employed. The probability of the crossover is 0.2
and one-point crossover is employed. The
probability of mutation is 0.001. And 10 times
reproduction is carried out. The chromosome
whose phenotype shows the cross shape of the
manipulator is regarded as lethal genes and is
extinguished.

4. 4 Formation of Q-learning

The action space consists of the phenotypes of
the generated genes. The state space consists of
interior states and exterior states. The interior
states are composed of the initial state and the

states that can be transited by generated actions.
Thus the interior state is generated dynamically
with actions which is generated. The external
states consist of the positions of obstacle. The
positions of obstacle are divided into 20 parts.

When the top of manipulator reaches the goal,
the value of 100 is given as a reward. When any
part of the manipulator touches the obstacle, the
value of —50 is given as a penalty. The roulette
selection using Boltzmann distribution 1s
employed. The learning rate is 0.5 and discounting
rate is 0.9. The number of trials of each learning
dynamics is 1000 times.

4. 5 Acquired behavior

Fig. 3 shows the acquired behavior. We can find
that the effectiveness behavior was acquired and
the task is accomplished.

05

EY 2 TR [ s

Fig. 3 Acquired behavior

5 Conclusion

We propose the new reinforcement algorithm. To
demonstrate the effectiveness of proposed
algorithm simulation of obstacle avoidance of a 30
links manipulator has been carried out. As the
result, effective behavior has been obtained by
using our proposed algorithm. In the proposed
algorithms, action space and interior state space
were generated adaptively by Genetic Algorithm,
so it is effective to the large action and interior
state space systems.
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Abstract
In this paper, recent molecular dynamics
studies on polynucleotides (DNA/RNA) and
polynucleotide/peptide molecular complexes
are reviewed.

1 Introduction

DNA or RNA binding by polypeptides
plays important roles in a variety of
biomolecular systems, for instance, gene
expression, replication, recombination, and
S0 on.

Physico-chemical basis of DNA/RNA
recognition has not been well understood,
but the availability of the vast of 3D
structures of  DNA/RNA-polypeptide
complexes have enabled us to characterize
their conformational dynamics by means of
molecular dynamics (MD) and related
simulation methods. I would like to
review the recent advancement in MD of
the polynuculetides (DNA/RNA) and in that
of the complexes.

2 MD of Polynucleotides

MD is a method of molecular simulation
to compute dynamic and thermodynamic
properties of a system by solving Newton’s
equation of motion of all the constituent
atoms of the molecule [1]. MD was
originally developed and used to solve
statistical problems of hard sphere systems
in 1950s, and the first MD simulation of a
protein appeared in 1977 [2]. Several
reports of MD of polynucleotides including
DNA appeared in the literature in 1980s;
however, realistic simulations of
nucleotides have become available to us
only in the mid-1990s.

A polynucleotide is a highly charged
chain  molecule sensitive to the

environment and treatment of the
electrostatic interaction, and hence’ is
usually more difficult to simulate than a
polypeptide is. During 1980s it was
common to simulate a biomolecule without
explicit solvent by using an electrostatic
cutoff.  Also, the force field parameters
based on low precision MO calculations
such as STO-3G were used. These MD
methods were not bad, if not ideal, for
simulation of small, globular proteins.
However, they were not suitable for the
polynucleotides.

The situation was changed by the
mid-1990s. The dramatic improvement in
computer hardware has made it possible to
incorporate the explicit solvent molecules to
simulation. A new force field parameter
set was developed based on high precision
MO calculations (6-31G*, [3]). Several
algorithms to compute the electrostatic
interaction without the cutoff have been
introduced to MD of biomolecules, among
which the Particle Mesh Ewald method
(PME, [4]) has been the most frequently
used.

Thus, the inclusion of the explicit solvent,
the new force field, and the ‘no cutoff’
methods have promoted realistic MD
simulations of the polynucleotides (see
reference [5] for a recent review). MD
simulations of free DNA or RNA as long as
several nanoseconds or several tens of
nanoseconds are frequently performed. It
is now possible to reproduce B<->A
conformational transitions depending on
the solvent environment [6-9]. A spine of
water along the minor groove has been
detected in many of MD simulations
[10-12].

In summary, the improvements in MD
protocol and computer hardware have led
to realistic modeling of the polynucleotide
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molecules and their environment.

3 MD of DNA/RNA-Polypeptide
complexes

3.1 General View

In the previous section, I reviewed briefly
the recent advancement in the simulation
of the polynucleotides, and mentioned that
the explicit solvent, the ‘no cutoff’ of the
electrostatic interaction, and the new force
field were necessary. Now that the
realistic simulations of DNA and RNA are
available, then it is natural to think of DNA
(RNA):polypeptide complexes as the next
target of the study by the new MD protocol.

To date, the number of MD simulations of
such complexes performed by the new
protocol is limited. Nevertheless, a few
examples have shown general applicability
of MD to analysis of nucleotide recognition
by polypeptides.

Schulten’s group  performed MD
simulations of several kinds of DNA:
polypeptide complexes [13-15].  In their
study of Glucocoriticoid receptor-DNA
complexes [13], the protein induced DNA
bending was observed. Also, a more
favorable interaction was seen between the
protein and the consensus DNA sequence
than the nonconsensus sequence. Similar
results were obtained in the case of the
Hoimone-receptor [14] and Estrogen
receptor [15]. In the latter case,
water-mediated  hydrogen-bonds  were
found to be important in recognition of the
consensus sequence. The importance of
water-mediated hydrogen-bonds were also
demonstrated in the simulations of the
homeodomain-DNA complex by Billeter et
al. [16] and in the simulation of the
Tryptophan-repressor/operator complex by
Suenaga et al. [17). RNA recognition is
also studied. Hermann and Westhof [18]
studied the effect of ionic strength on
RNA-protein interface, and showed that
salt-induced destabilization of the complex
was clearly reproduced.

3.2 MD of Hin/DNA complex

MD is also useful in analyses of the
conformational dynamics of DNA/peptide

complexes. For the rest of this article I
would like to mention our MD study of the
Hin-recombinase/DNA complex, as an
example of characterization of the
conformational change wupon complex
formation [19, 20].

Fig. 1 Structure of Hin/DNA complex

It is a molecular complex formed by the
C-terminal 52mer peptide of the
Hin-recombinase protein and the half site
hixLL DNA (13 bp). The crystal structure of
the complex ([21], Fig. 1) shows that the
peptide recognizes the DNA by its
helix-turn-helix motif inserted in the major
groove and by two termini inserted in the
minor groove. The hixL, DNA adopted a
conformation close to the canonical B form;
however, the minor groove was wider than
expected from its AT-rich sequence.
Biochemical experiments showed that the
deletion of the two N-terminal residues
resulted in complete loss of the binding
activity [22], while deletion of the eight
C-terminal residues resulted only in a
reduced affinity [23].

We performed MD simulations based on
the crystal structure, and tried to examine
if the conformational dynamics revealed by
MD could explain the structural and
biochemical properties of this molecular
complex. 4

Our inhouse software PEACH ver. 2 [24]
was used throughout the study. Three
simulations were performed: MD-pep
(simulation of the free peptide), MD-dna
(the free DNA), and MD-com (the complex).
In each simulation the solute molecule(s)
were placed in an explicit solvent box with
counter ions to neutralize the system. See
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Fig. 2 for the initial configuration of
MD-com. Each simulation was continued
for 2.5 ns at 300 K, and 0.5-2.5 ns trajectory
was used for analyses. See [19, 20] for
further details.

Fig. 2 Initial configuration for MD-com

Fig.” 3 Superimposed
simulated trajectories

snapshots  of

MD-pep

MD-dna

MD-com

The results of MD are best illustrated by
the ' superimposed configurations of the
simulated trajectories (Fig. 3).

First, compare the configuration of the
peptide in MD-pep and MD-com. The
fluctuations of the both termini were large
in MD-pep but small in MD-com. It is
obvious that the N-terminal region is firmly

attached to DNA, though the contact
surface was small. The C-terminal
residues were loosely associated with the
minor groove. These MD results were
consistent with the essential role of
N-terminus and auxiliary © role of
C-terminus in DNA recognition.

The difference in DNA conformation
between MD-dna and MD-com was small
but significant. The minor groove was
narrower in MD-dna, suggesting that the
intruding peptide widens the groove upon
complexion. Though I do not mention here,
a detailed analysis showed that the
conformation in MD-com was somewhat
close to A form, but that in MD-dna was
completely the canonical B form [20].

In summary, the MD simulations showed
the induced fit of both DNA and the peptide
upon complexion. Also, the
conformational dynamics revealed by the
simulations were consistent with the
available biochemical data.

4 Perspective

I have reviewed the recent advances in MD
simulations of the polynucleotides and
polynucleotide/peptide complexes.  This
field is still advancing rapidly; for example,
the free energy calculation upon complex
formation of a RNA binding protein was
reported by Reyes and Kollman [25]. Thus,
quantitative estimation of the binding
affinity has become possible. We expect
that MD  simulation and related
computational methods will play an
important role in understanding and
prediction of DNA recognition.
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Abstract

Ecosystem, especially food web, is essentially char-
acterized as a many-body system which is interact-
ing each other under the limitation of the energy and
resources(1]. We introduce the coevolutional popu-
lation dynamics model for food webs which contains
energy conserving interaction, energy dissipation, and
rules for changing the degree of the freedom (extinction
and mutation). In this model, diversity of the system
increases spontaneously. The statistical properties of
the system such as the distribution of the life time of
the species will be also discussed in the talk.

1 introduction

Since the Lotka-Volterra equations were proposed,
population dynamics has occupied an important posi-
tion in the study of ecosystems. Although there are
many variations of Lotka-Volterra type models, these
can be generalized to the form as follows|2, 3],

dx;
TdTl = CciT; + ; Qi TiT;. (1)

Where z;,a;5,c; represent the population density of
the ith species, interaction coefficient between ith and
Jth species, intrinsic growth rate, respectively. The
analysis of this population dynamics and its linearized
model by R.May and others in 1970s yielded a remark-
able harvest. That is the fact that complex systems
with strong interactions are merely stable, which is
the opposite to the belief of that time[4, 5, 6]. How-
ever, it has also become known that the argument
of May et.al. is too strict for the middle-sized sys-
tems with moderate interactions. It is also found
that the exceptionally large or strongly interacting sys-
tems can be constructed by the trial-and-elimination
scheme[7, 8, 9].

*shimada@acolyte.t.u-tokyo.ac.jp

Let us focus on the food web. Food web is the
trophic links in a ecosystem. Therefore, one should
treat not the population but the resource or energy in
population dynamics. As mentioned below, this brings
more difficulty to the one tries to make a model of food
web. Although there are many type of models for food
web[10, 11, 12], there has not been such model in which
system is self-organized from the population dynamics
and the trial-and-elimination.

2 model

Let us start to construct the model of food web from
the generalized Lotka- Volterra equations (egs.(1)). To
give the system to have a chance to be stable, fol-
lowing the May et.al's arguments, we set most of the
interactions to be 0. The average number of the in-
teraction per species is represented as m. Since in-
teractions here are limited to the prey-predator re-
lations, we also define the interaction coefficients as
antisymmetric(a;; = —aj;). Note that the population
z; actually refers the energy or resource in the biomass
of the species. It’s obvious that the sum of the popu-
lation is conserved by the prey-predator interactions.
We then decide that there is a unique plants which has
a positive ¢; and others are animals which have neg-
ative growth rate. These condition correspond to the
production of the energy in plants and energy dissipa-
tion by metabolism in animals. The trial-elimination
scheme is then realized as the adding the rules of
random mutation and extinction. New species which
has totally random m interactions comes randomly.
Species whose population became very small are ex-
tinct and eliminated from the system.

Despite the expectation that the system grows to
the rich structure spontaneously, it turns out that
this naive modification doesn’t work. Systems can-
not yields the diverse structure and tend to collapse
to the poor structure by the mutation and extinction.
The main reason of the failure is the difficulty to de-
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animals

energy flow

Figure 1: An example of trivial star-like structure
which is yielded from simple Lotka-Volterra type in-
teractions. System tends to collapse to this structure
otherwise totally dies out.

cide suitable value of the interaction coefficients(a;;).
Since the interaction coefficients have a dimension of
time per energy density, it must distribute over a quite
wide range. For example, interaction between cows
and grass would be represented much far larger than
the one of eagles and rats. One solution is deciding the
proper range for the interaction coefficients by hands
according to the trophic levels. .However, when we
adopt this scheme, we must dispose the emergence of
the trophic levels and the variety of the life styles.
Here we introduce another way; that is, rescaling
of the interaction coefficient. In the Lotka-Volterra
eqs., the rate of the preying per unit predator is lin-
ear function of a population of the prey. We modify
this preying rate to the function of the ratio of the
populations of the prey(j) and the predator(i) as

A
s
aijT; = aij (Z—]> , (Ve (0,1)) (2)
i
Where the condition of the A corresponds to the satu-
ration of the preying rate. This preying rate(2) yields
the interaction term of

aijzi  x). 3)

Although the every X also can be vary like a;j, in this
talk we set the parameter A uniformly to 0.5 for sim-
plify. The metabolism rate of the animals are also
uniformly chosen to 1. After that, equations of the
motions of our model are,

« ”» L dxy _ . "
plants S =Gn(1 1)+ j£1 01jy/T1T;
[T » .dxi _ ... —
animals” : < = —z; + > i VL]

(4)

(a;; = —aj; € (-1,1), G >0, 0<A<]),

where G denotes the growth rate of the plants. The
condition a;; € (—1,1) comes from the requirement
that all the animals cannot survive when the total pop-
ulation of the prey is smaller than the population of
themselves. This model has additional rules to change
the degree of the freedom of the system as follows.

Additional Rules:

e Extinction : If energy of a species i(z;) becomes to
0 or less, that species extinct and the ith degree of
the freedom is eliminated. In addition to this rule,
instant extinction rule is applied to the species
which is completely isolated from others.

e Mutation(Invasion) : A new species comes into
the system randomly at time. Initial energy of
the new comer is chosen to be very small(1078).
Number of the interactions are decided randomly
in the range of (1,2m), here m is the average num-
ber of interactions per a species. Amplitudes of
the interactions(a;;) are also randomly decided
from certain distribution p. which is defined in
0,1).

It is worth stressing that we don’t require the
threshold for extinction. In Lotka-Volterra type mod-
els populations of the unmatched species decrease ex-
ponentially therefore threshold is necessary to cause
the extinction[3, 9]. In contrast, aijl'z_/\.'l'?’ type inter-
actions cause the algebraic decay of the unmatched
species, so the orbits of the unmatched species de-
crease to 0 in finite time. The irreversibility of the
extinction is represented naturally as the breaking of

the uniqueness of the solution at z; = 0.

3 results

Let us investigate the model mentioned above by
numerical simulation. The parameters in this simula-
tion are chosen to G = 50, m = 5, respectively. At the
initial time there is plants alone in the system. This
time system’s diversity gradually grows by the muta-
tion(invasion) although most of the new-commers fails
to survive(Fig.3). To get the structural information,
we classify the species by the trophic level. Trophic
level is defined as the minimum distance to the plants.
In other words, trophic level of the species who eat
the plants is one, and trophic level of the species who
don’t eat plants and prey the species whose trophic
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trophic level 3

—
energy flow

Figure 2: An example of the self-organized food web
with rich structure. Species are represented as circles.
Each arrow represents the preying interaction. There
are 21 species and 3 tropic levels.

level is one is two and so on. In Fig.3 we can see
the development of the food web in trophic level.
Let us next see the long-time behavior of the system.
System’s diversity grows to infinite when the average
number of interactions(m) and the strength of inter-
actions(decided by p) are smaller than the value made
by May et. al. (Fig.4). In the case that interactions
are strong, the systems diversity goes on fluctuating
and the power spectrum of the number of the species
shows the 1/f distribution. In the latter case, the
distribution of the life-time of the species shows the
power-law tail(Fig.5).

4 Summary

We have introduced the simple model of the food
web. In this simple model, system self-organizes to the
rich structure by modifying the interaction as we have
introduced. Systems with weak interactions grows to
infinite. Systems with relatively strong interactions
continue growing and shrinking.
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Abstract

The origin of transfer RNA (tRNA) molecules,
that is, the origin of information and function, is
clarified on the basis of the first rinciple of
continuum mechanics and bio-infgrmatlcs. It
should be stressed that the ladder of asymmetry
related to the artistic ratios of about 2:3, such as
the golden and silver ratios, is the essential
prerequisite for the auto-catalytic production of
tRNA, the two-dimensional clover structure.

Introduction

Why do DNA and RNA mainly consist of five
bases in nucleotides, that is, adenine (A), guanine (G),
thymine (T), cytosine (C), and uracil (U) ? What kind
of grammar can generate the complex clover structure
of transfer RNA molecule (tRNA) ? These questions
are related to the origin of biological information and
function. An essential answer to these questions is
presented here on the basis of continuum mechanics.

First, we show that a lot of asymmetric ratios of
around 2:3, such as the golden and silver ratios, can be
observed in actual living systems. The size ratio of
purine bases and pyrimidine bases, for example, is
about 2:3.

Next, an explanation is given to the question of why
the 2:3 ratio is so pervasive in the densities of nucleic
acids. Then, we propose a natural auto-catalytic
reaction mechanism for generating one-dimensional
strings containing the 2:3 ratio and also for generating
the two-dimensional clover structure of tRNA.

An essential principle for creating biological order by
integrating information, that is, the key prerequisite for
the origin of biological information and functions is
made clear.

Asymmetry Observed in Living Systems (Naitoh,
1999b, 2001)

We will begin by examining the asymmetric ratios,
such as the golden and silver ratios around a ratio of 2:3,
which are actually observed in several classes and parts
of living systems.

(1) Nucleic Acids (Watson et al. 1987): DNA and RNA
molecules are mainly constructed of five molecules,
namely, adenine (A), guanine (G), thymine (T),
cytosine (C), and uracil (U). The A-T pair has “two”
hydrogen bonds and the G-C pair has “three”. The
nitrogen-containing bases in pyrimidines and purines
have an asymmetric size ratio of about 2:3. This is
because the main structure of purines A and G have two
carbon-nitrogen rings, while pyrimidines T, C, and U
have only single ring. The size ratio of double
carbon-nitrogen rings in purine bases and single rings
in pyrimidine bases is about 1.600, which are L, / Ly,
LG/ Le, and Ly / Ly (Fig. 1). This value is close to the
golden ratio (about 1.618). “Two” types of purines and
“three” types of pyrimidines mainly exist in DNA and
RNA. Chargaff data reveal that the A and G molecules
in human beings, cattle, fowl, salmon, wheat, yeast,
virus, and E.coli exist in ratios of 40% and 60%,
respectively. Moreover, the diameter of DNA is about
23.7 angstroms, while one pitch of DNA is about 33.2
angstrom. This is also close to the 2:3 ratio.

o Lo NH,
N % o
NH N N
N = =
H N7 OTNH N7

Guanine Adenine
L, NH, L, © i 0
CH
N/go 0% N N/J“o
H H H
Cytosine Thymine Uracil

Fig. 1 Nitrogenous bases.

—357 —



(2) Amino Acids: The number of all possible codons
encoded by an array of three nucleic acids is sixty-four.
Forty-four codons among them are degenerate. The
numbers of degenerate codons and all possible codons
have an asymmetric ratio of about 2:3.

(3) Ribosome : The numbers of proteins included in
two sub-units of E. coli ribosomes are 21 and 34.

(4) Size Ratio of Child Cells : It is also known that,
when a cell divides, the size ratio of two resulting child
cells is nearly equal to 2 : 3 (Homma and Woodland
Hastings 1989).

Origin of Information (Naitoh, 1999a, 1999b, 2000,
2001)

The previous section showed that living systems are
filled with asymmetric ratios of about 2:3. Two types of
asymmetries are observed, asymmetries of size and
density (frequency).

In the previous report, we clarified the reason why
the size ratio of purines and pyrimidines is around
silver and golden ratios (Naitoh, 1999a, 1999b, 2000,
2001).

Then, let us assume that the ancient initial molecular
pool had nitrogen-containing bases having asymmetric
size ratios of about 2:3 (Fig. 1). It is clarified here that
the frequency ratio of purines and pyrimidines is also
necessary to be about 2:3.

We will focus on the number of atoms constructing of
the carbon-nitrogen rings in purines and pyrimidines.
To simplify the discussion, no distinction is made
between the nitrogen and carbon atoms forming the
rings. The numbers of atoms in the rings of purines and
pyrimidines are nine and six, respectively. It is easily
understood that, from the ancient molecular pool
containing carbon and nitrogen atoms, the double rings
of purines with nine atoms and the single ring of
pyrimidines with six atoms emerge with the frequency
rate of 2:3, respectively. The law of mass conservation
of atoms may offer a possible explanation for this
asymmetry of frequency and density. The asymmetric
size ratio easily promotes asymmetry of frequency.

Origin of Function (Naitoh, 1999a, 2000)

A possible answer is given here to the question of how
the complex tRNA structure can be generated. Purines
and pyrimidines are represented by “1” and “07”,
respectively. Then, the following string-rewriting
algorithm is proposed, which is filled with the above
asymmetric frequency ratio of purines and pyrimidines.
(First Step) An array with only one locus is initiated,
which is either “1” or “0”.

(Second Step) The “0” array in the previous generation
is replaced by a new “01” array. At the same time, the
“1” array in the previous generation is replaced by a
new “0” array. This procedure is repeated until the

array with the desired string length is generated.

It should be stressed that the one-dimensional string

generated by the present algorithm is natural, because
the string has a frequency of “1” and “0” in the golden
ratio close to 2:3 at the infinite limit of the string length.
This is the natural algorithm based on the theoretical
considerations above.
(Third Step) The one-dimensional string constructed
with “1” and “0” is distorted at each locus L, in
two-dimensional physical space and the loci on the
right- and left- hand sides of the locus L, face each
other. When all ten loci on the right- and left- hand
sides around the locus L, are “0-0” or “1-1”, the array
having eleven loci, including the locus L, constructs a
circle, that is, one of the leaves in tRNA. This is
because the pairs “0-0” and “1-1”, the hydrogen bonds
connecting purine-purine and pyrimidine-pyrimidine,
are relatively disadvantageous, although the “0-1” pair
between purines and pyrimidines is widely observed in
actual DNA and RNA. The locus L, is called the key
locus, when eleven loci construct a circle around the
locus L, Next, the other loci which do not construct
leaves face each other. When there are pairs of “0-17,
the pairs construct trunks of tRNA (Naitoh, 1999a,
2000).

For example, we assume that the first generation is
“0”. After several generations based on this above
algorithm, we get the following string having 89 loci,

0100101001 0010100101 0010010100 1001010010
1001001010 0101001001 0100100101 0010100100
101001001.

The string length of 89 loci is close to that of actual
tRNA.

We can find that Loci 19, 35, 53, and 69 become the
key loci, generating leaves in a two-dimensional
structure (Fig. 2). It should be stressed that Fig. 2 is
very similar to the two-dimensional clover structure of
actual tRNA, although the connections in the trunks are
incomplete. It is natural that the trunks of first “tRNA”
was immature. '

The procedure for generating the one-dimensional
binary string in this algorithm proposed here is that of
the DOL system, which is one of the L-systems
(Prusinkiewicz and Lindenmayer 1990). This third
phase is original, because the DOL system is in
one-dimensional space.

The present two-dimensional clover structure can not
be obtained by the production of one-dimensional
binary strings using random number generators.

The natural string-rewriting algorithm filled with the
2:3 ratio promotes the first step in molecular evolution,
which leads to the origin of function.

A possible generation mechanism of tRNA related to
the origin of function has also been reported (Fontana
and Schuster 1987). However, the model does not
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explain the relation between asymmetry, information,
and function. The present theory synthetically gives an
explanation to the question.

The self-organizing processes of longer RNA
molecules, such as mRNA and rRNA molecules may
also be explained essentially by the proposed model,
because longer RNA molecules can be generated by the
integration of clover structures, such as tRNA
molecules. )

It is emphasized that the asymmetry existing in
several stages of sizes and density is important for
promoting the order.

Detailed Biological Auto-Catalytic Reaction
Mechanism of tRNA

We again define that purine is represented by “17,
while pyrimidine is “0”. Then, we will propose the
following natural algorithm (Naitoh, 2000).

First, let us consider the initial pool with eighty- nine
nitrogenous bases, which has thirty-four purines “1”
and fifty-five pyrimidines “0”. (This frequency ratio is
also close to 2:3.)

Thirty-four pairs of “0-1” and twenty-one bases of
“0” arc generated, because the pair “0-1" connected by
the hydrogen bonds is relatively advantageous as seen
also in the actual DNA and RNA.

Where does the remained pyrimidine “0” attach in
“0-17? We assume here that the nitrogenous base “0”
can attach to each side of “0-1”.

After connecting randomly, many types of strings
having eighty-nine loci can be generated.

Then, the one-dimensional string constructed with
“1” and “0” is distorted at each locus L, in
two-dimensional physical space and the loci on the
right- and left- hand sides of the locus L, face each
other. When all ten loci on the right- and left- hand
sides around the locus L, are “0-0” or “1-1”, the array
having eleven loci, including the locus L, constructs a
circle, that is, one of the leaves in tRNA. This is
because the pairs “0-0” and “1-1”, the hydrogen bonds
connecting purine-purine and pyrimidine-pyrimidine,
are relatively disadvantageous as seen in the previous
sections. The locus L, is called the key locus, when
eleven loci construct a circle around the locus L,. Next,
the other loci which do not construct leaves face each
other. When there are pairs of “0-1”, the pairs construct
trunks of tRNA.

We can find about one percent of strings among the
possible strings having 89 loci take clover structure
such as tRNA, as is seen in Figs. 2 and 3.

The present algorithm brings us multi-clover
structures close to rRNA when the bases more than 89
are prepared in the initial pool .

It is emphasized that only the initial asymmetric
frequency ratio of bases and the connections of 1-0
promote the order, that is, clover structure.

The above mechanism in one- and two- dimensional
spaces can be occurred easily in the fluid-dynamic
shear layers around solid walls such as rocks, that is,
inhomogeneous flow fields.

The natural principle proposed above promotes the
first step in molecular evolution, which leads to the
origin of function.

Discussion

Let us consider Japanese poems, “Tanka” and
“Haiku” constructed of the special sentences v:ith
seven and five words. This ratio is 1.40 close to silver
ratio. Our brains are also comfortable in seeing objects
with the silver ratio or the golden ratio, which represent
BS, A4, and A3 paper sizes and the golden section in
painting arts. The ratio of 2 : 3 is between the silver
ratio and the golden ratio. It should be noted that the
knowledge obtained here leads us to a discussion
related on brains.

Here, we consider a simple genetic algorithm (SGA)
having recombination, replication, and point-mutation
operators and the corresponding macroscopic kinetic
equation for the SGA (Naitoh 1998). The SGA uses
one-dimensional binary strings. We will stress that the
densities of the best-adapted string and the other strings
in the SGA and also in the Kinetic equation become
about 3:2, when the time histories of these densities
show periodic oscillation, that is, at the edge of chaos
(Naitoh 1998).

Then, the macroscopic kinetic equation can also be
used as an artificial intuition model, when artificial
neural networks (memory) and the SGA (learning
algorithm) are employed together. This is because the
macroscopic kinetic equation having only four
valuables can be solved with extremely small amount
of calculation time. Each string in the SGA corresponds
to a part of neural network. The artificial brains
including this artificial intuition model, the SGA, and
the artificial neural networks are filled with the 2:3
density ratios when the time-dependent densities are at
the edge of chaos, that is, while the brains relax.

These may imply that the density ratio of about 2:3 is
somewhere in actual brains, when the brains relax. A
neural network may divide into two new different-sized
neural networks, after observing the objects filled with
the asymmetric ratios around silver and golden ratios.

We want to stress that several asymmetric ratios
around 2:3 are possible. What do the difference
between the silver and golden ratios give us? This
question is still unknown.
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Abstract. Before the first terrestrial organism was generated on the primitive Earth about four billion years ago,
bioorganic compounds should have been supplied to the primitive ocean. How were bioorganic compounds formed and
organized into the first "life"? A conventional hypothesis tells that amino acids, nucleic acid bases and sugars formed in
the ocean were condenced together to form proto-proteins and proto-RNAs. Recent analyses of extraterrestrial organic
compounds and products of laboratory experiments simulating primitive environments suggest that such "clean
chemistry" hardly occured abiotically. Here we introduce a new scenario of chemical evolution via complex organic

compounds toward the first "life".
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1. INTRODUCTION

The life's origin is one of the most fundamental
questions remained for the humankind. In 1920s, the
idea of the chemical evolution hypothesis of origin of
life was first proposed by Oparin and Haldane. Since
Miller's historical spark discharge experiment [1], a wide
variety of laboratory experiments have been conducted to
prove this hypothesis.

In the earlier studies of chemical evolution, the
following scheme was widely accepted: (i) Active
comounds such as hydrogen cyanide and formaldehyde
were abiotically produced from strongly reduced terrestrial
atmosphere by thundering, solar UV radiation, and so on.
(i) Reactions among these active compounds gave
bioorganic monomers like amino acids, nucleic acid
bases and sugars. (iii) These monomers polymerized
together to give polypeptides and polynucleotides. (iv)
Finally "life" was generated, based on these biologically-
important polymers.

Recent findings and theories on the history of earth
and other planets gave new insights to the chemical
evolution and the origin of life. For example, the
discovery of submarine hydrothermal vents in the late
1970's [2] has drastically changed the image of the
primordial sea where life was believed to be born. Here,
we would like to introduce the latest idea of origin of
life, centering around the formation of complex organic

Extraterrestrial organic compounds, origins of life, chemical evolution, amino acids, cosmic radiation,

compounds in primitive terrestrial and extraterrestrial
environments.

2. ENERGETICS OF BIOORGANIC
COMPOUNDS IN PRIMITIVE EARTH
ATMOSPHERE

Urey [3] postulated that the primitive Earth
atmosphere was strongly reduced. Miller [1] reported that
bioorganic monomers such as amino acids were easily
formed in a mixture of methane, ammonia, hydrogen and
water ("a strongly reduced agas mixture") by spark
discharges. Other energy sources such as ultraviolet light
and heat were also applied to the same kind of gas
mixtures, and amino acids were successfully found in the
products.

In these days, the primitive Earth atmosphere was
discussed in the context of newly-developed planetary
sciences. It has been suggested that high velocity
impacts of planetesimals onto a growing planet can
result in the impact-degassing of volatiles and the
formation of an impact-induced atmosphere at high
temperature[4].  According to these hypotheses, the
resulting impact-induced atmosphere contains carbon
monoxide or carbon dioxide as a major carbon source [5].
No or only a trace of amino acids was obtained in
simulated primitive atmosphere experiments when carbon
monoxide or carbon dioxide is used as a carbon source

(6](7]-
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Kobayashi et al[8] examined possible roles of
cosmic rays in abiotic formation of bioorganic
compounds. A mixture of carbon monoxide, carbon
dioxide, nitrogen and water was imradiated with high
energy (3-40 MeV) protons generated a van de Graaff
accelerator or an SF cyclotron. Fig. 1 shows a
chromatogram of the product before and after acid
hydrolysis. It was proved that a number of "precursors"
of amino acids such as glycine and alanine were
abiotically produced from the gas mixture in high yield.
The G-value (number of formed molecules per 100 eV) of
glycine was as large as 0.02.

It was suggested that cosmic rays were the most
effective energy sources among all the energy sources
available on the primitive Earth [8].

3. COMPLEX ORGANIC COMPOUNDS IN
SPACE

It is known that a wide variety of organic compounds
are present in extraterrestrial environments.  For
example, infrared spectrometers on board Voyger 1 and 2
prevailed the presence of organic compounds in such
solar system bodies as Jupiter and Titan (a Moon of
Saturn) [9].

Among these extraterrestrial organic compounds,
cometary organics are most important since they could be
sources for the first terrestrial biosphere after their
collisions onto the primitive Earth [10].

Mass ‘spectrometers on board Vega 1 and Giotto
showed that cometary dusts contained a wide variety of
complex organic compounds [11]. It has been
hypothized that these cometary organics were formed in
ice mantles of interstellar dust particles (ISD) in dark
clouds by cosmic rays and UV light. Kasamatsu et al.
[12] showed that icy mixture of carbon monoxide,
ammonia and water ("simulated ISD ice mantles") gave
amino acid precursors.

4. SUBMARINE HYDROTHERMAL
SYSTEMS AS POSSIBLE SITES OF
ORIGINS OF LIFE

It is expected that organic compounds formed either
in primitive earth atmosphere or in interstellar media
were collected in primitive sea, where chemical evolution
toward the origin of life proceeded.

In the late 1970s, very hot water over 300°C was
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Fig. 1. Cation-exchange chromatograms of a proton

irradiation product from a mixture of carbon monoxide,
nitrogen and water. (a) Analyzed before cid-hydrolysis; (b)
analyzed after hydrolyzed with 6 M HCl at 110°C for 24 h.

found venting at the Galapagos spreadomg center [2].
Such places were named "submarine hydrothermal vents”.
Submarine hydrothermal vents have been found at
various sites along plate boundaries all over the world.
Several extremely thermophilic organisms with optimum
growth temperatures at 100°C or above have been found
near submarine hydrothermal vents [13].  Extreme
thermophiles are believed to be located very close to the
root of the phylogenetic ‘tree.  Therefore, the last
universal cellular ancestor (LUCA) or the "commonote”
are suggested to have been an extreme thermophile,
suggests that submarine hydrothermal systems were
probable sites of the origin of life on the Earth [14].
Submarine hydrothermal vent systems have the
following interesting characteristics: (i) Thermal energy
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simple starting materials; (ii) they represent reducing
conditions, which are favorable for organic syntheses;
(iii) The thermal fluid contains a quite high concentration
of transition metal ions that catalyze chemical and
biochemical reactions.

Yanagawa and Kobayashi [15] did experiments
simulating submarine hydrothermal vent environments.
They found that amino acid precursors formed when
aqueous solution simulating hydrothermal vent medium
was heated at 325°C for 1.5-12 hours under pressuruzed
with a gas mixture of methane and nitrogen. Yanagawa et
al. [16] also found that many microspheres were formed
when an aqueous solution containing glycine, L-alanine,
L-valine, and L-aspartic acid was put into a glass tube
and heated at 250°C and 134 atm for 6 h.

In our experiments, "modified hydrothermal vent
medium" was pressurized and heated in a closed vessel.
The actual hydrothermal system is, however, considered
as "a flow system" where quenching of the heated fluid
by cold seawater occurs. Further simulation experiments
using the' flow system (Fig. 2) will help clarify the
extent to which the present results reflect what can
happen in natural system [17].

5. A NEW SCENARIO OF CHEMICAL
EVOLUTION TOWARD LIFE

The conventional scenario of chemical evolution is
as follows: (1) Active intermediates such as HCN and
HCHO were formed in primitive atmosphere by spark
discharge or other energy sources; (2) amino acids,
nucleic acid bases and sugars were formed in aqueous
solution from the intermediate; (3) amino acids were
condensed togethere to form oligopeptides, and bases,
sugars and phosphates gave oligonucleosides; (4)
Oligopeptides or  oligonucleosides with  catalytic
activities were selected as proto-enzymes.

In our laboratory simulation, "complex organic
compounds”, whose molecular weights were ca. 1000,
were fomed from a gas mixture of carbon monoxide,
nitrogen and water by irradiation with high energy
particles [18]. This complex organic compounds gave
amino acids and uracil [19] when they were dissolved in
water, and show some catalytic acitivities including
esterase activity. These results did not agree with the
conventional scenario.

As described previously, organic compounds found in
extraterrestrial bodies like comets and meteorites are also
complex organics. Free amino acids are not stable in

D BPR
c2

d | Q222222270

GC
IF U
CB /\/;);/\I
NN R
Fig. 2. Supercritical water flow reactor simulating

submarine hydrothermal systems.
GC: gas cyllinder, R: carrier reservoir, P: HPLC pump, IV:
injection vulve, IF: infrared gold image furnace, RT: reaction
tube, TC: temperature controller, TD: temperature display,
tcl and tc2: thermocouples, BPR: back-pressure regulator,
CB: cold bath, ST: sampling tube.

ferrestrial and extraterrestrial environments: Possible
presence of glycine in molecular clouds were reported
[20], but it has not confirmed; Kissel and Krueger [11]
reported that a wide variety of organic compounds were
present in cometary dusts, but with exception of amino
acids. These facts suggest that "free amino acids" are not
common compounds in extraterrestrial environments,
while amino acid precursors seem to be quite popular in
space.

Here we propose a new scenario of chemical evolution as
follows:

(1) Complex organic compounds were formed in
planetary atmosphere or in interstellar media from simple
molecules like carbon monoxide and nitrogen by high
energy particles.

(2) Complex organics dissolved in primeval sea gave
catalytic molecules togethere with components of
proteins and RNAs (e.g., amino acids and nucleic acid
bases).

(3) Autocatalytic molecules were selected from abiotic
catalysts to form a self-multiplication system.

(4) The self-multiplication system refined itself by the
incorporation of the components of proteins or nucleic
acids to evolve into "a protein world" or "an RNA
world".

It is quite important to detect autocatalytic organic
molecules in a "primordial soup" to test the new
chemical evolution scenario described above.
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Abstract

Evolution of biopolymers, such as proteins or functional RNA and DNA, is considered as ” adaptive
walk” or ”hill climbing” process on fitness landscapes” in sequence space, where fitness is defined
as a measure of catalytic activity, affinity or stability of biopolymers. In evolutionary molecular
engineering, we should take an efficient adaptive walk strategy based on the knowledge for the
statistical feature of fitness landscapes of biopolymers. Regarding ”local fitness landscapes” around
native proteins, we have interpreted several examples of real landscapes by analyzing fitness data
of various mutants for prolyl endopeptidase, thermolysin and other proteins. As a result, we
found that the rough mutational additivity holds in biopolymer’s fitness and the local fitness
landscapes are of the rough Mt. Fuji-type. This result leads to an efficient evolution strategy
thfough simultaneous accumulation of advantageous mutations. This strategy is regarded as an
?adaptive leap” strategy. Regarding ”global fitness landscapes”, a hypothesis of ”neutral network
landscape” is prevailing, where a neutral network (graph) is formed with various sequences folding

into a same structure and is webbing on global sequence space.

key words: evolutionary molecular engineering, evolution strategy,molecular evolu-

tion, fitness landscape, sequence space, adaptive walk

1 Introduction

While evolutionary molecular engineering has the po-
tential to create useful functional biopolymers, it also pro-
vides the opportunity to uncover the principles of the
emergence of functional biopolymers or molecular evolu-
tion. One of the most important issues among them may
be "fitness landscapes” of biopolymers. In evolutionary
molecular engineering, the concept of "fitness” in biology
is expanded to a quantitative measure of a certain physico-
chemical property of a biopolymer (i.e. enzymatic activity,
affinity to a ligand or structural stability), and the Dar-
winian evolution of a biopolymer is considered as an adap-
tive walk on a fitness landscape [1,2,3] . It is important
to know the statistical properties of real landscapes, that
is the “general shapes” of various landscapes, the ”mean
slope” of a landscape, and so on.

Almost all results of mutagenesis experiments ever per-

formed demonstrate that real local fitness landscapes for

current proteins are almost compatible with a model of
the Mt. Fuji-type landscape based on mutational additiv-
ity of biopolymers [4]. We consider this landscape as the
first approximation of a real landscape. It can be regarded
as an "ideal landscape” analogous to an ”ideal gas”. For
the purpose of exploring fitness landscapes, we have stud-
ied a method to analyze mutant fitness data and to in-
terpret the shape of the landscapes by using our model of
the Mt. Fuji-type fitness landscape. In addition to this,
we proposed an efficient evolution strategy regarded as an

adaptive leap on a landscape.

2  Analysis of a local fitness landscape:
application to thermostability land-
scape of prolyl endopeptidase

Uchiyama et al. have tried to improve the thermosta-
bility of prolyl endopeptidase (PEP, EC 3.4.21.26) from
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Flavobacterium meningosepticum [5] , using the adaptive
walk technique of evolutionary molecular engineering. The
thermostability was evaluated by measuring the half-life
712 of deactivation at 60°C. As a result, they identified
8 amino acid substitutions improving the thermostabil-
ity, E67Q,F70L,A148T,N387K,5475G,G652V ,S653A and
Q656R. Subsequently, they prepared 19 multiple mutants
by recombining 8 mutants, and evaluated the thermosta-
bility of each clone. We here define the fitness of each clone
as the natural logarithm of the half-life and analyzed the

mutant fitness data based on the following fitness function:

v
Fp =Fo +ij(apj)

Jj=1
= 0, if o= @Qj
wil)) < 0, if o aog;

Fp is the fitness of a sequence P, and O represents the
optimum sequence that corresponds to the single peak on
the model landscape. v represents the number of all mu-
tated sites and j represents an arbitrary site among them.
ap; represents the particular residue at the jth site in the
given sequence P. w;(a) is the ”site-fitness”, that is a
contribution from a certain residue « at the jth site. We
determined the parameters Fo and wj(a)’s through pa-
rameter fitting. The smoothness of the landscape is eval-
uated with the ratio 6 of the mean slope to the degree of

roughness:

) T T (e
\Y 1/"2?:1(}}% - FPi)z’

where Fp, and Fp, are the experimental fitness and theo-

retical one of a sequence P;, respectively. n is the number
of fitness data available in the analysis. As the §-value be-
comes larger, the surface becomes smoother in comparison
with the mean slope.

Fig.1 and Fig.2 show the mutational effect for the four
component mutations: E67Q, F70L, A148T, G652V. The
16 mutants taken into analysis are as follows: the wild-
type, single mutants E67Q, F7T0L, A148T, G652V, double
mutants (E67Q, F70L), (E67Q, A148T), (E67Q, G652V),
(F70L, A148T), (F70L, G652V), (A148T, G652V), triple
mutant (E67Q, F70L, A148T), (E67Q, F70L, G652V),
(E67Q, A148T, G652V), (F70L, A148T, G652V), quadru-
ple mutants (E67Q, F70T,, A148T, G652V). v = 4 and
n = 16 in this case.

As a result, the local fitness landscape is very similar
to the Mt. Fuji-type landscape having the mean slope of

e

Fig.1. A local thermostability landscape for prolyl en-
dopeptidase The sequence space is projected on the plane
of the page. The sequences denoted by letters are located at
nodes: ”A” denotes the wild-type and ”B”,”C”,---”Q” denote
mutants. The fitness of a sequence is represented by a bar
standing at near the corresponding letter (arbitrary unit). The
black bars and gray bars are experimental fitnesses and theo-
retical ones obtained from the analysis, respectively. Adapted
from [4].

(lwj(a)]) = 1.3 and 6 = 6.9. In other words, the muta-
tional effect for the component mutations are almost addi-
tive. In addition to this, we have analyzed various mutant
fitness data for other proteins [4] and confirmed the hy-
pothesis that mutational effects of current biopolymers are

almost additive.

3 Mutation scrambling method: an effi-
cient evolution strategy through simul-
taneous accumulation of advantageous
mutations

Efficient optimization methods in evolutionary molecu-
lar engineering for such a Mt. Fuji-type landscape seem to
be based on simultaneous accumulation of advantageous
single point mutations identified in a preliminary selection
from a random single point mutant pool [6,7] . The rough
additivity suggests that the sequence with all of the ad-
vantageous point mutations is not necessarily the sequence
with the highest fitness. Efficient optimization methods
should find the best combination of the mutant residues

and wild-type residues. One of the methods is the "mu-
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Fig.2. Results of analysis of the local thermostability
landscape.

(a) Correlation between experimental fitnesses Fp (ordinate)
and theoretical ones Fp (abscissa). (c) A sketch of each land-
scape. The abscissa is the Hamming distance from the opti-
mum Q" to each sequence. The ordinate is experimental fit-
nesses (upper case letter) or theoretical ones (lower case letter).
The solid line represents the mean slope of the landscape. (e)
The ordinate is the changes in fitnesses for the multiple mutant
(AF(™9)) and the abscissa is the sum for the component mu-
tants (Z] AF;). The original sequence is the wild-type "A”.
The regression line (solid line) has a slope of 1.26 with cor-
relation coefficient of 0.97. The dashed line has a slope of 1.
Adapted from [4].

tation scrambling” method [8]. Fig.3 shows the scheme
of the mutation scrambling method, which consists of the
following processes. (1) Several advantageous single point
mutations are identified. (2) Mutant fragments and wild-
type fragments are prepared by PCR amplification with
appropriate primers. (3) Various multiple point mutants
incorporating the advantageous mutant residue or wild-
type residue at each of the selected sites are generated
by overlapping elongation by PCR without primers. The

fittest is selected from the mutant pool.

. Advantageous single
& point mutants

{sequenced)

l Preparation of DNA fragments by PCR

—_——
Mxture of DNA
* fragments
— e s
l PCR without primers
N A mutant pool
- composed of various

/]
| 3
a

l Selection

Fig.3. Scheme of the mutation scrambling method [8].
The circle, triangle and square stand for advantageous single
point mutations. The details of the method are in the text.

The fitness distribution in the mutant pool is con-
trolled by the mixing ratio of the mutant residues to the
wild-type residues [7] . Let r be the mixing fraction of
each mutant fragment. That is, the mixing ratio (mu-
tant fragment/wild-type fragment) is given by r/(1 — r).
Therefore, in the mutant pool resulting from the mutation
scrambling, the frequency of d-fold point mutants obeys a
binomial distribution (*)r4(1—r)*=%). Let AF be a vari-
able representing the change in fitness from the wild-type
P to an arbitrary multiple point mutant. As a result de-
duced from the previous hypothesis, the probability den-
sity of AF with a given r is approximately described as
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follows:

N(AF|rZij, r(l—r) Zijz),
j=1

Jj=1

where A(z|E,V) denotes the Gaussian distribution of a
variable ¢ with mean E and variance V. Aw; is the change
in the additive fitness and the sum is taken over v com-
ponent sites of interest. Fig.4 shows the probability den-
sity of AF (=mutant fitness distributions) with various
r-values. We can see that the center of the mutant fitness
distribution linearly shifts up to the maximum value, as
the r-value increases. The evolution strategy with high r-
values raises the frequency of superior multiple point mu-
tants having high fitnesses. However, the strategy with ex-
tremely high r-value reduces the frequency of the superior
mutants. This reduction stems from non-additive effect
resulting from inter-residue interaction. Therefore, there
is an optimal r-value rop¢ giving the maximum frequency
of the superior mutants. We estimated rope = 0.7 ~ 0.9

for real biopolymers.

Density

QA

Fitness change F

6=1.0
030

0 2 4 6 8 106 12 14
Fitness change F

Fig.4. Mutant fitness distributions with various mixing
fractions r. The abscissa is the fitness change AF' from the
wild-type fitness. The ordinate is the probability density. The
rightmost bar represents the fitness change for the fittest in the
mutant pool in all cases except r =0 or r = 1. r = 0.1, 0.3,
0.5,0.7, 0.9, 1.0. v = 30.

4 Conclusion

Local fitness landscapes for several proteins are rough
Mt.Fuji-type based on the rough mutational additivity.
Following this result, we proposed an efficient evolution
strategy using mutation scrambling method with biased
mixing ratio of the mutant residues to the wild-type
residues. The fitness distribution in the mutant pool is
controlled by the mixing ratio. We expected the optimal
mixing ratio between 7/3 and 9/1 which efficiently gener-
ates superior multiple point mutants with high fitnesses.
Particularly, this strategy works well in cases where the
number of component mutations is large and the size of

the population to be screened is small.
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Abstract

A novel algorithm for non-metric multidimension-
al scaling (NMDS) method is proposed that is closely
related to a means to evaluate nonparametric confi-
dence levels of resultant configurations. Our algorith-
m is efficient enough to allow analyses of relations a-
mong much more than 1000 items with an inexpensive
personal computer. The algorithm is illustrated with-
preliminary applications to, e.g., DNA sequence data.

Key Words: non-metric multidimensional scaling,
nonparametric confidence level test

1 Introduction

Increasing importance of bioinformatics certainly
requires efficient methods to handle very large com-
plicated data sets to extract patterns and rules. To
this end in mind in this paper we report a new effi-
cient algorithm for non-metric multidimensional scal-
ing (NMDS). Multidimensional scaling (MDS) (see,
e.g., Ref.[1]) is a major branch of multivariate anal-
ysis chiefly used in social sciences, psychology, and
occasionally in ecology to visualize hidden relation-
s among objects of interest (henceforth we call them
operational taxonomic units (OTU)). Its essence is to
find, in a certain metric space, a configuration (con-
stellation) of the points corresponding to OTUs that
is compatible with the given dissimilarity relations a-
mong them. The resultant configuration often visually
exhibits the relations/structures hidden in the original
data.

The metric MDS attempts to construct a configura-
tion of OTUs in which the dissimilarity measure §(, j)
for each OTU pair (4, j) is proportional to the distance
d(i, ) in the constructed configuration. The NMDS [2]
attempts to construct a configuration of OTUs whose
distances d(3, j) preserve the rank ordering of the dis-
similarities in the original data. That is, for any two
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pairs of OTUs, (4,7) and (k,!), the constructed con-
figuration satisfies d(z,7) > d(k,l) if §(7,7) > d(k,1).
NMDS can be applied to the rank data of dissimilar-
ities (that is, qualitative data), and can often recov-
er the metric MDS results when there are sufficiently
many OTUs. Therefore, NMDS is one of the most ver-
satile multivariate analysis methods. Usually, NMDS
can deal with much more robust data than MDS can
handle. Thus, in this paper, we construct a “pure”
NMDS, maximally eliminating metric elements (even
the so-called (f) in contrast to the conventional NMDS.

Our novel algorithm is closely related to the opti-
mization of the measure of nonparametric statistical
confidence level of the resultant configuration. Be-
sides, the algorithm is very efficient so that it even
enables us to analyze N = 10* OTUs (this is not the
number of binary relations that is a much larger num-
ber ~ N?2/2) with an inexpensive desktop machine.
A 1000 OTU example can be treated successfully. S-
ince our algorithm is of order N?In N for updating
the configuration (that is, essentially the number of
the relations we handle, so greater efficiency is hardly
possible), it is clear that much larger number of OTUs
can be practically analyzed with NMDS.

The paper is organized as follows. In Section 2, the
conventional NMDS methods are reviewed to show the
presence of additional and unnecessary constraints.
Section 3 discusses what “pure NMDS” should be, and
our new NMDS algorithm is proposed in Section 4. A
method to measure the nonparametric statistical con-
fidence level of the resultant configurations is proposed
in Section 5. Finally, we exhibit an application of N-
MDS to a molecular biological example in Section 6.
Section 7 is a summary.



2 Conventional NMDS

Suppose an (increasing) ordering of the pair dis-
similarities of N points (OTUs) {1,2,---, N} is given.
That is, for any two pairs of points (i,7) and (k,l)
such that i,7,k,0 € {1,2,---, N} we assume that we
can tell which dissimilarity of the two pairs is not s-
maller than the other. A typical NMDS problem may
be summarized as follows: In a given metric space R
find a configuration of N points the (increasing) order
of whose pair distances is as close as possible to that
of the given pair dissimilarities

All the conventional NMDS methods assume a cer-
tain intermediate pair distance (e.g., d below) that is
compatible with the actual ordering of the pair dissim-
ilarities and is simultaneously as compatible as possi-
ble with the pair distances d in the estimated config-
uration of the OTUs. There are many varieties of the
conventional approach.

Kruskal’s approach may be summarized as follows.
We start with a set of pair distance values d that
are computed from a trial N-point configuration in
R. The greatest convex minorant (that is, the low-
er boundary of the convex hull) of the plot of d a-
gainst the ranking of the distances in the original data
defines d. d is then revised to minimize the stress:
a suitably normalized discrepancy between d and d.
After this, the whole procedure is iterated until the
stress becomes tolerably small. There are several im-
plementations of this idea, but we do not discuss this
approach any further (See, for example, (1] and (3] ).

Guttmann [3] constructed d*, which is the rear-
rangement of d according to the actual ordering of the
given dissimilarities §. Then, the stress Sg = ||d —d”||
is minimized for d. He showed that this procedure and
Kruskal’s procedure are equivalent. In the actual cal-
culation, d* is not directly considered as a functional
of d, but is treated as given just as d in each updat-
ing process. Then, the procedure is iterative as in the
methods in the preceding paragraph.

As has been seen above, the essence of the conven-
tional NMDS is to choose d as close to d as possible
under the condition that it is monotone with respect
to the actual ranking of the dissimilarities in the origi-
nal data. Depending on the interpretation of “as close
as,” different methods have been proposed as summa-
rized on p43 in Ref. [4]. KYST is the program based
on the least square fit. Spline function fitting, etc.,
are conceivable and actually used. On p52 - 58 in Ref.
[4] the letter ‘R’ is presented with about 30 represen-
tative points, and NMDS is performed with various
algorithms. For example, the results of MDSCAL and
KYST are different (KYST does not affinely skew ‘R’

as MDSCAL does). That is, the choice of d affects the
outcome.

Thus it is clear that the conventional NMDS intro-
duces extra constraints. If we wish to be faithful to
the basic idea of NMDS according to its creator {(Shep-
herd), it is an inevitable conclusion that d is required
only by technical reasons for implementation. The in-
put data is the ranking of 4. Then, what we must
compare with it is the ranking of d. If the data set
is purely without metric, but only with rank ordering,
then the actual size of d should not matter (should not
affect the outcome!). We must note that all the proce-
dures to determine d (or d*) so far proposed are more
or less affected by the actual values (or their ratios} of
d.

3 Pure NMDS

To implement NMDS in a way faithful to the idea of
its creator, we must not introduce any extra informa-
tion, bias, structure, etc., into the given information:
the ranking of dissimilarities between pairs. We do
not have any information about the actual pair dis-
tances. We wish to look for configurations of N points
in R whose pair distances have the ranking maximally
compatible with the given dissimilarity ordering.

Logically, there can be two approaches:
(A) We compare the distances d obtained from the
configuration in R and the given ordering of the pair
dissimilarities § through their ranks only.
(B) We compare the distances d obtained from the
configuration in R and all the possible distances that
are compatible with the pair dissimilarity ranking.

The method (B) was recently proposed and imple-
mented by Trosset [5].

The approach (B) may be interpreted as an unbi-
ased encoding of the rank ordering into the actual dis-
tances. In order not to bias the information due to en-
coding schemes, (B) takes into account of the totality
of possible encoding schemes consistent with the rank
ordering in the original data. Thus, logically (A) and
(B) are equivalent, but since encoding into distances is
an extra step, (B) is conceptually and practically less
direct than (A).

Lif it does, it implies that the result of the NMDS is not
unique.
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4 New NMDS Algorithm

In the following, we propose a new algorithm for
NMDS that realizes approach (A).

The basic idea of the algorithm is as follows: in
a metric space R (in this paper, for simplicity, we
assume this to be a D-dimensional Euclidean gpace
R = RP) N points representing the OTUs are placed
as an initial configuration. For this initial trial config-
‘uration we compute the pair distances d(¢, 7), and then
rank them according to their magnitudes. Comparing
this ranking and that according to the dissimilarity
8(¢,7), we compute the ‘force’ that moves the points
in R to reduce the discrepancies between these two
rankings. The ‘force’ along the line connecting OTUs
i and j is chosen to decrease (resp., increase) d(z, ), if
the rank of d(z,j) is larger (resp., smaller) than that
of §(7,7). After moving the points according to the
‘forces’, the new ‘forces’ are computed again, and the
whole adjusting process of the OTUs in R is iterated
until the positions of OTUs converge sufficiently.

In this ‘overdamped dynamics’ the point configura-
tion is driven by the potential energy

A=) (T, —n), (1)

where T, is the actual rank of the distance between
the pair in R whose dissimilarity has the true rank n
in the original data. A = 0 is the ideal case. This
A may be regarded as a counterpart of the stress in
the conventional NMDS. As we will see in the next
section, we can use quantities related to A to evalu-
ate the confidence level of the resultant configuration
statistically. Now, we can set up a null hypothesis to
reject at a given confidence level. Furthermore, we can
even discuss the plausibility of the substructures of the
resultant configuration.

Thus an important feature of our NMDS algorithm
is that the optimization process is directly connected
to a process that improves the confidence level of the
resultant configuration.

5 Measure of Confidence Level

Our algorithm is not free from the problem of local
minima as all of the previously proposed algorithms.
Generally speaking, NMDS cannot give the perfect so-
lution with C;; = 0 for all pairs (7, j). We usually have
several local minimum solutions depending on initial
trial configurations.

In the conventional NMDS [2], stress is used to
judge the plausibility of the obtained configuration.

Since we do not have such an extra device as {f, we
cannot use stress to check the quality of the result.
Our measure of discrepancy A defined by (1) is sta-
tistically not trivial (because d;; are not independent,
even if the positions of the OTUs are), and we do not
know its statistical property. However, the following
closely related quantity can be defined for each OTU
J

AG) = S (Tn) - nl?, )

where T,,(j) and n are rank order only within N — 1
(¢,7) pairs for the given j. Thus, A(j) can be re-
garded as a statistical variable for the relative po-
sition of the jth OTU with the remaining OTUs.
We can estimate the probability P(d) of A(]) <d
with the null hypothesis that the rank ordering of d;;
(7€{1,2,---,N}\{7}) is totally random with respect
to the rank ordering of &; (¢ € {1,2,--- N} \ {7}).
If N is sufficiently large, then A(j) obeys a normal
distribution N((M?® — M)/6, M*(M + 1)}(M — 1)/36)
(M = N —1). For smaller N there is a table for P(d}
[6]. Thus we can always test the null hypothesis with
a given confidence level for jth OTU.

Contrary to Takane’s approach[7], our method is
nonparametric (i.e., model free). The nonparametric
statistical properties of the stress has never been stud-
ied for NMDS to our knowledge.

As can easily be noted, instead of A defined in (1),
we could use ) ; A(j) (or an appropriately weighted
sum) or the corresponding confidence levels as the po-
tential function for the dynamics. This algorithm will
be studied separately elsewhere.

One should notice that our criterion can be used for
conventional NMDS with d. The difference between
ours and the currently popular ones is that our NMDS
uses an optimization procedure directly related to the
improvement of the confidence level of the resultant
configuration.

6 Molecular Biological Example

To illustrate the use of our algorithm we deal with
DNA sequence data of cichlid fish in both Lake Tan-
ganyika and Lake Malawi [8]. For simplicity 4;; is
defined as the number of base (ATGC) mismatches,
ie.,

Jij =1L Z‘S[sika 3jk],'
k

where s;), is the base (ATG or C) at kth position of
the DNA sequence of OTU ¢ and 6[si, sz takes 1
only when sir = sjr and L is the total number of
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bases. One might criticize that this dissimilarity is
not a reasonable choice, because usually the number of
uncommon bases is not proportional to the time since
the speciation occurred. However, since what we need
is just a rank order, any definition which does not alter
the rank order gives the same result. Thus we believe
that our results obtained by NMDS is robust and is not
affected by a particular definition of distance between
the sequences. In this example, N = 31. First, we try
to imbed OTUs into 2D Euclidean space. Five trial
runs had very different values of A(j)

All solutions have a few worse-than-1%-level OTUs.
Thus, as a whole, D = 2 cannot be regarded as a
good imbedding dimension. However, if we exclude
24,27, and 28th OTUs from solution 5, the solution
can be regarded as a good 2D configuration with the
confidence level better than 0.5%. Or, if we construct
more solutions, there may be a better solution. This
is just an illustration, so we do not go further in this

paper.

For a 3D Euclidean space as the imbedding space
27th OTU was with 1% confidence level and for three
out of five runs 30th OTU was with 0.5% confidence
level. Thus again, we cannot get any solution with
confidence level better than 0.5%, but if we exclude
27th and/or 30th OTUs, we can get such a solution
for the remaining OTUs.

Even for D = 4, we cannot get 0.5% confidence level
solution for all OTUs. In two out of five runs, 24th
OTU is with 1% confidence level, and in the remaining
three runs 27th OTU is with 0.5% confidence level.

Our result is consistent with the phylogenetic
analysis due to Hasegawa and Kishino [9], where
some phylogenetic clades are reported. For example,
{1,2,---,9}, {10,11,---,14}, and {15,16,---,21} are
major clades. All of them can be seen as clusters in
our results

However, we do not claim that our results reproduce
phylogenetic analysis fully. For example, the main
purpose of [9] is to show that the clade {1,2,---,5} is
monophyletic, which can never be seen in our results.
In the phylogenetic analysis, even if genetic distance
is short, OTUs cannot be regarded as neighbors when
there are side branches between them. On the oth-
er hand, in our analysis, short genetic distance means
neighboring OTUs. Thus, what we see can differ from
phylogenetic relations. The biological meaning of this
possible discrepancy must be explored.

7 Summary and Concluding Remarks

We have proposed a novel algorithm for non-metric
multidimensional scaling (NMDS) that is presumably
the most faithful to the original idea of NMDS. This
is why we call the proposed method the pure NMDS.
The algorithm is closely connected to the nonparamet-
ric statistical confidence level of the resultant spatial
configuration of the OTUs. Thus, we can use statis-
tical criterion to evaluate the plausibility of the OTU
configuration and its subconfigurations in the imbed-
ded result. The numerical efficiency of our algorithm
allows us to handle a large number (even 10,000 with
the aid of an inexpensive desktop computer within a
day) of OTU. This feature is worthy of stressing from
the practical (esp., bioinformatics) point of view.
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As an example of the optimization of an evolutionary
system design, a composite mapping problem is studied.
In this problem, the system’s basic design is determined
by a set of elementary characters and their functions
(mappings). Based on a certain definition for the func-
tionality of a phenotypic mapping, a modified measure
of system evolvability is proposed, and by maximizing
this measure, the elementary function (mapping) set is
optimized. A numerical experiment is also conducted in
which the evolution is simulated using a set of genotypic
entities, and the functional evolvability after optimiza-
tion is compared to that before optimization.

Keywords: evolvability, protein, amino-acid design,
genotype-phenotype mapping, composite mapping

1 Introduction

In the design of an artificial life (alife) system, the sys-
tem’s ‘evolvability’, defined as the possibility (potential
ability) of evolving a variety of genotypes or pheno-
types, is one of the most important properties a de-
signer has to pay attention to [1, 2, 3, 4, 5, 6]. The
evolvability determines the system’s final performance;
hence to design a ‘good’ alife system, we have to answer
the following three primary questions about evolvabil-

1ty.

e What is an objective measure for evolvability?

o What are the necessary conditions for an alife sys-
tem to be highly evolvable?

e How can we optimize an alife system design in
terms of evolvability?

Recently, focusing on the evolvability of natu-
ral/artificial proteins, the author initiated a study ad-
dressing the first two questions [7, 8, 9]: a new evolvabil-
ity measure p, defined as the density of functional geno-
types in the protein genotype space, was proposed, and
a necessary condition for high evolvability p > p. was
established, where p. is a critical density above which

the functional protein genotypes are strongly connected
in the genotype space with unit mutational modifica-
tions.

Based on this previous study, this paper addresses the
third question by presenting a fictional protein model
in which the protein’s function is a mapping on a fi-
nite integer set. The protein’s genotype is a sequence
of elementary characters (amino acids) whose functions
are defined as mappings on the integer set, and the
protein’s phenotype is a mapping created by the com-
position of the elementary mappings specified by the
genotypic characters. For a definition of the function-
ality of the protein phenotype, a certain number of ob-
jective mappings is prepared by random choice, and a
mapping is judged to be functional if it is ‘close’ to one
of these objective mappings.

The basic system design of this model is determined
by the elementary character set (amino acid set) and
their functions (mappings). The distribution of func-
tional genotypes in the genotype space depends upon
this elementary set, so that to make evolutionary search
in the genotype space to find a variety of functions, we
have to optimize the elementary set so that a variety
of functional genotypes might be present and intercon-
nected in the genotype space. For this purpose, the au-
thor introduces a modified measure of evolvability, rep-
resented by the sum of the density of functional geno-
types in the genotype space and a term proportional
to the minimum size of a set of genotypes with the
same objective function. Experiments are conducted in
which the elementary mapping set is optimized using
this measure, and champion data for the optimization
are presented. An evolutionary simulation using a pop-
ulation of protein genotypes is also conducted, and the
improvement of evolvability from the initial design is
confirmed.

The organization of the paper is as follows. In Sect.
2, the fictional protein model for the composite map-
ping problem is introduced and the experimental meth-
ods are described. The results are presented in Sect.

- 373 -



3, and finally Sect. 4 summarizes the conclusion and
future research plans.

2 The Model

Elementary mapping set: Throughout this paper,
a mapping defines a one-to-one correspondence from
an integer set {1,2,---,L} to the same integer set
{1,2,---,L}. A mapping is represented by an L x L
mapping matrix whose (I1,l2)th element is 1 if integer
I, is mapped to integer l> and 0 otherwise. For exam-
ple, mapping {1 = 2,2 —» 4,3 = 3,4 — 1} (for L = 4)
is represented by the following 4 x 4 mapping matrix

Note that every column and row of a mapping matrix
have only one 1. As a basic design of the system, we
prepare K elementary mappings and express them by
characters such as A,B,C,D,---. So, the design is rep-
resented by a set like

A= ’Bz

—ooo

0
0
1
0

SO -=O
O = OO
[k o= s R en]
OO O

1 0
0 1
0 0
0 0

Genotype and phenotype: A genotype of this pro-
tein model is a sequence of I elementary characters like
"BAAABA” (for I = 6). The phenotype of a particular
genotype is a mapping created by the composition of el-
ementary mappings and is represented by the product
of the elementary matrices. For example, the pheno-
type of "BAA” (I = 3) is represented by

OO ~=O
O = OO
-0 OO
O OO -
= O OO
OO O =
O~ OO
OO =O
O = OO

1 0
0 1
0 0
0 0
1 0
0 1
0 0
0 0

0
0
0
1
0
0
1
0

O Ooo

Objective mapping set and functionality: For a
definition of the functionality of a phenotypic mapping,
an objective mapping set is prepared which comprises
J constant mappings chosen randomly. Any two map-
pings are judged to fit each other if and only if the

An objective mapping
| Ablob

(a) Genotype space (b) Phenotype space
Figure 1: Symbolized figures of (a) the whole genotype
space (the sequence space whose size is K’) and (b)
the whole phenotype space (the mapping space whose
size is L!). In both figures, grey regions represent func-
tional genotypes/phenotypes, and white regions repre-
sent nonfunctional genotypes/phenotypes. The phe-
notypic blobs, namely the sets of adjacent functional
phenotypes have a uniform size (whose radius is R),
whereas the genotypic blobs have various sizes.

number of integers mapped differently by the two is
smaller than or equal to R, and a mapping is judged to
be functional if and only if it fits one of the objective
mappings.

Modified evolvability measure: Figure 1 sym-
bolically shows the distribution of functional geno-
types/phenotypes in the protein genotype/phenotype
space. The distribution of the phenotypic blobs is deter-
mined only by the objective mapping set, whereas the
distribution of the genotypic blobs is influenced by both
the objective mapping set and the elementary mapping
set. The evolvability measure p (the density of func-
tional genotypes in the genotype space) (7, 8, 9] is for-
mulated as

J
pP=> 0 (1)
j=1
where

p;j = [size of the jth genotype blob]/K L (2)

On the other hand, no matter how large p is, if the
genotype blob sizes are unevenly distributed, we cannot
expect an evolutionary search on the genotype space to
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find a number of different functions (different objective
mappings). To remedy this problem, the author intro-
duces a modified measure of evolvability p defined as

J

P=;Pj+J’121j1£Jpj- (3)

The second term of p is proportional to the minimum
size of the genotype blobs and prevents the optimization
from being trapped by a bad elementary mapping set
on which only a few genotype blobs are huge and the
others are tiny.

Optimization procedure: Starting from an initial
random elementary mapping set, the elementary set is
revised so that § might be maximized. For each revi-
sion, a randomly chosen transposition is operated on
one of the elementary mappings, and if this modifica-
tion enhances j, the elementary set is revised. In this
paper, we limit the genotype space size K to a rather
small value and evaluate p;s exactly by testing all geno-
types in the genotype space.

Assessment by an evolutionary experiment: In
order to compare the evolvability for the elementary
mapping set after optimization to the evolvability be-
fore optimization, evolutionary experiments are con-
ducted on both the initial (random) elementary map-
ping set and the optimized elementary set. Each run
starts from an initial population made up of only one
individual whose genotype is functional and simulates
generation cycles by operating mutation and selection
alternately on the population. (Mutation substitutes a
randomly chosen character of a randomly chosen indi-
vidual with a random character, and selection creates
a new population using a roulette wheel in which func-
tional individuals have fitness one and nonfunctional
individuals have fitness zero.) Every generation, the
number of objective mappings that have emerged dur-
ing a run is evaluated, and when this number does
not increase for a consecutive hundred generations, the
number is judged to be saturated and a performance
parameter d, the ratio of this saturated number to J, is
calculated. The experiment is conducted twenty times
using different random number sequences for each map-
ping set, and the average value of d is calculated as a
result.

3 Results

Table 1 shows data for the best elementary mapping
set obtained from about one hundred optimization runs.
With this optimization, both the minimum genotype
blob size (K - minp;) and the density of functional

Before optim. | After optim.
(Random (Optimized
elementary elementary
set) set)
KT - min p; 5 10
p=> pj 0.0120 0.0184
p=> pj+Jminp; 0.0188 0.0321
d 0.290 0.505

Table 1: Champion data for the optimization of the el-
ementary mapping set. The upper three rows are the
values calculated from the exact values of p;s, and the
lowest data represents the result from evolutionary sim-
ulations. The parameter values are L = 10, R = 4,
J=20,K =11, and I = 4.

genotypes (p) increase with an increase in the modified
evolvability measure (p). p’s value after optimization
is much higher than its initial value of 0.012, which is
equal to the theoretical value of p, defined as the den-
sity of functional phenotypes in the phenotype space.
See Appendix A for a theoretical estimation of pp.

The lowest row of Table 1 shows the result from evo-
lutionary experiments on the elementary mapping sets
before and after the optimization. We can conclude
from this result that the protein evolvability was defi-
nitely improved by the optimization of the elementary
mapping set.

4 Discussion

Using a model of fictional proteins whose functions are
mappings on an integer set, an elementary amino-acid
set was optimized in terms of the maximization of a
modified measure of evolvability. The modified mea-
sure reflects the density of functional genotypes in the
protein genotype space and the minimum size of geno-
type blobs. The latter factor assures the diversity of
functions obtained by an evolutionary search on the
genotype space. A direct simulation of the evolution
of proteins was also conducted, and it was confirmed
that the protein evolvability was enhanced by the opti-
mization.

Future plans to extend the study are as follows.

Optimization for a larger problem: Although in
the present experiment, p;s (Eq. (2)) were exactly eval-
uated with the whole genotype space (size is K! =
11* = 14641), if we wish to estimate p;s with a larger I,
we should evaluate p;s numerically using an approxima-
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tion method like the Monte Carlo method. Establishing
an optimization procedure under such a noisy measure
will be a problem in the future. Also, for a general
problem, we do not know J (the number of objective
functions in the phenotype space) in advance. The max-
imization measure p (Eq. (3)) must be modified when
considering such a general problem.

Optimizing a language design for an alife sys-
tem: As was shown in Fig. 1 and the subsequent
analyses, system evolvability is principally determined
by the genotype-phenotype mapping of proteins, or in
other words, a language that specifies the correspon-
dence between a sequence of symbols (characters) and
its function. Here, a symbol (a character) denotes an
object or an object manipulation in the world wherein
the proteins act, and using such an object set, we have
to design an appropriate symbol set to make a protein
highly evolvable. For a machine language alife system
(10, 11, 12], a symbol denotes an arithmatic operation
of a register or a memory data word, and a symbol set
must be optimized so that the final protein functions
might contribute to self-replication (the final purpose
of a creature) as much as possible. Optimizing such a
protein language is also a future problem.
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A Theoretical estimation of p,

Let M(L,r) be the number of mappings on the integer
set {1,2,---,L} that map r integers differently from a
particular magping‘ Because the phenotype blob size
is given by >,_o M(L,r), if we neglect the overlapping
between phenotype blobs, we can formulate pp, (the den-
sity of functional mappings in the phenotype space) as

J R
T r=0

M(L,r) is calculated using a recursion formula. We
start from the initial condition M (0,0) = 1. Because
the number of choices of r integers mapped differently
from a particular mapping out of [ integers is (%),
M (l,r) satisfies

M(,r) = (i) Mr,r). (A2)

Also, since the number of all mappings on [ integers is
IY, M(l,r) satisfies

!
o M(l,r) =1 (A3)

r=
Using Eqgs. (A2) and (A3), we can calculate M (l,r) re-
cursively by increasing [ one by one. For L =10, R = 4,
and J = 20, the above procedure gives p, = 0.01199.
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Abstract

A reversible cellular automaton (RCA) is a “back-
ward deterministic” CA in which every configuration
of a cellular space has at most one predecessor. It
is an abstract model of a physically reversible space.
In spite of the strong constraint of reversiblity, they
have very rich ability of computing, and various inter-
esting life-like phenomena can emerge in such a cel-
lular space. We first discuss computation-universality
of RCAs, and show several simple 2-D RCA models
having this property. Next we discuss the problem
of self-reproduction in RCAs. We describe our previ-
ous model of 2-D RCA in which a variety of objects
can reproduce themselves by “shape-encoding” mech-
anism. We also show our recent RCA model of 3-D
self-reproduction.

Keywords: self-reproduction, cellular automata, re-
versible computing, computation-universality

1 Introduction

A reversible cellular automaton (RCA) is an arti-

ficial and abstract model of space and time reflect- .

ing physical reversibility. Since our physical world is
quantum mechanical (in a microscopic level) and its
evolution is reversible, it is reasonable and important
to investigate RCAs and their information processing
abilities as well as related spatiotemporal phenomena.
On the other hand, it is well known that von Neu-
mann [1] first designed a self-reproducing CA, i.e., he
showed it is possible to construct a universal computer
(Turing machine) that can reproduce itself in a 29-
state 2-D (irreversible) cellular space. In this paper,
we investigate and discuss the problems of how the
functions of computing and self-reproduction can be
realized in a reversible environment, especially in a
reversible cellular space. As we shall see, in spite of
the strong constraint of reversibility, RCAs have rich
abilities of computing and self-reproduction.

As for the computing ability of RCAs, Toffoli 2]
first showed that a 2-D RCA is computation-universal.
Later, Morita and Harao (3] strengthened his result by
showing that a 1-D RCA is universal. For the case of
2-D RCA, Margolus [4] proposed an interesting 2-state
model with so-called Margolus neighborhood which is
a little different framework from the usual CA. After
that, several simple universal models of 2-D RCAs us-
ing the framework of a partitioned CA (PCA) have
been given [5, 6, 7, 8]. From these results we can see
that universal computers can be constructed based on
very simple and primitive reversible rules. Further-
more, in some cases, computation in RCAs can be
carried out in a very different way from that of conven-
tional computers. Thus it may lead new insights for
future architectures of computing. Here, we discuss
how universal computing mechanisms can be decom-
posed into such simple reversible rules.

Self-reproduction is also possible in an RCA. At
present, we assume the so-called Langton’s crite-
rion [9], i.e., self-reproducing objects need not have
computation-universality, but the construction of a
daughter object should be actively directed by its
mother by using its “gene” properly. We first show
our previous model of 2-D self-reproducing RCA called
SRg [10], where various shapes of objects called Worms
and Loops can self-reproduce. Such objects have abil-
ities of (1) encoding the shape into a “gene” repre-
sented by a command sequence (it is called a “shape-
encoding” mechanism; see also [11]), (2) copying the
gene, and (3) interpreting the gene to create a shape.
We can design so that these operations are all per-
formed reversibly. Furthermore, because of the shape-
encoding mechanism, a Worm or a Loop of almost any
shape can self-reproduce in a very simple fashion. We
also describe our recent attempt to create a 3-D self-
reproducing RCA (SRy) [12]. Its basic mechanism is
similar to that of the 2-D case. However, it is not
a mere extension of the 2-D model, because varieties
of possible shapes and arrangements of Worms and
Loops are much greater than that of the 2-D case.
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2 Computation in RCAs

2.1 A partitioned CA (PCA)

Here, we use a framework of a partitioned CA
(PCA) [3], which is a subclass of usual CAs. It greatly
helps to design an RCA, because, in a PCA, injectivity
(reversibility) of a global map is equivalent to injectiv-
ity of its local map [3]. A 2-D PCA with von Neumann
neighborhood is a one whose cell is divided into five
parts as shown in Fig.1.

Figure 1: Cellular space of a 5-neighbor PCA.

The next state of each cell is determined by the
present states of the center part of this cell, the lower
part of the upper cell, the left part of the right cell,
the upper part of the lower cell, and the right part of
the left cell (not depending on the entire five cells).
Hence, each transition rule is depicted as in Fig.2.

d
ul
T lj — l’cir’
d
u

Figure 2: A rule of a 5-neighbor PCA.

Note that, in the case that the center part has only
one state (thus it is actually the 4-neighbor case), the
center part is omitted in a figure.

2.2 Simple universal 2-D RPCAs

If we want to construct a computation-universal ir-
reversible 2-D CA, it is sufficient to construct a one
such that conventional logic gates AND, OR, and NOT
as well as routing of signals can be realized in its cellu-
lar space. However, since AND and OR are irreversible
gates (in the sense that inputs are not uniquely deter-
mined from its output), it is not possible to design an
RCA that directly realizes these gates. Instead, we
take another approach, i.e., we construct RCAs that
can embed a universal reversible logic element.

A Fredkin gate (F-gate) [13] is a reversible (i.e., its
logical function is one-to-one) and bit-conserving (i.e.,
the number of 1’s is conserved between inputs and
outputs) logic gate shown in Fig.3. It is known as a
universal reversible gate [13].

Figure 3: (a) A Fredkin gate, and (b) its function.

Two universal models of 4-neighbour 24-state RP-
CAs (called S; and S3), in which F-gate can be em-
bedded, have been given in [6]. Fig.4 shows the set of
transition rules of S; (note that since S; is rotation-
symmetric, rotated rules are omitted). Fig.5 shows
a realization of a switch-gate (S-gate), a 2-input 3-
output reversible gate. Since an F-gate can be con-
structed by switch-gates [13], S; realizes an F-gate.

O G- O-©
Q-8 Q-8 -E

Figure 4: Transition rules of the universal RPCA S;.
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Figure 5: Realization of an S-gate in the RPCA S1.

It is also possible to construct RPCAs having other
types of grids. Imai and Morita [5] gave a universal
3-neighbor 2%-state “triangular” RPCA Ty. T has
extremely simple transition rules as shown in Fig.6,
and can realize an F-gate.

Besides an F-gate, a reversible logic element called
a “rotary element” (Fig.7) is also known to be uni-
versal [7, 14]. It has been shown that a 4-neigbor
44-state RPCA model Py [6] and a 3%-state model
Ps [8] can embed a rotary element. In these mod-
els, any reversible counter machines can be embedded
very concisely. Furthermore, its design method is very
different from the conventional one.
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Figure 6: Transition rules of the triangular RPCA T3.
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Figure 7: Operations of a rotary element: (a) the par-
allel case (the coming direction of a particle is parallel
to the rotating bar), and (b) the orthogonal case.

3 Self-Reproduction in RPCAs

3.1 2-D self-reproduction

A 2-D 5-neighbor self-reproducing RPCA calied
SRg has been proposed in [10]. Each cell of SRg has
85 states (i.e., each of five parts of a cell has 8-state).

As in the 29-state CA of von Neumann, SRg also
makes use of a genetic code (description of the object’s
shape). That is, the body of a daughter object is con-
structed by interpreting the description. Furthermore,
if the machine can encode its shape into a description
by checking its body dynamically, there is no need to
keep the entire description. In fact, there have been a
few models that performs self-reproduction in such a
manner [10, 11, 15, 16]. The method employed in SRg
and a 2-D 12-state (irreversible) CA model SR, [11]
is called a “shape-encoding” mechanism. This method
has the following advantages:

1. Complexity of a self-reproducing configuration is
very low. For example, a Worm or a Loop with only
4 cells can self-reproduce.

2. A Worm or a Loop of an arbitrary shape can self-
reproduce. Thus, self-reproducing ability of an ob-
ject is relatively robust against distortion.

3. Since shape-encoding and decoding are performed
directly and symmetrically, their mechanisms can be
easily understood.

Furthermore, in this cellular space, three main opera-
tions (i.e., encoding the shape of an object into a gene
represented by a command sequence, copying the gene,
and interpreting the gene to create an object) are all
performed reversibly.

A Worm is a simple signal wire with two open ends:
a head and a tail. At the tail cell the shape of the

Worm is “encoded” into commands and the tail re-
tracts one by one. The commands are sent to the head
along the wire. At the head of the Worm, commands
are decoded and executed to extend the head. There-
fore, it crawls in the space keeping its shape cyclically.
By putting a “branch” command, which makes a head
branch, a Worm can self-reproduce as in Fig.8.

A Loop is a simple closed signal wire. It can also
reproduce itself in a similar way as in a Worm by ex-
tending a “constructing arm” as shown in Fig.9.

t =148
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Figure 8: A self-reproducing Worm in SRg.
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Figure 9: A self-reproducing Loop in SRs.

3.2 3-D self-reproduction

By extending SRg, we gave a 3-D self-reproducing
RPCA SRy [12]. This model is a 7-neighbor RPCA,
and has 9 states in each of seven parts of a cell (hence
each cell has 97 states). As in SRg, Worms and Loops
of various shapes can reproduce themselves in SRg.
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Figure 10: Self-reproduction of a 3-D Loop.

Figure 11: A chain formed by a self-reproducing Loop.

In the 3-D model, varieties of possible shapes
and arrangements of Worms and Loops are much
greater than that of 2-D. Fig.10 shows a simple self-
reproduction process of a 3-D Loop. By controlling
a position of a constructing arm by a command se-
quence, we can design a Loop such that it produces a
semi-infinite chain as in Fig.11. Another example of a
Loop that forms a pile of Loops is shown in Fig.12.

Figure 12: A more complex self-reproducing Loop.

4 Concluding Remarks

We have investigated how computing and self-
reproduction tasks are performed in RCAs, and found
that these tasks are decomposed into very primitive
reversible rules. However, there remains a problem to
construct an RCA having both computing and self-
reproduction abilities in an elegant way.
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Abstract In this paper, we study synchronization exists a 6-state CA which can synchronize n cellsin

algorithms fr a large scale of cellular automata. It is .
shown that there still exist several new - Olog n) + O(1) steps.  In section 4, a 9-state

synchronization algorithms with a smaller number of implementation Hr synchronizing two-dimensional
internal states £or one and two-dimensional cellular
arrays. We also give a survey of synchronization
algorithms developed so far.

arrays will be given.

Keywords Cellular automaton, Firing squad synchronization
problem, Optimum-time synchronization algorithm, 6-state
3n-step firing squad synchronization algorithm, 1-bit inter-cell
communication cellular automata

1 Introduction

In recent years cellular automata have been
establishing increasing interests in the study of
modeling real phenomena occumring in biology,
chemistry, ecology, economy, geology, mechanical
engineering, medicine, physics, sociology, public
traffic, etc. In this paper, we study firing squad
synchronization algorithms which give a finite-state
protocol for synchronizing a large scale of cellular
automata. The synchronization in cellular

automata is known as firing squad synchronization
problem since the development of the problem,

where it was originally proposed by J. Myhill to ? % ?
synchronize all parts of a selfreproducing cellular an . %%Fw -when ready !
T

automata[l]. The firing squad synchronization )

° soldie;
problem has been studied extensively over 40 years geneml
and about 60 to 70 papers have been published[1-22].
In the next section, the firing squad synchronization Fig. 1 Firing squad synchronization problem
problem is introduced and a varety of
synchronization algorithms on one-dimensional 2 Firing Squad Synchronization Problem
arrays will be given in section 3. We present an Please look at the Fig. 1. There are many
optimized transition rule set forthe first-in-the-world soldiers arranged in line of battle in the desert. One

Waksman’s firing scheme. It is shown that there
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“general” is located at one end in the line and gives
a command “fire-when-ready” to his nearest
neighbor soldier at time ¢ = 0. All soldiers are
sleeping until the command will be delivered. In
the desert, there aremany high mountains and heavy
sand storms are seen frequently, those make it
difficult fr soldiers and the general to communicate
globally. Each soldier canonly communicate with
its nearest right and left neighbor soldiers, either does
the general. The problem is to design the
operations ofsoldiers so that, at some futuretime, all
ofthem will simultaneously and, for the first time,
enter a special "firing" state. The number of
soldiers are not known to eachsoldier nor the general.
The amount of intemal memory of each
soldier/general is finite state. Thus they cannot
count the total number of the soldiers.

Fig. 2 One-dimensional cellular array

The firing squad synchronization problem is
malized in terms of the model of cellular automata.
Fig. 2 shows a finite one-dimensional(1-D) cellular ammay
consisting ofn cells. Eachcellis anidentical (exceptthe
end cells) finite state automaton. The array operates in
lock-step ode in such a way that the next state of each
cell (exceptboth end cells) is determined by both its own
present state and the present states of its right and lef
neighbors.  All cells (“soldiers”), excepithe leftend, are
initially in the quiescent state at time ¢ = 0 with the
property that the next state of a quiescent cell with
quiescent neighbors is the quiescent state again. At time
t = 0 the left end cell C, ("general") is in "fire-when-
ready" state that is an initiation signal to the array. The
firing squad synchronization problem is to give the
description (state set and next-state finction) of the cell
such that all cells enter the "fire" state at exactly the same
time and Dr the first time. The set of states must be
independent of n. The signal can propagate down the line
no faster than one cell perone step.  Therefore (n -1) steps
are required to wake up the farthest soldier and additional
(n-1) steps are required for the generalto receive the return
signal fom the firthest soldier. Thus, totally (27 - 2)

steps are necessary Pr firing n cells. The tricky part of
the problem is that the same kind of soldier with a fixed
number of states is required to synchronize, regardless of
the length n of the array.

3 Synchronization Algorithms on 1-D Arrays
3.1 Optimum-Time Algorithm

In 1966, A. Waksman{4] proposed a 16-state firing
squad synchronization algorithm, which is known,
together with an unpublished Goto's[3] algorithm, as the
first-in-the-world  optimum-time firing algorithm.
Balzer{5]and Gerken(8] improved the Waksman’s scheme
and presented 8- and 7-state firing squad synchronization
algorithms, respectively. In 1987, Mazoyer{6] gave a
6-state optimum-time firing algorithm which is known as
the best algorithm with the smallest number of states.
We state and compare those algorithms in the Hllowing
theorem and Table 1.

[Theorem 1] P®There exists 2 one-dimensional CA
which can synchronize n cells in exactly 2n -2 steps.

Waksman described his algorithm in terms of a
finite state transition table, however, it has been reported
in the talks of cellular automata researchers that some fatal
errors were included in the Waksman's transition table.
Umeo, Sogabe and Nomura[7] corrected all errors
included in his original transition table and gave a
complete list of transition rules which yield successfil
firings for any length ofaray. In our cormrection, ninety-
three percent reduction has been made in the number of
Waksman's original transition rules. It has been shown
that two-hundred and two rules are necessary and sufficient
ones Dr the Waksman’s optimum-time firing squad
synchronization.

Algorithms Internal Transition Rules
States
Waksman[4] 16 3208 (some errors
included)

Goto[3] many thousands —

: no implementation
Balzer[5] 8 182
Mazoyer([6] 6 120
Gerken[8] 7 118
Umeo, Sogabe and 16 202

Nomura[7]

Table 1 A comparison between optimum-time
synchronization algorithms
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23 {a) Firing on 25 cells

(b) Red

into 5 independ:

Fig. 4 Our new interpretation of Waksman’s
scheme. A firing for 25 cells can be reduced
into 5 independent smaller subfirings.

Fig. 3 shows a firing configuration based on
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our optimized transition rule set. We have also
given a Hrmal proof of the validity ofthe transition
rule set based on mathematical induction and
presented a new interpretation of the Waksman’s
scheme. Fig. 4(a, b) shows our interpretation of
firing processes with a help ofan example ofthe firing
configuration on 25 cells. The computations below
the bold diagonal line consists of 5 independent
firings for 5 sub-spaces which have 13, 7,4, 2 and2
cells. The last two firings are special ones on two
cells which fire at 1 and 3 steps, controlled by the
right-end general, respectively. Thus the firingon
25 cells can be reduced to 5 independent firings on
smaller subspaces. What is more important is that
each decomposed subfiring controlled by the righf—
end general, below the diagonal line, is a mirror
image of the original firing controlled by the leftend
general.

3.2 Generalized Synchronization Algorithm

A generalized firing squad synchronization
problem has been studied by several researchers[12-
14], where the general is allowed to be located at any

position in the line.

3 4567 8 9101112131415 16
Q QiPiala aja a|ala a|a ala
Q S]a a|a @la|a ala . qla

 aff o[Sioja o|eja ala ala
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ot ola a|a afgio alaq|a
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Q ala ala ala|afSiaiala
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alafsaflw ajaja ala
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Fig. 5 A configuration for the generalizd
firing squad synchronization



Moore and Langdon [12] and Varshavsky,
Marakhovsky and Peschansky[13] gave 17-state and
10-state optimum-time solutions, respectively. In
Fig. 5 we show a configuration of generalized firing
on 19 cells, where the general is on the 7th cell.

[Theorem 2] M2}, 14 There exists a CA which can
solve the generalized firing squad synchronization

problem in optimum steps.
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Fig. 6 A configuration for 3n-step firing on n
cells

3.3 Linear-Time Algorithm
In 1994, a French researcher J. B. Yunes[10]
began to explore 3n-step fiing squad

synchronization algorithms and developed two
seven-state 3n-step synchronization algorithms for
the synchronization ofany one-dimensional array ofn
cells. His algorithms were interesting, simoe he
progressively  decreased the synchronization
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algorithms ©r the synchronization of any one-
dimensional array of n cells. Recently, Maeda and
Umeo[11] proposed a new 3n-step 6-state firing
squad synchronization algorithm, which is an
improvement of Yunes’s results. The number “six”
is the smallest one known at present.

[Theorem 3] 12+ 1% 1!l There exists a CA which can

synchronize n cells in 3n - O(log n) + O(1) steps.

3.4 1-Bit-Communication

Algorithm

In the long history of the study of cellular
automata, the amounts of bit-information exchanged at
one step between neighboring cells have been assumed to
be O(1)-bit. Here we introduce a new class of cellular
automata, CA;si, whose inter<ell communication is
restricted to 1-bit. First we consider the synchronization
algorithm operating in linear-time on CAivie. A 3n-
step firing squad synchronization algorithm given in
[Theorem 4] can be designed based on a paraliel
divide-and-conquer strategy which utilizes 1/1- and
1/3-speed waves efficiently[16].

Synchronization

Algorithms _ | Internal | Transition | Time Complexity
States Rules
Minsky and 13 130 3n+ O(logn)
McCarthy(1967)
Fischer(1965) 15 ? 3n-4
Mazoyer(?) 14 ? 3n-1
Yunes(1993) 7 134 3n+ O(log n)
Yunes(1993) 7 134 3n - O(log n)
Maeda and 6 79 3n-3 + O(log n)
Umeo(2000)

Table 2 A comparison between 3n-step
synchronization algorithms

Our 1-bit algorithm has 48 states including right
and left boundary states. Fig. 7 shows the snapshots for
the 1-bit synchronization in the case n = 19.

[Theorem 4]"%  There exists a CAiwe which can
synchronize n cells in 3n + O(log n) - O(1) steps.

Now we develop our optimum-time firing squad
synchronization algorithm on CA;4: . Mazoyer{15] has
obtained a (2n-2)-step synchronization algorithm with
only one bit of inbrmation exchanged. The validity of
his algorithm was shown only by computer simulation.
The object of our design is to give the algorithm which
assures its validity fr any n. The optimum 1-bit
synchronization algorithm we develop is based on
Waksman’s optimum-time algorithm which has been



shown valid r any » in Umeo, Sogabe and Nomura[7].
Our design is more transparent and clearer in
understanding of the correctness of the algorithm. The
number ofintemal states in each cell is 78 and the total
number of transition rules is 208. In Fig. 8, we show the
snapshots ©r the 1-bit synchronization based on
Waksman’s scheme.

[Theorem 5] "$'7 There exists a CAimw which can
synchronize n cells in optimum 2n-2 steps.
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Fig. 7 Snapshots for 1-bit 3n-step synchronization
in the casen = 19

4 Synchronization Algorithms on 2-D Arrays

A two-dimensional cellular automaton consists ofa
2-D finite array of identical finite state automata located at
points in the plane with non-negative integer coordinates
(i, j). Each automaton is refrmred to as a cell. A cell at
point (i, j) is denoted by C; ; where i, j = 0. Each cell

has a finite state memory. Each C; j is connected with its
north, west, south and east neighbor cells. Several 2-D
synchronization algorithms and their implementations
have been presented in Shinarf9], Grasselli[18],
Beyer{19] and Szwerinski[20]. Fig. 9 shows our 9-state
implementation on 2-D array.

[Theorem 6] ®»"®2! There exists a 2-D CA which can

synchronize 7 x n cells in optimum 2nr-2 steps.
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Fig. 8 A configuration of optimum-time 1-bit
synchronization based on Waksman’s scheme

5 Summary

We have given a survey of synchronization
algorithms developed so farand proposed some new
synchronization algorithms and implementations on
one- and two-dimensional arrays.
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Abstract

Nature is asynchronous. There is no central clock in
accordance to which the actions of molecules, proteins,
cells, ete. are synchronized. Simulations of nature are
usually synchronous. Cellular automata are an exam-
ple of a synchronous model often used for simulations.
This paper describes an (improved) cellular automa-
ton model in which cells work asynchronously and
whose transitions are triggered by their direct neigh-
bors. Functions like wires, crossings, and AND-gates
can be straightforwardly implemented on the model,
but neural functions are also possible.

Keywords: asynchronous cellular automata, self-
timing, chain reactions

1 Introduction

Cellular Automata (CA) have been used extensively to
model systems in nature. For example, in theoretical
biology they have found application in modeling self-
reproduction [1, 2, 3], the emergence of patterns [4, 5],
and other biological processes, such as biogradation
[6]. They have also found use in modeling fluids [7] in
physics, and in modeling systems in our human-made
world, like the flow of pedestrians in train stations [8],
etc. All these applications have in common that the
synchronized operation of CA is not motivated by bio-
logical, physical, or other modeling considerations, but
rather by some mathematical necessities and the wide
availability of “synchronized logics”, such as boolean
functions, etc. [9].

Asynchronous cellular automata (ACA), on the
other hand, are harder to deal with mathemati-
cally [10], because they behave in more unpredictable
ways [11] than their synchronous counterparts, pos-

sibly reflecting the unpredictability of nature. They
have the advantage, however, that less consideration
is needed for attuning operations’ timings of different,
parts of a system to each other. This would allow for
simpler extension or modification of a ACA-based sys-
tem, even while it is operating. In biological terms we
would say that an organism continues its usual biolog-
ical functions, even while growing or repairing itself.
In short, synchronous CA may be too limited to model
systems in nature, and as a result we may miss inter-
esting behavior by restricting ourselves to them.

Somewhat in between synchronous and asyn-
chronous CA are Self-Timed Cellular Automata
(STCA) [12, 13]. In STCA a state transition of a
cell only takes place as reaction to signal(s) the cell
receives from neighboring cell(s). Rather than hav-
ing a global mechanism synchronizing the cells, like in
a synchronous CA, the cells in an STCA are locally
timed, i.e., they trigger each other’s operations. The
workings of such systems resemble chain reactions in
nature. Self-timing allows a better control of the op-
crations of cells and allows for modular structures of
systems [14]. The ease of controllability of the timing
of synchronous CA is thus combined with the asyn-
chronous operation of the ACA model.

The STCA concept put forward in [12, 13] has some
restrictions such as the inability of triggering a cell’s
transition by more than one neighbor; the present
paper puts the STCA concept into a more general
and mathematically cleaner form, and shows transi-
tion rules for some functions that are often used in
CA, like wires, crossings, and AND-gates.

The next section contains a description of STCA,
followed by two sections on respectively triggering a
cell’s transition from a single neighbor, and triggering
it from multiple neighbors. This paper finishes with
conclusions.
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2 The Self-Timed Cellular Au-
tomaton Model

A Self-Timed Cellular Automaton (STCA) consists of
an array of cells, each of which has a finite neighbor-
hood of, say, n cells. This paper deals only with 2-
dimensional CA in which each cell has a neighborhood
consisting of the four non-diagonal neighboring cells
(von Neumann neighborhood). However, this can eas-
ily be generalized to other dimensions. A cell’s state
is made up of the actual state, which is a member of
a finite state set (2, and a set of n “bit” states, each
bit state being a member of the set B = {0,1}, and
corresponding to a unique neighbor of the cell. Each
cell undergoes transitions in accordance to a transition
rule that is a partial function:

f: Q™! x B® x B® - Q x B™ x B".

The transition rule is defined as follows. Let q, qn, q£,
gs, qw be the states of respectively a cell c, its north,
east, south, and west neighbors, and by, bg, bs, bw
be the bit states of cell ¢ that correspond to the north,
east, south, and west neighbors respectively. Also, let
ayn, ag, as, aw be respectively the southern bit state
of the northern neighbor, the western bit state of the
eastern neighbor, the northern bit state of the south-
ern neighbor, and the eastern bit state of the western
neighbor. The bits ay, ag, as, and aw will be called
the bits adjacent to c. The above symbols with primes
attached to them denote the respective states after the
transition has taken place.

Then the,rule in accordance to which a cell under-
goes transitions is given by:

fla,9n,qE,95,9w,an,ap,as,aw,bn,be, bs,bw) =

/ ! ! 1 ! U / / !
(¢'yan,ag,as,aw,by,bg, bs,bw).

Fig. 1 shows the resulting transition graphically. The

Ay

.
aN aN
b, b,

dy@w|Pw d bplap gy ==p ay|by g’ bylag

Figure 1: Transition in accordance to the rule f.

actual states of cells are depicted in the centers of the
cells, and the bit states of the cells are depicted near
the cells’ borders with their neighbors. A bit with the
value 1 is denoted by a filled circle, and a bit with the
value 0 by an open circle. The STCA has no central
clock signal: transitions of the cells take place asyn-
chrously. Only if a transition rule is defined for the
particular combination of states and bit states of a
cell and its neighbors, will the transition take place.
A transition can not be fired as long as it is undefined
for a particular combination of states and bit states.

The following interpretation can be attached to bit
states. A 1-bit of a cell ¢ indicates that the cell sends
a signal to the neighbor é corresponding to the bit.
This signal may trigger the neighbor ¢ to do a tran-
sition, which may return ¢’s bit to 0. May—because
it is not a necessity as in [12, 13], but in most cases
it will be desirable to design transitions such that bits
that trigger a cell’s transition are returned to 0 by the
transition. It is then said that the cell acknowledges
the signals it received from the neighbors. Also, it is
usually recommendable that the bits by, bg, bs, and
bw in the left hand side of a transition rule are 0. This
means that no signals of the cell are pending to neigh-
boring cells, and the cell is free to undergo a transition.
However, in some special cases one may desire differ-
ent behavior, for example to avoid deadlock, etc. This
possibility is allowed by the STCA formalism (but not
in the formalism defined in [12, 13]).

Fig. 2 shows a cell which receives a signal from its
western neighbor, i.e., the neighbor’s eastern bit is 1.
This causes the cell to undergo a transition, in the

®
[¢)
olo Q olo
e}
[¢)
0
[¢)
ojo 2 ofo
o)
o)

Figure 2: Cell receives a signal from its western neigh-
bor (left); The cell acknowledges the signal, clearing
the corresponding bit of the neighbor (right).

process acknowledging the signal by clearing the east-
ern bit of the neighbor. In this example, none of the
cell’s bit states is set to 1 by the transition. Section 3
deals in more detail with transitions in which cells are
triggered by a 1-bit from a single neighbor.

The STCA formalism in this paper also allows for
the triggering of a cell by more than one bit. For
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example for the transition in Fig. 3 two bits of a cell’s
neighbors need be set to the value 1 to trigger it, and
as a result of the transition one bit of the cell itself is
set to 1. If only one of the bits of the two neighbors

)
o)
®(0 Q oo
o
o)

o)

[S)
olo @ o|o
°
o)

Figure 3: Two bits set to 1 trigger a cell, resulting,
after transition, in their reset and the setting of a new
state and bit state in the cell.

is 1, no transition will take place, unless a transition
rule has been defined for that situation. Section 4
deals in more detail with transitions in which cells are
triggered by 1-bits from more than one neighbor.

3 Single-Bit Triggering

This section gives an example of cells’ operations trig-
gered by a single 1-bit from the neighbors. The exam-
ple concerns a wire that can transfer binary numbers
to all directions other than the direction from which
it receives a signal. It is implemented by cells having
states denoted by % and *;, the O- or 1-index indicat-
ing the number carried by the cell (this convention will
also be used in the remainder of this paper).. When
the state of a neighbor does not make a difference as
to the result, it is denoted by an underscore. Used
as an index, an underscore indicates that any number
may be carried by the cell.

A transition in accordance to the rule implement-
ing this functionality is shown in Fig. 4. The transition

) o
o °

*, @0 * 0/0 _ —p Of0 x e|o
o °
o o

Figure 4: Transition of a wire cell. The value of a is 0
or 1.

rule gives rise to the following actions: when a cell re-
ceives a signal from its western neighbor, it copies the
state of its western neighbor, and sends signals to the
other three neighbors. Figure 5 shows the working of
this rule on a wire configuration carrying the sequence
of numbers (1,0). The timing of signals is nondeter-
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[¢] [¢) [ ] (¢]

(o] (o) o [¢]

Figure 5: Transmission of the sequence (1, 0) along a
wire. The index of a cell’s state indicates the num-
ber carried by the cell. An underscore in the index
indicates that any number may be carried by the cell.

ministic, giving an arbitrarily narrowing or widening
gap between consecutive active cells at times. The or-
dering on a wire of two consecutive numbers in the
sequence, however, will never change: a number can
not surpass its successor in the sequence, because a cell
will only process incoming signals when all its outgoing
signals are acknowledged (by having the correspond-
ing bits being reset to 0 by the neighbors that received
the outgoing signals). The transmission rules for wire
cells receiving signals from their northern, eastern, or
southern neighbors are defined in a similar way as in
this example.
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To create circuits of wires, wire cells are used in
conjunction with quiescent cells, which are cells that
ignore any signals from their neighbors and of which
the state is denoted by a blank (see Fig. 6 for a typ-
ical transition). Crossings of wires are not possible

o o
o o
_ e|o olo _ —p OfO o|o
o o)
o o

Figure 6: Transition of a quiescent cell.

by wire cells: for this we need so-called crossing-wire
cells, which are described in the next section.

4 Multi-Bit Triggering

This section illustrates by some examples the opera-
tion of cells in case they receive signals from more than
one neighbor. We start with a type of cell that needs
signals from two neighbors in order to be triggered.
The cell has states Ap and A; and it acts as an AND-
gate on the input it receives from the two neighbors.
Fig. 7 shows a typical transition of this type of cell.
If only one neighbor of an AND-gate cell sends a sig-

*b
[ o
o o
* ®|0 A OO0 _ amp OO0 A €O
o °
o o

Figure 7: Transition of an AND-gate cell. The values
of the indices @ and b can be 0 or 1.

nal, the signal keeps pending and the cell will not be
triggered until a signal from the second neighbor ar-
rives. Once it arrives the two inputs are ANDed and
the cell sends signals to its remaining two neighbors.
The transition is thus only applied when both input
bit states are 1.

Finally, we describe a type of cell for which the situ-
ation is more complicated: the crossing-wire cell. This
type of cell allows signals to cross each other without
interference. The cell can be in the states denoted by
the symbols +¢ and +;. Operation of the crossing-
wire cell is in accordance to the transitions in Fig. 8.
The transitions can be separated into two types: cells

*
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o o
*bOO +_0]0 *_ - 0|0 +b‘0

[e] [e]
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Figure 8: Possible transitions of a crossing-wire cell.
The values of the indices a and b can be 0 or 1.

that receive inputs from two neighbors, and cells that
receive inputs from one neighbor. The first case covers
the first transition in Fig. 8. Here, the signal coming
from the west is processed first and once it disappears
to the east the way is free for the second signal, from
the north, to be processed in accordance to the second
transition in Fig. 8. If there is only one signal from the
west in the first place, the third transition in Fig. 8 will
be used to cross the wire. In conclusion, the crossing-
wire cell may be triggered by a signal from a single
neighbor, but also by signals from two neighbors.
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5 Conclusions

This paper gives a definition of STCA that is more
general than the definition in [12, 13], which only cov-
ers single-bit triggering and which uses distinct mech-
anisms for signaling between cells and for transitions.
The STCA definition in this paper unifies these mech-
anisms, and in addition has more expressive power.
It allows nonstandard signaling behavior, not allowed
in [12, 13], that may avoid certain anomalies, such as
deadlock, etc.

Compared to conventional CA, the STCA transi-
tion mechanism lacks strict locality of action, in the
sense that a transition not only changes the state and
bit states of a cell itself, but also the adjacent bit
states. This lack of locality, however, is very restricted:
every bit state can only be changed by transitions of
two cells, i.e., the cell to which the bit belongs and
the cell to which the bit is adjacent. Furthermore, in
standard signaling, the cell to which the bit belongs
is only allowed to set the bit to 1, whereas the cell to
which the bit is adjacent is only allowed to reset it to
0. These actions take place at distinct times, ruling
out conflicting access to the bit.

From a biological point of view, the STCA model
may be helpful for simulating systems in nature, since
it incorporates a mechanism that is widely found in
nature: chain reactions. This mechanism is found on
the molecular level in chemical reactions, but also on
the cellular level. For example, the signaling and tran-
sitional behavior of cells in STCA resembles the spik-
ing behavior of neural cells in animals. In fact, simple
neurons can be simulated by STCA when we assume
that bit states of value 1 act as spikes and that they,
when input to a cell, add up to the value of the cell’s
state, which is defined as an integer in a certain range,
say [0,n). Once the state value of a cell would ex-
ceed the value n as a result of the input signals, it
is returned to 0 and the cell’s bit state at its output
is set to 1. In neural network terminology, we have
a neuron whose action potential is increased by input
signals, until a certain threshold n is reached, at which
the neuron produces an output signal and returns its
action potential to 0. Implementation of other biolog-
ical functions on the STCA model, such as evolution,
self-reproduction, etc., can also be imagined.

Apart from their biological plausibility, STCA also
offer much promise as the underlying model for com-
puters realized by future technologies, like nanotech-

nology. As pointed out in [14], programs for such
computers would be build up of hierarchically orga-
nized modules that are layed out spatially over cellular
space and that would interact in a self-timed way. The
self-timed characteristics of the modules would allow
designers of modules to focus on the functionality of
modules rather than on timing of signals in modules,
the latter being a difficult aspect in synchronous sys-
tems design [15, 16]. Once designed, modules coula be
fit seamlessly together, again without any worry about
timing matters. Furthermore, self-timedness of under-
lying hardware (e.g. molecular electronics) would al-
low only those elements to be active that are actually
operating, as opposed to synchronous systems, where
all elements are active every clock cycle. This would
substantially reduce the power consumption of such
devices.

We conclude that STCA are a promising model,
not only for simulating biological systems, but also as
the underlying framework on which future models of
computation may be based.
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ABSTRACT

The goal of this research is to improve the
programmability of DNA based computers. Novel
clockable micro-reactors can be connected in
various ways to solve combinatorial optimisation
problems, such as Maximum Clique and 3-SAT.
This work demonstrates that one micro-reactor
design can be programmed optically to solve any
instance of Maximum Clique up to its given
maximum size (N). It reports on an
implementation of the concept proposed
previously [3]. The advantage of this design is
that it is generically programmable. This contrasts
with conventional DNA computing where the
individual sequence of biochemical operations
depends on the specific problem. Presently we are
solving a graph for Maximum Clique with N=6
nodes and have completed the design of a
microreactor for N=20. We are planning to
extend this research with re-configurable
microflow reactors to evolutionary microfluidic
bio-electronic systems.

Keywords: DNA, microflow reactor, optical
programmability, reconfigurable, maximum clique,
evolutionary computing.

INTRODUCTION

DNA  computing involves a multidisciplinary
interplay between molecular biology, microsystem
technology, physical detection and evolution.
Since the introduction in 1994 by Adleman [1]
there has been intensive research into the use of
DNA molecules as a tool for calculations,
simulating the digital information processing
procedures in conventional computers. In the
short term, however, the main application of DNA
computing technology will be rather to perform
complex molecular constructions, diagnostics and
evolutionary tasks. However, in order to assess
the limits of this technology, we are investigating
a benchmark computational problem: Maximum
Clique, chosen as an NP-complete problem
because of its limited input information [2]. In
our research we took the step from batch

processing in test tubes to pipelined processing in
micro-flow reactor networks [3]. This gives us
complete control over the process of information
flow and allows operations much faster: than in
conventional systems. More importantly, it allows
the extension to optical programming. Moreover,
the proposal differs radically from the surface
based DNA computing approach [4] in requiring
no problem dependent manual or robotic
operations, programming being completely under
light control.

Figure 1: a 5-node representation of the clique
problem. The maximum clique is given by ACE
represented by 10101.

MAXIMUM CLIQUE

The decision problem associated with the
maximum clique problem is a hard to solve NP-
complete graph problem. Maximum clique
requires finding the largest subset of fully
interconnected nodes in the given graph (Fig. 1).
To obtain the set of cliques and then determine
its largest member using a micro-flow system, an
algorithm was devised consisting of a series of
selection procedures containing three parallel
selection steps.

The problem can be divided into two parts: (i)
find all the subsets of nodes, which correspond to
cliques in the graph and (ii) find the largest one.
The basic algorithm is simple [2]: for each node /
(7=1) in the graph retain only subsets either not
containing node / or having only other nodes j
such that the edges (j/ ) are in the graph. This
can be implemented in two nested loops (over i
and j), each step involving two selectors in
parallel.
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Figure 2: a flow diagram showing the selection
procedure for node i as whether it is connected to
node j and is part of the cliques.

A third selector has been introduced to allow
the selector sequences to be fixed independently
of the graph instance. Thus the graph
dependence is programmed not by which but by
whether a sub-sequence selection in the third
selector is performed (see Fig. 2). The above
procedure is described in more detail by McCaskill
[3].

The connectivity matrix for the 5-node
example shown in Figure 1 is the 5x5 matrix in
Table 1.

Table 1: the connectivity matrix for the 5-node
graph as shown in Figure 1.

As Table 1 shows, the matrix is symmetrical
over the diagonal, reducing the number of
selections from N? to 2N(N-1).

SELECTION MODULE

The above procedure can be implemented into
a network of micro-reactors. To this end we have
developed a module which is able to make
positive  sub-sequence  selections from a
population of specific DNA sequences. Each DNA
sequence encodes a binary  sequence
corresponding to a particular subset of nodes in
the graph. Different DNA sub-sequences are used
to represent presence (1) or absence (0) at each
node.
To transfer the selected DNA sequences to the
appropriate output, they are transferred from one
flow to another by moving paramagnetic beads,
on which single stranded DNA complementary to
a nodal sub-sequence is immobilised. Amino

labelled selector strands are photo-immobilised to
carboxyl-functionalised beads (silicon, latex or
glass), under the contro! of light [5]. The DNA
strands in solution hybridise to the selector
strands and are thus transferred to an other
channel in the micro-fiow reactor where they are
de-hybridised and passed on to the next selection
procedure (see Fig. 3).

A B C

Figure 3. The Selection Transfer Module (STM).
The DNA template comes in through channel A.
Some of the DNA-strands will hybridise to the
selection strand immobilised to the pararmagnetic
bead. This bead is moved through a wash
channel B, to rinse off the unbound strands, into
the de-hybridisation channel C from where the
selected strands will continue, through a
neutralisation step, to the next STM.

The STMs have three supply channels, for the
solution template, the washing solution and de-
hybridisation buffer respectively. De-hybridisation
is performed by using an alkali solution (NaOH),
adjusted for the common "melting” temperature
of the hybridised DNA-strands. Because of the
change in pH at the de-hybridisation step, a
subsequent neutralisation step is necessary (see
Fig. 4).

The STMs can be connected in various ways to
solve combinatorial optimisation problems, such
as Maximum Clique and 3-SAT. The whole micro-
reactor configuration is photo-lithographically
etched on 4” silicon substrates. The etched wafer
is sealed with an anodically bonded pyrex glass
wafer. Capillary tubing is attached through
ultrasound drilled holes in the pyrex wafer.

PROGRAMMABILITY

These Strand Transfer Modules (STM) can be
optically programmed as outlined in [3], by means
of photo-immobilisation [5], thus creating a re-
configurable micro-fluidic computer.  Unlabeled
beads are delivered in parallel at the appropriate
locations to each STM. During the initial set-up
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Figure 4. The 3 selection modules for a node
connectivity decision (top layer) with the supply
and waste channels (bottom layer).

phase, only one type of selection strand flows
past any given bead. UV laser light then
determines ‘whether or not a sequence is
immobilised on the beads at each STM. If there is
no connectivity between a pair of nodes, the
corresponding third STM is not loaded. The other
STMs can be preloaded with immobilised beads
since they will never have to be changed when re-
configuring the problem. The immobilisation

pattern is directly related to the connectivity
~ matrix.

The information flow can be tracked using a
sensitive CCD detection system to detect laser-
induced fluorescence with intercalating dyes or
labelled DNA Because of the fluorescent
information from each STM with a correct DNA-
strand transfer, it is possible to monitor the
solution of the algorithm to its conclusion over
time. The STMs can also be used for selecting
subsets with a given number of nodes, and in the
implementation below this separation procedure
follows the clique selection (see Fig. 6).

TECHNOLOGY

To set up a DNA-computer in a micro-flow
system puts high demands on the control system,
an overview of which is presented in Figure 5.

To distribute the DNA-template and buffer
solutions to the wafer a liquid-handling system is
connected. It consists of a pipetting robot and a
series of multi-position valves which control the
solution distribution. One of the muilti-position
valves makes it possible to address the individual
immobilisation sites in the STMs for the selection
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strand for a more convenient serial setup phase.
To programme the computer optically a
microscope is used to project laser light from an
EXCIMER laser (308 nm), either serially or
through a static (later dynamic) mask. The wafer
is mounted on an xy-translation stage so as to
address all the STMs individually. A detection
system consisting of a CCD camera for a general
overview and a microscope for detailed pictures is
in place. The clique and subset size selection
microflow reactor is shown in Fig. 6.

robotics

DNA

computer

/'

7

%’ detection system
computer control

Figure 5. An overview of the operation of a
configurable DNA computer.

sorting module

liquid handling /

The beads are moved by a magnet which
sweeps over the DNA-computer’s surface. This
sweep clocks the serial steps of the computation,
which may be pipelined to increase throughput

Presently we have constructed microflow
reactors for N=6 and N=20 nodes and are testing
performance firstly with the N=6 version requiring
15 (N(N-1)/2) STMs and 15 (2N+3) inlets. The
number of inlets scales linearly and the number of
modules quadratically in the problem size.

FUTURE

A further way to increase the flexibility of the
programmable DNA-computer is to construct
microflow reactors with re-configurable
connectivity. The configuration can be externally
changed by redirecting fluidic routes between
reactors, mixers and detectors in analogue with
Field Programmable Gate Arrays [6]. The
advantages here are that any program can be
implemented without reconstructing the wafer
and the number of microreactors can be limited.
By coupling them to biomechanical systems and
electronic  hardware components, complex
construction systems can be achieved which are
evolvable on different hardware levels [6].



Figure 6. The complete top layer of the DNA-
computer for a 6- and 20 node graph. The top
right triangle does the length selection, while the
other half does the clique selection. The square
pads are the input and outputs of the DNA-
computer, while the rest of the channels are
supply channels. These are connected on the
back of the wafer with the reactors, as shown in
Figure 4.

In the more distant future we can envisage
evolving DNA-computers in which the programme
writes  itself to optimise the microflow
configuration and to adapt to failures in the
computer.
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Abstract -- This paper proposes a novel computational
model based on proteomic computing leading to the
construction of super-Turing machines. The dynamical
description for pathways, the evolutionary mechanism
and robustness are discussed. Furthermore, a
preliminary simulation experiment shows the merits of
our method for potential applications.
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1 Introduction

In order to improve the performance of computers,
new paradigms continue to emerge, e.g., DNA
computing, quantum computing and molecular
electronics. Considering the limits of conventional
computers in the aspects of computability and speed,
active efforts for exploring new architectures for next-
generation computers have been made in terms of new
media for implementation such as molecules or
quantum devices. The implementation of DNA
computing is closely related to bio-molecules [1~8],
where evolutionary wetware [7,8] can be applied (e.g.,
for code designing). Quantum devices and potential
fast computation by molecular electronics [9~13] are
also receiving attention. As a new kind of molecular
computing, "proteomic computing" has been proposed
[14,15]. In the view of theoretical computer science,
the performance of abstract machines is complicated at
the boundary of decidability and undecidability, e.g.,
"emergeablility" for certain functions of evolutionary
computing. Hava T. Siegelmann's work [16] on super-
Turing machines merits attention. The question of how
to go beyond the limits of Turing machines and
Godel’s incompleteness is our starting point from the
theoretical ~aspect. Universal computability and
undecidability are two important factors in the journey
to explore super-Turing machines. The reasons can be
found in the following three major points: (1) The
“coupling” between the universal computation and
undecidability. (2) The crucial parameters in
unconventional computational mechanisms. (3) The
complexity in a dynamic landscape derived from the
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underlying problem spaces. We are also trying to
work out certain "operable" models for this target.

2 Proteomic Computing

According to the definition of "proteomic computing",
the underlying computational processes will be analog
(it can also offer computing by a super-Turing machine
[14]). Further description is necessary for the
mechanism concerned. Let A(0) be the input set
(vector) and A(n) be the output set (vector).

i.e.
A(0) = {A(0,0), A(0,1), ..., A(0,mg}

A(1) = {A(1,0), A(L,1), ..., A(1,m;}

A(n) = {A(n,0), A(n,1), ..., A(n,m,}

where A(i,j) refers to the jth element in A(i). The
relation between A(i) and A(i+1) (i = 0,1,..., n) is

quantitatively ~ represented by ODE (Ordinary
Differential Equation). So we can get

d(A)/dt = W(@{)*A(®)
where W(i) refers to the coefficient in the

corresponding ODE and determines the interactions
by zero or non-zero valuing as well. An explanation of
the above processes can be found in [15] briefly and in
[14] in more detail. All of the values for W(i) belong to
R, making the searching space into a kind of whole
space consisting of all of the situations leading to NP
problem solving processes, where we introduce an
evolutionary dynamics model and dynamical
evolutionary algorithm derived casually. Fig.1 shows
the evolutionary unit for proteomic computing.
Compared to the commonly-used ES (Evolutionary
Strategy), our proposed dynamical evolutionary
algorithm is arranged as

X' =X+ f(a,b,c,d)



where f (a, b, ¢, d) is generated by spatial-temporal
sampling from deterministic chaos with the parameter
set {a, b, ¢, d} in f (a, b, c, d) function, in which

a ---- determines the kinds of chaotic forms, e.g.,
strange attractor.

b ---- is the limitation for the valuing,
¢ ---- is the spatial sampling, and
d ---- is the temporal sampling.

The parameters such as a, b, ¢, and d are updated based
on feedback from the dynamical environment, e.g., the
circling ("survival") of the signal pathways in the
meaning of artificial life. Here the main difference
between the dynamical evolutionary computation and
common ES is that f (.) is defined as a different
functional form, mentioned above, from the stochastic
ways, e.g., normal distribution.

Population Formin
i P g

Variable{Population

Evolutionary
Operators

Mutated| Individuals

Dynamical
Controlling

Fig.1 Controlling the Evolution

3 Robustness Mechanism

Artificial chemistry offers an alternative way to
explore life compared with (conventional) biology.
The methods vary at different levels [17]. Among
them, DNA computation is regarded as an analogous
modeling paradigm, as Dittrich points out in his
tutorial ECAL99 & ALIFE 7 [17,18]. The discipline of
artificial chemistry also covers more different and
detailed methods (e.g. in ALIFE 7 [19], the methods
by Alan Dorin [19] pp. 13-20, Hugues Bersini [19] pp.
39-48, Pietro Speroni di Fenizio [19] pp. 49-33,
Yasuhiro Susuki and Hiroshi Tanaka [19] pp. 54-63,
and Harald Hiining [19] pp. 64-72). In cell biology,
signal transduction plays an important role in cells [20].
The problem we want to solve in our work for
exploring robustness, is how to allow an evolutionary
system to be embedded with a robustness mechanism
that can enable the system to evolve a certain
functional pathway to keep the cell alive where/when it
faces a complex cellular environment full of
uncertainty with respect to the dynamical organization
for homeostasis. “Robustness is a central issue in all
complex systems. For example, robustness is critical to
self-assembling or self-repairing systems which subject
to external perturbations, fluctuations, and noise. ...”
[21]. Robustness here is defined as the features and the
corresponding’ mechanism that can guarantee that the
underlying systems will keep their expected
performance under the condition that disturbances are
allowed. Here the model of proteomic computing is
based on a fine-grained representation for inter-cellular
biochemical reactions. When certain parameters' set C
are disturbed into C', the performance of the model can
be kept within the domain in given requirements (e.g.,
maintaining the cycling of pathways through proper
feedback):

M (H(C)-H(C)) < Tm

where M(.) is. the necessary measurement for
robustness in model H(.) and Tm is the threshold
concerned.

4 Experimental Result

Fig. 2 (a) and (b) show the robustness of the proteomic
computational model. Series 1 is the performance
curve in normal situations. Series 2 is the one when the
parameters have been disturbed into two values but the
performance was remained stable (the variation in the
two different parameters do not influence the
performance curve) in abnormal situations.

5 Conclusion

We have initiated a new paradigm of molecular
computing ---- “proteomic computing” leading to the
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potential construction of an analog super-Turing
machine with possibly non-Gédel logic forms [7].
As we previously mentioned [7]:

"Besides mentioned above, logic is another
important feature of computational machines, but
Godel's incompleteness' constrains some functional
factors when we try to construct formal systems. ...
Beyond the limits of Godel's incompleteness is another
task in our ... computing research."

The motivation of our work (final target) is to establish
a systematic and rigorous theory for unconventional
computational systems as that a class of
unconventional computational mechanisms can be
embedded into derive super-Turing machines. Our
preliminary simulation experiments for proteomic
computing show broad applications, such as
fault/defect tolerant molecular computers based on
organic/inorganic  molecular electronics, robust
"evolvable" multi-agent systems, non-parametric
natural computing for multi-robots in dynamical
environments with uncertainty, and artificial brains
based on molecular electronics [9].
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Abstract

Various novel notions such as Modal Design and
Autoprescriptive Sets are introduced to extend our
conceptualization of life system as multi-body symbi-
otic architecture of modules. Also, a new paradigm of
anthropology called “Multimodal Framework (MMF)”
introduced by G. Samuel is incorporated to our archi-
tecture. Modal Design is used to design these complex
architectures, and autoprescriptive sets can be utilized
for progressing the processes of modal design.

1 Introduction

In this paper, we will extend our notion of multi-
body symbiotic system architecture of bio-informatic
systems that focuses on the role of information on the
highly complex and hierarchically organized structure
of life systems.

For this purpose, we will introduce the newly born
paradigm of anthropology called “Multimodal Frame-
work (MMF)” introduced by G. Samuel [1]. He em-
phasizes on the way of conceptualizing culture as the
interface between biology and anthropology. The ba-
sic notions of this framework, modal states and modal
currents, are then related to our architecture.

For designing these complex multi-body systems,
we will introduce a novel notion of design, “Modal
Design”, where the process of deign is appropriately
confined to derive desirable solutions depending on the
context and the progress of design.

Hence, the design problem is reduced to the “design
of modal design”, a kind of “meta-design”. For solv-
ing this meta-problem, we will also introduce a novel
notion of sets, “Autoprescriptive Sets”. The way of
deriving these sets and their properties are discussed.

2 The notion of Autoprescriptive Sets

We are interested in an novel notion of set concept,
more precisely, a notion of class of sets, which we will
call “Autoprescriptive Sets”. This notion is not un-
usual in pure mathematics, in axiomatization of vari-
ous systems such as Euclidean Geometry, where basic
terms are not defined overtly, but are done in implicit
ways.

Let us consider the case of defining a set C' by re-
ferring to C itself. That is,

C = {=z|F(z;C)}

where F(z;C) is a predicate on & with reference to
C'. Let a set function G be defined as

G(D) = {x|F(z; D)}
Then, we have the following equation on C' such as
C =G(C)

That is, C is given as a “fixed point” of the above
equation. Thus, C' may not be unique, and hence, it
may better be regarded as a class (collection) of sets.

In the following, we will not examine the process of
solving this equation such as computability and deci-

sion problems.
Let us consider a special case where G has mono-
tonic properties as follows:

C>C = G(C)>G(C)

And we will introduce the following formal power
series.
D'=DnGD)NG*D)N - -

Then we have
D' > G(D)
which thus leads to

D'>GD)>G*D)>-->G"(D)>G" (D) > -
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Hence, we have a fixed point solution
D> = G(D™),

when an appropriate topology is introduced on the
lattice structure of sets.

We are interested in the stability and the instability
of these fixed points. Particularly, we are interested in
the relation between two different fixed points such as
if they are disjoint or not.

Concerning this, the researches on Nonmonotonic
Reasonings and Common-sense reasoning are quite in-
teresting. For instance, D. McDermott and Doyle
[2] introduced a fixed point solution (interpretation)
of theorems (inferable propositions) of non-monotonic
theories. Also, R. Reiter [3] introduced the notion of
default reasoning and have shown that two different
theories (set of theorems) are, if they exists, necessar-
ily inconsistent with each other.

3 MMF: Multimodal Framework

G. Samuel [1] introduced by his book “Mind, body
and culture: Anthropology and the biological inter-
face” the interesting notion of “modal states” and
“modal currents” to form the framework which he
calls “multimodal framework (MMF)”. MMF consists
of three basic constituents, that is,

MS; : modal state of individual (type I)
MS, : cultural modal state (type II)
MS,,,: modal states of the manifold (modal currents)

3.1 Three Types of MMF

The kind of quantities seen as fundamental in Type
I and Type II can be regarded as derivative from modal
currents. Individuals and their behavior are treated
as being defined by a series of modal states of the
individual (M S;). Type II quantities may be reached
by defining cultural modal states (M S.).

Along with the progress, certain M .S, may grow or
fade, new ones are introduced and so on. When var-
ious movements in societies are described in terms of
the MMF, the corresponding M S, are seen as deriva-
tive from the underlying modal states of the social
manifold (M S,,), which are related to individual and
collective components, and are not reducible to either
of them.

The directional and dynamic nature of the MS,,
through time will be referred within the manifold as
modal currents. M S; are derivative from the underly-
ing modal states of the manifold (M Sy,).

3.2 Features of Individual under MS;

The following list are specific features of M S; [1]:

1. Each M S; has a cognitive function. It splits up or
interprets the individual’s stream of experience.

2. Each MS; is associated with a set of images or
symbols, by which that MS; may be referenced
or evoked.

3. Each M S; corresponds to

e specific moods, motivations, feelings and
emotions.

e a particular decision structure. Within it
the individual will respond in certain ways
to certain events, will subjectively find cer-
tain goals attractive and others unattractive.

e a particular subjective sense of self and a
particular way in which the individual per-
ceives of his or her relationship to other in-
dividuals and other aspects of the environ-
ment.

o certain physiological correlates, such as pos-
ture, muscle tension, blood pressure, etc..

4. MS; differs in terms of possible transitions to
other MS;’s. They may be more or less well
connected to other states. They may also allow
for more or less innovation in the creation of new
states.

3.3 Bimodal and Multimodal Models

The framework of MMF offers a system schema in-
volving structure and freedom. Structure exists at the
level of the 'modal state’ or conceptual framework and
that of movement between frameworks. This is a sub-
stantial improvement on simple determinism.

3.4 Operation within the Flow

Actually, we have two levels of operation with the
modal currents. One level consists of action (or in-
terpreting the actions of others) within a given MS;,
i.e., a temporarily fixed framework of relationship. At
the second level, we will operate with MS;’s them-
selves and move between possible frameworks of rela-
tionship.
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Figure 1: Bio-informatic modular system architecture

basic “role of information” in his study on information
theory of self-organizing systems. Namely, as shown in
Table 1, Cognition, Direction and Evaluation are the

Table 1: System Concept: “Symbiotic Multi-body
System of Modules”

Three Aspects of Modules main roles, and they respectively are interpreted as
Integration (M) Value, Objective, Function-Role, the function of linking interactions with environment
Collaboration-Conflict with S, linking A and M with B, and linking B and

Structure (S) Constraint-Boundary, Condition, interactions with environment with M.
Allowance of Behavioral Variety Finally, we come to the system structure (sys-
(Freedom) tem organization) which can be regarded as a “sym-
Behavior (B) Event Structure along with the Ar- biotic multi-body system of modules” as shown in

row of Time

Fig. 1, where the notion of symbiosis introduced by
Role of Information (Commitment) K. Kurokawa, [6] lb egamined b}{ a research comm'it.tee
Cognition : Interaction with Environment = S in Keidanren, which is summarized as the “Definition
Direction : S , M 4 B of Symbiosis”: Generation and development of more
Evaluation: B, Interaction with Environment — M than one entities with collaboration yielding an order
formation in higher, wider and pluralistic values and
dimensions [6].
The above mentioned anthropological framework,

4 Relation to Bio-informatic Multi- MMF, will provide us with various relationship among

body Architecture modules to form MS;, MS. and MS,,. For instance,

decision structures and motivations will be related to

We have already introduced triple-layered multi- a coordination structure on the Integration level (M).

body architecture of life systems [4]. It consists of In- Physiological correlates, on the other hand, will be

tegration Layer M, Structural Layer S and Behavioral linked to coordinations on Structure level (S) or Be-
Layer B. As shown in Table 1, we grasp on layer M havioral level (B).

the values, objectives and functions or roles of a mod-
ule, and the collaboration or conflict among the mod-

ules can be analyzed. On layer S, constraint, bound- 5 The Notion of Modal design

ary condition and allowance of behavioral variety are

grasped. Also, the behavioral layer B represents the We now would like to introduce a novel notion of

event occurrence structure along with the elapse of design, by confining the progress of design by setting

time. up modal states and also modal currents among them.
Concerning this, T. Yoshida [5] introduced these We will employ various modal logics [7] as the ba-
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sic frameworks for formalizing and representing the
MMEF.

Fig. 2 shows the schematic representation of the
process of modal design, where admissible area of
modal states are confined depending on the context
and the progress of design.

It should be noted here that each modal state (to-
gether with other modal states) constitute the “con-
text” of design, but also, the context in turn prescribes
each modal state. This “reciprocal relation” is very
important in ethnomodological approaches [8] where
this reciprocality is referred to as reflexivity and in-
dexicality.

In modal logics, each “possible world (state)” is
associated with “accessibility relations” towards and
from other possible worlds. We will regard each pos-
sible world as a modal state of an individual (even
though, they are different in conceptual levels which
may leads us to categorical mistakes). Also, the net-
work of these accessibility relations corresponds to the
manifold structure of these modal states, that is, the
modal currents.

Also, the modal logical frameworks have tight con-
nection with the Triple-layered modular architecture.
Actually, the coordination on level M (integration) is
tightly related to “deontic modalities”, and the coor-
dination on level B (behavior) will be naturally related
to “temporal modalities”.

The key issue in the modal design is the “logical
consistency” of these constituents. This is also re-
duced to a kind of reciprocal relations, that is, the
setting of each possible world such as the properties
holding there and the accessibility relations from and
towards it should be consistent with the setting of the
neighboring possible worlds.

Idealizing the situation, this reciprocal consistency
can be reduced to the above introduced notion of au-
toprescriptive set.

6 Conclusion

In this paper, we have introduced various novel no-
tions such as Modal Design and Autoprescriptive Sets.
These notions are utilized to extend our conceptual-
ization of life systems as multi-body modularized sym-
biotic architecture. Modal Design is used to design
these complex architectures, and the ways of solving
autoprescriptive set equations can be utilized for pro-
gressing actual processes of modal design.
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Abstract

Recently, reinforcement learning methods have been suc-
cessfully applied to various problems where latent rules
cannot be observed nor acquired manually. Q-learning is
one of the famous methods for reinforcement learning. One
of the simplest ways to estimate Q-values is to look up a
Q-table, but it cannot deal with continuous-valued inputs
and outputs. We have already proposed a framework of re-
inforcement learning with Condition Reduced Fuzzy Rules
(CRFRs) where Q-values are interpolated by fuzzy infer-
ence. In this paper, we apply Q-learning with CRFRs to a
boat racing problem. Through the analysis of the experi-
mental results, we show that the boat controller performs
well without dominant fuzzy rules which have extremely
high Q-value for selecting actions. We then will examine
this curious result with introducing the notion of “syn-
chronic firing structure” and that of “resonance between
agents and field”.

1 Introduction

Recently, reinforcement learning methods have been suc-
cessfully applied to various kinds of problems [1]. In this
learning framework, an agent tries to maximize the to-
tal amount of rewards which it receives from the envi-
ronment. Q-learning [2] is one of the widely-used rein-
forcement learning methods, which employs Q-functions
for evaluating condition/action pairs. One of the simplest
ways to implement a Q-function is to look up a Q-table.
Assume an environment that has n conditions for taking m
actions. Each cell of the n+m dimensional Q-table holds a
value of one of the conditions/actions pairs (Q-value). The
values are revised through the learning process. Q-table is
simple, but its size will explode when it is applied to prac-
tical problems in which continuous-valued conditions and
actions are involved. In addition, only a single cell of a
Q-table is revised at each time of learning, and hence we
cannot make good use of the continuity of condition/action
values.

We have already proposed a Fuzzy Interpolation-Based
Q-Learning which can deal with continuous inputs and out-
puts [3] and its improved version: Q-learning with Condi-
tion Reduced Fuzzy Rules (CRFRs) [4]. We applied Q-
learning with CRFRs to a boat controlling problem and
showed there are no dominant rules which have an ex-
tremely high Q-value. Through analyzing Q-values be-

range of input value

Q-table
(a (b)

Figure 1: Fuzzy interpolation

fore/after learning, we showed that only valid rules are
separated from a large amount of fuzzy rules and that those
sets of rules contributing to the action selection can be ex-
tracted [5] which can control the boat quit well without
dominant rules.

In this paper, we will introduce the notion of “a syn-
chronic firing structure” and the notion of “a resonance
between a rule set for agent and that for field”, and we
will show that each fuzzy rule has the characteristics of
either of the rule sets. We also discuss the way to inspect
how the knowledge of field and that of agent resonate with
each other.

2 Resonance between Agent and Field

2.1 Q-learning with Condition Reduced
Fuzzy Rules

Fuzzy inference has been successfully used to interpolate
values of Q-table [3]. This method estimates Q-values for
conditions/action pairs by fuzzy inference. The framework
of learning process is almost the same as the standard Q-
learning algorithm [2] except for the ways of (1) estimating
Q-values by using Takagi-Sugeno Model[6], of (2) selecting
an action, and of (3) revising the Q-value of cach fuzzy
rule.

We have proposed fuzzy inference with Condition Re-
duced Fuzzy Rules (CRFRs) and incorporate it to Q-
learning. The antecedent part of cach CRFR consists of
all the possible actions and the selected conditions and the
consequent part shows the Q-value of the rule. Table 1
shows the parameters for generating the initial fuzzy rules.
Let us assume that each condition and action involves fuzzy
sets and that their numbers are uniformly set to be Nf. Fig-
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Table 1: Parameters for generating initial fuzzy rules

Nc:  the total number of conditions

Nr:  the number of conditions which are included
in each CRFR

Na: the total number of actions

Nf:  the number of fuzzy sets
for each condition and action

Ng: the number of fuzzy sets having nonzero grades
for an arbitrary input

Table 2: Framework of Q-learning with CRFRs
1. Initialize C; (value of Q;)

2. Repeat forever

(a) Repeat T times

i. Assume (select) a set of actions by random.

ii. Calculate the grade of each rule (w;) under the
current conditions and assumed actions.
Matching grade w; of each fuzzy rule R; is given
by the algebraic product of the grades of its
antecedents.

iii. Estimate the Q-value for the current condi-
tions/actions pair, i.e.

Q= (), wiCi)/ (X, wi)-
(b) (after the second cycle)

i. Calculate AQ for the last
conditions/actions pair by the standard way of
Q-learning, i.e.,
AQ = afre + ymaxy Q(ze41,b) — Q(zr, ar)}.
ii. Distribute AQ to CRFRs so as to AC; be pro-
portional to w;, i.e.,

AC; = (Z]. ij,-AQ)/(Zj w;).

(c) Select one of the actions by roulette wheel selection
and execute it.

(d) Observe the next state and the reinforcement signal.

ure 1(b) shows the case Nf = 5, Ng = 2 and the way how
fuzzy membership function interpolates Q-tables shown in
Figure 1(a). In case of Nc + Na = 3 and Nf = 5, the nor-
mal form of fuzzy rules will be represented as the following
form:

if (.X1 is Plyl) A (X2 is P2y2) A (X3 is P3y3)
then(Q. = C.),

where P.,, Q. and C. denote fuzzy set, Q-variable and

its value, respectively. The combination of y1, y2 and y3
such that 1 < y1,y2,y3 < 5 yields 125 (=53) fuzzy rules.
On the other hand, in case of Nr+Na = 2, the CRFRs will
be given as

if (X1 is Py, ) A (X2 is Pay,) then (Qi=C),
if (X, is Pay,) A (X3 is P3y;) then (Qm = Chm),
if (.Yl is Plyl) A (X3 is P3y3) then (Qn = Cn),

where the total number of CRFRs is 75 (= 3 x 52). The
framework of Q-learning with CRFRs is shown in Table 2.

A

originl ‘space

/
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/

/ AN - /educed dimensional space

Figure 2: Conceptual image of synchronic firing structure

2.2 Separation of Behavior Modules

In the standard Q-learning, the controller learns Q-values
in a Nc¢ dimensional space, using all variables in the an-
tecedent part of fuzzy rules. In Q-learning with CRFRs,
the controller learns Q-values in ny.Cn. reduced dimen-
sional spaces (Nt dimensional conditions + Na dimen-
sional actions) [5]. Q-values in a Nc dimensional space
are estimated by fuzzy inference using backprojection of
NeCnr reduced dimensional spaces. Figure 2 illustrates a
conceptual image of learning Q-values in four “reduced di-
mensional spaces”. In Q-learning with CRFRs, the learn-
ing of Q-values proceeds on four planes rather than in the
original space. As fuzzy rules synchronically fire on the
four planes at each step, the actions for high Q-values are
selected stochastically. The learning process makes some
regions on the four planes emerge where fuzzy rules syn-
chronically fire.

2.3 Coupling of Agent and Field

Generally, it has been assumed that the learning proceeds
as “internal” process of an agent, and the environment is
only the object to be observed. On the other hand, from
the view point of Ecological Psychology [7], the relation-
ship between agent and environment forms “the structural
coupling” in natural way and invariants of the relation play
an important role of acquiring the so-called “affordance”.
Introducing this notion of Ecological Psychology, learning
is done in the process of coupling (meet) between agent
and environment. The field of the coupling means not only
the physical field (e.g. electric field, magnetic field, etc.)
but also the ecological field such as living space. From
this point of view, the coupling between “information for
agent” which agent can sense and “information for field”
is essential for reinforcement learning.

In the previous subsection, we discussed the learning
proceeds on the y.Cn, reduced dimensional spaces in Q-
learning with CRFRs. Here, we project the original high
dimensional space to only two kinds of spaces; one is the
space of information for agent and the other is the space of
information for field. In this case, learning is regarded as
forming a synchronically firing structure of “fuzzy rules for
agent” and “fuzzy rules for field”. In other words, learning
proceeds to form a kind of the resonance between “knowl-
edge of agent” and “knowledge of field”.

- 406 —



3 Experiment

3.1 Experimental Environment

| —fence
basg.frack
- distance between the boat

"0 _ |~ and local targets

turning
points

Figure 3: Experimental problem (boat racing track)

Figure 3 illustrates an experimental problem. Learning
methods in this case will yield rules for controlling boats
to go around the racing track. The state variables (condi-
tion for selecting an action) of this system are the current
location (z,y), the velocity (vs,vy), the direction (r) and
the angular velocity (w) of the boat, and the action is the
combination of “steering wheel (hdl)” operation and “ac-
celeration lever (acc)” operation. In this case, Nc = 6 and
Na = 2. States are calculated so as to make the time-
constant of the boat large, which makes the controlling of
the boat quite difficult.

Fuzzy membership functions are set as shown in Figure
1 (b). Rewards in this case are set to be inversely pro-
portional to the distance between the boat and the nearby
local target as shown in Figure 3, and each time a boat
collides with a fence, it will be penalized. Penalties are
given as rewards with a certain negative value.

3.2 Experimental results
3.2.1 Synchronic Firing Structure

Figure 4 shows the learning performance of Q-learning with
CRFRs. Figure 4 reveals that the result with CRFRs is
equivalent to or even better than those with the most de-
tailed rules (Nr = 6). In the case where Nr = 3, there are
20 (6C3) reduced dimensional spaces and Figure 5 shows
one of them. From this figure, we can see that there are
no dominant rules but that rules having high Q-values are
packed.

On the other hand, Figure 6 shows the distribution of
firing rules shaded by the value of matching grade x Q-
value at a certain step of driving the boat. From this fig-
ure, we can see that several rules synchronically fire on one
plane at each step. We confirmed that at each step of ac-
tion selection, a few rules synchronically fire on all planes.
This indicates that the area where rules synchronically fire
emerge on each plane through the learning process.

3.2.2 Separation of Rules for Agent and Field

In the previous subsection, Nc dimensional Q-value space
is projected to twenty planes, which are simply separated
according to the kind of variables of antecedent part of
fuzzy rules. In this section, we introduce the notion of
resonance between agents and field. That is to say, Nc
dimensional Q-value space is projected to only two planes
which govern the fuzzy rules for agents and that for field.

average lap time
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0 100 200 300 ile(ation (x 1,000)

Figure 4: Learning performance -
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Figure 5: Distribution of Q-values

Hence, we discuss a method to separate fuzzy rules into
two planes instead of twenty planes.

First of all, the agent of boat A learns the fuzzy rules
R,. Then, the agent of boat B which has a different time-
constant, begins learning by using fuzzy rules R4 as the ini-
tial fuzzy rules. After learning of agent B, the fuzzy rules
can be classified into the following four groups. Figure
7 shows an example of experimental results. First group
(Region I) means the set of fuzzy rules each of which gets
rewards through both learning processes for boats A and
B. Second group (Region II) means a set of fuzzy rules
that are penalized by both learning processes. These two
groups are independent of agent, and hence we call the
rules in these groups “rules for field”. On the other hand,
the rules in Regions III and IV are for the agent because
their utility are dependent on the agent. For example, the
rules in Region IIT are beneficial for controlling boat A, so
they get rewards but they are penalized through control-
ling boat B.

4 Discussion

In the previous chapter, through analyzing the Q-value of
each rule, we have shown that the boats can be controlled
by a synchronic firing structure of fuzzy rules. However,
there are so many firing rules that it is difficult to find out
overall structure of the resonance. A Q-value for taking an
action under a certain situation is calculated by Q-values
of many fuzzy rules. Thus, from a broad viewpoint, we will
discuss the way for categorizing parameters into two types
by using Q-values for taking actions. The one category
governs agents and the other governs the field. Usually,
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the probability of taking a set of action (act) is calculated
by

exp(Q(z, act)/T)
Zb exp(Q(z,b)/T)

In the case where a set of state parameters z can be clas-
sified into two types (say, Agent and Field), the left hand
side of the above equation can be transformed by using the
Bayse theorem P(c|8) = P(a, 8)/P(B) into

P(act, Agent | Field)
P(Agent | Field)

The denominator of this equation means that along with
the learning process, the probability of agent’s state is get-
ting deterministic under a certain state of the field. The
numerator of this equation can be interpreted as the same
way as the denominator.

P(act|z) =

P(act | Field, Agent) =

5 Conclusion

The “knowledge of agent” and “knowledge of field” corre-
spond to the modal state of individual (MSi) and cultural

modal state (MSc) in the multimodal framework (MMF
[8]) which is proposed in the researches on the social and
cultural anthropology. Originally, modal states are in-
troduced in order to escape from mind-body dichotomy.
Modal states can be thought of as providing a descrip-
tion of the semi-permanent currents or vortices. MSi (the
area of so-called “individual” and “body”) corresponds to
a pattern with particular ‘density’ or ‘intensity’ separated
out from the currents or vortices. The vortices denote ‘con-
nectedness’ among human beings or between human beings
and ecological system. MSc (the area of so-called “soci-
ety” and “culture”) cannot be explained by monoismistic
framework. It is a polymerization of some modal states
which synchronically compete and diachronically change
over. Here, “knowledge of field” and “knowledge of agent”
correspond to MSc and MSi respectively.

In this paper, we applied Q-learning with CRFRs to
a boat racing problem and explained the reason why the
agent can control the boat well without dominant rules for
selecting actions. Through analyzing Q-values of each rule,
we showed a synchronic firing structure of fuzzy rules and
categorized rules into “rules for agent” and “rules for field”.
Furthermore, based on the discussion of probabilities of
selecting actions, we introduced a novel point of view of
“resonance between agent and field”.
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Abstract

A human motion synthesizing system has been de-
veloped for generating various kinds of human motions
flexibly as 3 dimensional computer graphics in virtual
environment. This system is designed based on the
idea derived from the concept of affordance. The idea
is that the entire algorithms and the information nec-
essary for synthesizing a human motion should be com-
posed in the object database which is an archive for
the virtual object’s information. This design method-
ology makes it possible to make a new algorithm for
synthesizing a human motion available without recon-
structing the human motion synthesizing system. In
this paper, how to apply the concept of affordance to
design the human motion synthesizing system and the
overall configuration of the developed system are de-
scribed.

1 Introduction

The goal of this study is developing a new training
system which is realized by combining the Virtual Re-
ality (VR) technology and the Artificial Intelligence.
The authors call the training system ” Virtual Collab-
orator” and have made studies such as [2, 4]. - The
Virtual Collaborator provides an artificial instructor
who has a human-shaped body and can listen, talk,
think, behave and collaborate with real humans. The
artificial instructor helps a trainee learn complicated
tasks by instructing and demonstrating them in a vir-
tual space. In our previous study[2], a prototype Vir-
tual Collaborator has been developed in which the
artificial instructor can behave just like a plant op-
erator in the control room of nuclear power plant.
But some problems have arisen at developing the ad-
vanced Virtual Collaborator with which the trainee
can collaborate with the artificial instructor through
bi-directional communication[4].

Firstly, it is very difficult to synthesize various kinds
of the artificial instructor’s motions as 3 dimensional

computer graphics in real time. A human has a lot of
Joints such as neck, shoulder, elbow, wrist, waist etc.
and each joint has from one to three degrees of free-
dom (DOF). So a human has a large number of posture
variables. To synthesize the human motion, all of the
joint’s angles must be specified. Numerous algorithms
for synthesizing human motions can be found in litera-
ture, but all of them are limited to use for synthesizing
a particular motion. Therefore, to make it possible to
synthesize a new kind of human motion, a new algo-
rithm is needed to develop and to make it available.
On the other hand, it is impossible to prepare all the
algorithms necessary for synthesizing the artificial in-
structor’s motion by predicting which kinds of motion
will be necessary in the future. So it is inevitable to
develop a new algorithm whenever a new kind of hu-
man motion needs to be synthesized.

Secondly, it is very difficult to execute the training
simulation in real time, because the vast computation
load is required. To execute the training simulation, it
is necessary to synthesize the body motion of the arti-
ficial instructor, generate a virtual space as 3 dimen-
sional images and execute the human model simulator
as the artificial instructor’s brain.

In this study, to solve these problems, the authors
developed an Affordance based Human Motion Syn-
thesizing System (AHMSS) which is designed based
on the idea derived from the concept of affordance, in-
troduced by psychologist James Gibson[5]. In which
follows, described are how to apply the concept of af-
fordance to design a new human motion synthesizing
system and how to configure the whole-developed sys-
tem.

2 The concept of affordance and its ap-
plication for the system development

The conventional method of developing a system
using computer animation of virtual humans has been
a way like this; first what kinds of the virtual human’s
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motion should be synthesized for realizing the system
is decided, and then the algorithms and the data for
synthesizing those kinds of virtual human’s motion are
constructed into the system. This is the way that the
surrounding environment the virtual human is located
is decided first and then the knowledge about the en-
vironment is created and put into the virtual human
as the model of environment. Of course, even by this,
the virtual human can behave in accordance with the
knowledge about the environment. But it is very dif-
ficult to prepare all the knowledge in advance about
the environment the virtual human could be located
in the future.

As one solution to this problem, there is the con-
cept of affordance. The affordance was introduced by
psychologist James Gibson and he defined the affor-
dance as ”a specific combination of the properties of
substance and its surfaces taken with reference to an
animal.” According to this concept, an action of a hu-
man is triggered by the environment itself where the
human exists unlike the afore-mentioned way of inter-
pretation that the human would behave in accordance
with the model of the environment the human already
possesses in advance.

When this way of thinking would apply to the de-
velopment of the human motion synthesizing system,
the algorithms and the data for synthesizing the vir-
tual human’s motion should be composed not in the
virtual human’s brain but in the virtual objects lo-
cated in the virtual environment. And the algorithms
and the data should be transferred from the virtual
object to the synthesizing system at the time when
they become necessary.

For example, a floor affords ” walk-on-ability” to the
virtual human if the floor is large enough and smooth
enough. In this case, the algorithms and the data for
synthesizing the walking motion should be composed
not in the synthesizing system but in the database
which describes the information about the floor. In
other words, the necessary information for synthesiz-
ing the virtual human’s motion should not be com-
posed in the synthesizing system but in the database
which describes the information about the virtual ob-
jects such as the 3 dimensional shape, texture and so
on.

As mentioned above, by composing all the infor-
mation necessary for synthesizing the virtual human’s
motion into the virtual object, there are some advan-
tages as follows:

(1) Because it becomes possible that all the informa-
tion related to one virtual object could be put
together being separated from the other virtual

object, it is easy to add a virtual object into the
virtual environment.

(2) By editing the database for the virtual objects,
it is possible to make an algorithm for synthesiz-
ing the virtual human’s motion available without
reconstructing the system.

Based on the discussions mentioned above, the au-
thors make it the first policy of the system design that
the algorithms and the data necessary for synthesiz-
ing the virtual human’s motion are composed in the
database not for the virtual human but for the virtual
objects.

3 Requirements

In this chapter, the requirements the AHMSS
should satisfy as a system for synthesizing the vir-
tual human’s motion are described. In this study, in
consideration of the design principle derived from the
concept of affordance mentioned in chapter 2 and the
situation the AHMSS is used as a component of the
advanced Virtual Collaborator, the authors designed
the AHMSS to satisfy the following 4 requirements:

(1) Both of the virtual human’s motion and the vir-
tual object’s movement can be synthesized at the
same time.

To develop the advanced Virtual Collaborator as
a personalized interface, it is necessary for the ar-
tificial instructor not only to communicate with
real humans by gestures but also to manipulate
virtual objects with his both hands. So it is nec-
essary to synthesize not only the virtual human’s
motion but also the virtual object’s movement.

(2) It is possible to make a new algorithm available
for synthesizing the virtual human’s motion with-
out reconstructing the system.

In the AHMSS, as mentioned in chapter 2, the
information necessary for synthesizing the vir-
tual human’s motion is composed in the object
database for the virtual object which is the tar-
get of the virtual human’s motion. This system
structure makes it possible to add a new algo-
rithm to the AHMSS without reconstruction. But
there are a lot of cases where the same algorithm
or the same database is necessary for synthesizing
the different motions. Therefore, in this study, an
algorithm database which is an archive of the al-
gorithms is introduced into the AHMSS and only
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the name of the algorithm and the database for
synthesizing the virtual human’s motion is com-
posed in the object database.

(3) The users of the AHMSS indicate the kind of the
virtual human’s action via a terminal.

In the advanced Virtual Collaborator, the
AHMSS synthesizes the virtual human’s motion
in accordance with the indication of the Human
Model. But the Human Model has not been con-
structed yet, so the AHMSS is designed that the
indication to the virtual human is given from the
user via a terminal.

(4) The AHMSS can synthesize the virtual human’s
motion and the virtual object’s movement in real
time.

To realize the advanced Virtual Collaborator as
a personalized interface, it is necessary to update
the virtual environment fast enough so that the
user does not feel incongruous by looking the ar-
tificial instructor’s motion. In this study, the au-
thors designed the AHMSS to realize the paral-
lel and distributed processing by separating the
computational load into 3 processes of computa-
tion: the virtual human’s motion, the virtual ob-
ject’s movement and the generation of the 3 di-
mensional images of the virtual environment. In
the AHMSS, the 3 processes are executed on the
3 different workstations which are connected via
network.

4 System configuration

In this chapter, the configuration of the AHMSS is
described. As shown in Figure 1, the AHMSS consists
of 3 subsystems: Main Process, Virtual Space Infor-
mation Server, Virtual Space Drawing Process and 4
databases: Object Database, Human Database, Al-
gorithm Database for Human Motion Synthesis and
Algorithm Database for Object Movement Synthesis.
These subsystems are executed on three kinds of work-
stations: Server workstation, Main workstation and
Graphics workstation, which are connected via net-
work. The details of the subsystems and the databases
are explained below.

(1) Algorithm Database for Human Motion Synthesis
and Object Movement Synthesis

The Algorithm Database for Human Motion
Synthesis and Object Movement Synthesis are
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Figure 1: Configuration of the AHMSS.
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archives of the algorithms for synthesizing the
virtual human’s motion and the virtual object’s
movement respectively. These algorithms are de-
veloped as the programs which can be executed
on a unix workstation independently of the other
algorithms and subsystems. As the algorithms
for synthesizing the virtual human’s motion, the
algorithm ”grasp an object” and ”maintain a pos-
ture of the arm” have been developed besides the
algorithms explained as follows:

— Motion capture
This algorithm synthesizes the virtual hu-
man’s motion by using a sequence of human
postures obtained by measuring the motion
of a real human with 3 dimensional motion
capture system.

— Walking synthesis
This algorithm was originally developed by

the authors[3] and can synthesize walking
motion of arbitrary direction and distance.




(2)

— Spherical cubic interpolation (Key-framing)

This algorithm synthesizes the virtual hu-
man’s motion by the way that the motion is
recorded as a sequence of key-postures and
the computer reconstructs the motion by in-
terpolating intermediate postures from ap-
propriate key-postures.

Main Process

The Main Process consists of Command Interface,
Motion Mixer, Database Interface, Algorithm
Controller and Communication Interface. The
Main Process accepts commands from the user
via the Command Interface and selects appropri-
ate algorithms from the Algorithm Database in
accordance with the commands and starts the al-
gorithms as external processes. Then the neces-
sary information for synthesizing the virtual hu-
man’s motion and the virtual object’s movement
are sent to the processes via shared memory and
the calculation results are returned to the Main
Process. The Motion Mixer mixes two kinds of
the virtual human’s motions in accordance with
the prepared weighted average(1]. The Main Pro-
cess sends the results to the Virtual Space Infor-
mation Server.

Virtual Space Information Server

The Virtual Space Information Server manages
the information about virtual environment such
as the location and posture of the virtual human
and the location and orientation of the virtual
objects. The Virtual Space Information Server
sends these informations to the Main Process and
the Virtual Space Drawing Process by their re-
quests. And these informations are updated in
accordance with the calculation results from the
Main Process.

Virtual Space Drawing Process

The Virtual Space Drawing Process generates 3
dimensional images of the virtual human and the
virtual objects in real time in accordance with the
information about the location and posture of the
virtual human and the location and orientation of
the virtual objects from the Virtual Space Infor-
mation Server.

Object Database

The Object Database stores the information
about virtual objects located in the virtual en-
vironment. As shown in Figure 2, the Object

Virtual object ——— Name of the object

___ Information of

| Information of
the object's texture

the object's shape — Size, mass, etc.

| Name of the action 1 ____ Name of the algorithm for synthesizing
the object affords the motion of the virtual human
[ ] | Name of the algorithm for synthesizing
=X the movement of the virtual object
[ ]
L. Name of the database
® for synthesizing the motion

| Name of the action N —— Name of the algorithm for synthesizing
the object affords the motion of the virtual human

| Name of the algorithm for synthesizing
the movement of the virtual object

L Name of the database
for synthesizing the motion

Figure 2: The Structure of the Object Database.

(6)

Database includes various kinds of the informa-
tion about virtual objects such as virtual object’s
name, 3 dimensional shape, the action name the
virtual object affords, the algorithm name for syn-
thesizing the virtual human’s motion, the algo-
rithm name for synthesizing the virtual object’s
movement and so on.

Human Database

The Human Database stores the information
about the virtual human located in the virtual
environment, such as 3 dimensional shape of the
virtual human’s body, textures, the weight and
the length of the body parts and so on.

The procedure for synthesizing the virtual human’s
motion in accordance with the indications from the
user is shown in Figure 3 and summarized as follows:

Stepl

Step2

Step3

Step4

Step5

Step6

-412 -

The user allocates virtual objects and a virtual
human into the virtual environment.

The user indicates the virtual object which is the
target of the virtual human’s action.

The system searches the Object Database for the
indicated virtual object and shows a list of actions
the indicated object affords.

The user selects an action from the list of actions
and inputs the information necessary for synthe-
sizing the virtual human’s motion.

In the case of mixing two actions, repeat Step2, 3
and 4.

According to the indicated actions, appropri-
ate algorithms for synthesizing virtual human’s



Allocate virtual objects
and a virtual human

v

Indicate the virtual object &
which is the target of the action

v

Search the Object Database
for the indicated virtual object

v

Show a list of actions
the indicated object affords

L]

Select an action from the list
and input the detail information

No
All actions indicated?

Yes

Appropriate algorithms are started

v

The current posture of the virtual >

motion and the virtual object’s movement are
started. In the case of mixing two actions, 2 algo-
rithms for synthesizing the virtual human’s mo-
tion and 2 algorithms for synthesizing the virtual
object’s movement are started.

Step? The current posture of the virtual human is sent
to the started algorithms for synthesizing the vir-
tual human’s motion.

Step8 The started algorithms for synthesizing the vir-
tual human’s motion calculate one posture of the
virtual human.

Step9 In the case of mixing two actions, the results of
Step8 are sent to the Motion Mixer and two pos-
tures are mixed according to the weighted aver-
age.

Stepl0 The posture of the virtual human calculated in
Step8 or Step9 is sent to the started algorithms
for synthesizing the virtual objects’ movement.

Stepll The started algorithms for synthesizing the vir-
tual objects’ movement calculate the locations
and orientations of the virtual objects.

Step12 The results of Step10 and Stepll are sent to the
Virtual Space Information Server.

human is sent to the started algorithms

v

One posture of the virtual human

is calculated
Yes The Motion Mixer mixes
two calculated postures
No

The location and orientation of ————

the virtual objects are calculated

v

The calculation results are sent to
the Virtual Space Information Server

No

Stepl3 Repeat from Step?.

Figures 4 and 5 show the example motion synthesis
of the virtual human who picks up a cup while walking
and drinks water while walking respectively. In this
study, the AHMSS was implemented on a Linux Work-
station (Pentium III 700MHzx2) as the Main Worksta-
tion, a SGI Octane (R10000 250MHz) as the Graphics
Workstation and a SGI O2 (R10000 250MHz) as the
Server Workstation. As a result, it was confirmed that
the developed system satisfies all the requirements de-
scribed in chapter 3.

Action Complete?

Figure 3: The Procedure for Synthesizing the Virtual
Human’s Motion.

5 Concluding remark

In this study, an Affordance based Human Motion
Synthesizing System (AHMSS) has been developed
based on the idea derived from the concept of affor-
dance which is one of the important concept in the
field of cognitive science. The AHMSS was designed
so that the algorithm and the necessary information
for synthesizing the virtual human’s motion are com-
posed in the object database which is an archive for the
virtual object’s information. This design methodology
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4 5

Figure 4: The example snapshots of the virtual human
who opens a door.

makes it possible to add a new kind of the algorithm
for synthesizing the virtual human’s motion without
reconstructing the system.

For the future work, more algorithms for synthesiz-
ing the virtual human’s motion and the virtual object’s
movement should be developed because it is necessary
to synthesize more kinds of virtual human’s motions to
realize bi-directional communication between real and
virtual humans with the advanced Virtual Collabora-
tor. Moreover, the Graphical User Interface for editing
the object database and allocating virtual objects into
the virtual environment should be developed.
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Abstract

This paper presents a new style of human-robot collab-
oration in a teleoperating environment based upon their
mixed-initiative interactions, where both of them can have
the initiative to control the system depending on the situa-
tion while keeping their independence. In order to provide
with the naturalistic and intuitive relationship to the oper-
ator, our system allows the operator’s variable actions in-
cluding both the performatory and epistemic actions. The
interactions performed by the collaboration are analyzed
using Brunswik’s Lens Model, and the roles of mediating
environmental factors for the human-robot collaboration
are discussed.

1 Introduction

Autonomous systems such as nervous systems of bi-
ological systems can be characterized by their self-
organizing capabilities driven mainly by the internal
”coherence” produced by their internal mutual rela-
tions, rather than be described by inputs from an ex-
ternal environment [6]. In the conventional cybernet-
ics views, Environment has been regarded as sources of
perturbations, and the main goal of the desired system
has been thought as keeping a system’s stability by
protecting themselves by avoiding and isolating these
externally provided perturbations. On the other hand,
in living biological systems, such disturbances are es-
sential and are used as sources of creativity; living sys-
tems proactively form significant relations with those
through iterative and cyclic self-organizing processes
and by absorbing them within them.

In order to realize such a process, living systems
are endowed with the following characteristics: Plas-
ticity of structure and continuous production of vari-
able behaviors in reply to the change in environment.
At the same time, structure also has to have stabil-
ity of not being affected by such noisy changes in the
environment. This stability and plasticity are indeed
contradicting functions, but living biological systems
are actually realizing both of them by letting their sys-
tem components constitute organizational ”resources”
that either improve the overall order in the system by
joining some coherent ensembles, or degrade that or-
der by disengagement. As a result of this, partition-
ing and integration of various functions are realized.

Our main goal of this work is to design such a unique
process of living systems for maintaining internal co-
herence through continuous and dynamic productions
and diminishing of relations within human-robot inter-
actions.

For this purpose, we would like to stress the fol-
lowing two issues as distinguishing technical prob-
lems from the ones approached so far. One is ”co-
adaptation”, in which we have to acknowledge that
both the human autonomy and the machine auton-
omy like a robot should co-evolve, and both of them
should be co-adaptive to each other. The conven-
tional design principle for human-machine systems has
been regarded as optimizing the fixed, separated task-
allocation between the human-autonomy and the ma-
chine autonomy (i.e., automation). That is, the re-
lations between human and machine have been often
discussed as the relations between supervisor and su-
pervisee, and/or between teaching-signal provider and
obedient learner. In contrast to that, we would like
to shift our perspective towards how to maintain the
human commitment in the interactions with the target
systems and how to stimulate the human participation
within the loop of such interactions. The second issue
is on the interface design for the former goal. Human
actions or operations have been popularly analyzed by
the conventional studies of human interface, but most
of those works have assumed that the human user only
takes such intentional and/or purposive actions, and
discussions or analysis from the perspectives of more
global activities permitting a variability of operator ac-
tions such as epistemic actions was not done.

In the followings, we at first describe the charac-
teristic socialization process of the living system, and
would like to extend this principle to the design of
human-robot collaboration systems.

2 Biologically-Inspired Design
2.1 Co-Adaptation of Living Systems: Social-
ization Process

Due to the existence of the intentional others, any liv-
ing systems cannot completely control the results that
are brought about through the interactions with the ex-
ternal, while it gradually and continuously changes its
own self, not fixated. This is a ”socialization” process
in sociology. That is, by interacting with the others
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and reflecting on this experience, living systems recon-
struct a definition of the reality, which causes them be-
have differently and changes the interaction patterns.
This is iterated indefinitely, so the living system keeps
changing and produce a variability. What is impor-
tant here is not what will be acquired finally, but this
cyclic process per se is important. By iterating this
cycles, the living actor, which is equivalent to the per-
ceiver and the observer, comes to be embedded within
the real world, and what are acquired within the ac-
tor becomes grounded to the world. This is a general
learning model of observing systems, rather than ob-
served systems, and have a continuous self-production
process enabled by evolutional development through
its internally-inspired activities. Through such a bidi-
rectional socialization process, living systems come to
be engaged in perceiving and forming some a analogy
and/or morphology to the others, which is sometimes
called as a formation of social domain.

2.2 Epistemic Actions as a Social Act

Succeeding the above works, in this paper we present a
novel architecture for a robot teleoperation system that
is based upon the above mentioned socialization pro-
cess of living systems. In a teleoperating environment,
embedded autonomy in a remote system (i.e., a robot)
will be indeed an effective approach to improve the
overall system performance. In order to establish the
naturalistic collaboration between a human operator
and an autonomous robot, it is significant to consider
how to let them share their recognition of the situa-
tion and their intentions. Especially their interaction
and collaboration styles must be designed as coherent
with the way of human cognition. Human cognition per
se cannot be defined as closed within the individual’s
internal, but it must be shaped by the environment in-
cluding the collaborating partner, the external world
and the internal states of the self (i.e., distributed cog-
nition). From this perspective, the modeling approach
must deal not only with the isolated systems of the
human operator and the autonomous robot, but also
with the interactions made among them.

Concerning with the human cognition, the new as-
pect of action is recently focused. That is, action plays
not only a performatory role but also an epistemic or
knowledge-granting role. This proactive aspect of ac-
tion is necessary to the flexible and skillful performance
of a human in the complex world because it can be
the efficient strategy to reduce his/her cognitive bur-
den to infer. But in a conventional human-machine
system design, an operator’s action is extremely re-
stricted in the control loop of the highly automated
system for its stability, security, and so on. In order to
provide with the naturalistic and intuitive relationship
to the operator, the system should allow the opera-
tor’s variable actions including his/her epistemic ac-
tions. Based on the above ideas, we propose a new
style of human-robot collaboration in a teleoperating
environment based upon their mized-initiative inter-
actions, where both of them can have the initiative
to control the other depending on the situation while
keeping their independence.

In this paper, based on the above ideas, we propose
a new style of human-robot collaboration in a teleop-
erating environment based upon their mized-initiative
interactions [41], where both of them can have the initia-
tive to control the system depending on the situation

while keeping their independence.

3 Analysis of Robot Teleoperating En-
vironment

3.1 Lens Model as Analysis Method

Brunswik’s Lens Model [1] is a functional represen-
tation of human perception and judgment that can
describe their causal relationship without separating
his/her internal and external state. This property of
the model is important for us to model and analyze a
teleoperating environment as mentioned in the intro-
ductory section.

Achievement r,

Proximal Information

Judgment Distal Event

Criterion
Y.

Judgment

Cognitive Strategy Ecological Validity

Figure 1: Brunswik’s Lens Model.

Figure 1 shows the overview of this model. As
shown in the center and right side of the figure, the
task environment is described as consisting of three
elements in the model: a) prozimal information (or
cues) that can be directly perceived and measured by
a human; b) distal event that must be inferred based
on proximal information because it cannot be directly
perceived; and c) ecological validity that represents the
constraints between the values of proximal information
and distal event.

On the other hand, the left side of the figure de-
scribes the human judgment about the distal event.
This judgment is made on the basis of cognitive strategy
that expresses how he/she utilizes the proximal infor-
mation (X1, Xa,...,X,) to infer the distal event.

The cognitive strategy is represented as connections
between the proximal information and the judgment
as well as the ecological validity between the proximal
information and the distal event. Their weights (i.e.,
w, and w,) are usually regressed from an accumulated
data set of cues, the performer’s judgment, and the
actual environmental state. If the judgment achieves
to be successful, the weights of the cognitive strategy
will have the similar values of the ecological validity.
The correspondence between the judgment (Y;) and
the actual value of the distal event (or the criterion

Y.) is measured by the achievement parameter 7,. !
The Lens Model makes a distinction between prox-

imal and distal information only in human perception

(i.e., the proximal/distal structure of perception), so

lr, = 1 means the perfect match between Y; and Ye

- 416 -



[PP.PA] for Autonom P .
[P] for rator [DP. DA for Operator
terface
Operator . Robot
Judgment of ntion of Autonomy
: W L. Action
. Interaction loop Environment

S Perception
Intention of Operator O udgment of Autonomy

\ (PP.DA] for Autonomy

[DP. DA] for Autonomy [PP.PA/ for Operator

Figure 2: The analysis of a teleoperating environment.

Kirlik has proposed to add the proximal/distal struc-
ture of action into the Lens Model as his Generalized
Lens Model [3]. In this model, variables in the task en-
vironment are considered to be proximal or distal from
the perspective of action if the performer can directly
manipulate their values or not.

With. this extension of the model, variables in the
task environment can be classified into the following
four different types of information:

I [PP,PA]: a variable that is proximal for both per-
ception and action (i.e., proximal perception and
proximal action);

IT [PP,DAJ: a variable that is proximal for percep-
tion but distal for action (i.e., proximal percep-
tion and distal action);

III [DP,PA]: a variable that is distal for perception
but proximal for action (i.e., distal perception

and proximal action); and

IV [DP,DA]: a variable that is distal for both percep-
tion and action (i.e., distal perception and distal

action).

After this framework, we will classify the variables
concerning with the teleoperating task to analyze a
robot teleoperating environment.

3.2 Analysis of Robot Teleoperating Environ-
ment '

Figure 2 shows our analysis result of a teleoperating en-
vironment comprised of a human operator and an au-
tonomous robot. In their intent sharing, the intention
of the robot is a [DP,DA] variable for the operator, (the
upper lens model of the figure) as well as the intention
of the operator is [DP,DA] for the robot (the lower one
of the figure). In order to judge the robot’s intention,
the operator utilizes the information’s on the interface
devices that are [PP,DA] for him/her and [PP,PA] for
the robot as well as the robot does.

Through this interaction style, it is difficult to real-
ize the naturalistic and intuitive collaboration between
the operator and the robot due to the large time lag
as well as to the operator’s deliberative reasoning bur-
den because of the difficulty to associate his/her action

Interface

Operator Robot
Judgment of Opetn[ion of Autonomy
| % :

Interactimvz:f loop Interaction loop
|

|

Intention of Operator

Perception

Action
Mutual Constraint between
two [PP, PA] parameters Environment

for Operator and Autonomy

Figure 3: The collaboration style in our model.

with the changes of his/her perception responding to
it. Therefore it is necessary to design smaller and more
frequent interaction loops for the human-robot collab-
oration.

3.3 Collaboration Style Based upon Mixed-
Initiative Interactions

To realize the close human-robot interaction allow-
ing their epistemic actions, we propose to add the con-
straints of their action depending on their environmen-
tal state. Figure 3 summarizes this proposal. In this
model, there are mutual constraints between [PP,PA]
variables for the operator and for the robot, which are
enclosed by a broken line in the center of the figure.
The operator’s action to the system is restricted by
the intention of the robot while the robot’s action to
the system is restricted by the intention of the opera-
tor. Because of these constraints, the interaction loops
of both the operator and the robot may become smaller
than the case without the constraints as shown in Fig-
ure 3.

On the other hand, the final behaviors of the robot
itself only reflect the exchanges of the intentions of the
operator and the robot’s autonomy on the mutual con-
straints of variables. Hence, these constraints can be
considered as their shared communicational modalities
for their intent sharing. This style of interaction allows
both of them to keep their independence and have the
initiative to control the system depending on the situ-
ation (i.e., the mixed-initiative interactions).

4 Development of Robot Teleoperation
System

4.1 System Architecture

Figure 4 shows the architecture of the teleoperat-
ing environment we have developed. As a teleoper-
ated robot, we adopt ActivMedia’s PIONEER1 mobile
robot, which has a CCD camera capable of panning,
tilting and zooming (i.e., a PTZ camera), seven super
sonic range sensors, and a gripper in front of its body.
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Figure 4: Architecture of our robot teleoperation sys-
tem: (a) a system overview; (b) a look of our system;
and (c) PIONEERI mobile robot

This robot can measure the distances from obstacles
it by the super sonic range sensors, and can identify
one target object with its image processing of the real
image from the PTZ camera.

The operator manipulates the MICROSOFT Force
Feedback Pro joystick with a mechanism to generate
feedback force, controlling the robot on the basis of
the displdy information through a HMD (or a head-
mounted display). The display information consists of
the real image from the PTZ camera and the virtual
3D space representing the robot’s internal state. The
operator’s head movements are transformed into the
movements of the PTZ camera, that are monitored by
a motion capture device of QuickMAG system which
traces the movements of two color markers attached on
the top of the operator’s head. This mapping enables
the operator to deal with the operation of the PTZ
camera intuitively.

4.2 Robot’s Autonomy

We adopt a potential field method as the robot’s au-
tonomy producing the appropriate velocity and steer-
ing commands to navigate the robot. These two com-
mands are generated from the potential field that is
composed of repulsive forces from obstacles and an at-
tractant force from a target object, to avoid obstacles
and to move to the target object, both of which are de-
tected by robot’s machine-autonomy. Technical details
of this robot autonomy was published elsewhere [2].
With this autonomy, the robot can perform the sim-
ple behaviors of the collision avoidance and the target
pursuit without the operator’s intervention.

4.3 TForce-Feedback-Joystick as Shared Com-
municational Modality

The force-feedback-joystick in our teleoperation system
plays the most significant part, that is the shared com-
municational modality we mentioned in subsection 3.3.
The system is designed to enable the robot’s autonomy
to manipulate the stick using the feedback force pro-
portional to its internal potential field as well as the
operator.

The generated force can restrict the operator’s in-
put whose direction is opposite to it. On the other
hand, the operator’s resistance to this feedback does
force the robot’s autonomy to change the way to gen-
erate the potential field (i.e., the gain parameter of R).
Hence, both the operator and the autonomy can mu-
tually constraint each other’s action.

In order to realize their mixed-initiative interac-
tions, the velocity and steering commands to be com-
manded to the robot are given only by the input values
of the forward-backward axis and the right-left axis of
the stick respectively, that are the results of their in-
teractions through the joystick.

4.4 Display Information

As the display information to the operator, the virtual
3D space that expresses the robot’s internal state of
its environment recognition are displayed through the
HMD as well as the real image of the PTZ camera
(Figure 5).

f U T 4 A8, i Lo N | it ey

Figure 5: The display information.

5 Experiments

In order to evaluate our proposing system, we had ex-
periments to compare its performance with the one
of the conventional system. in Figure 2 (i.e., with no
force-feedback). The task is to navigate the robot
at the corridor environment (Figure 6). This task is
very hard without the support of the robot’s auton-
omy as the PTZ camera has the broad blind area that
makes the operator’s recognition of the environment
more difficult. In the experiments, a subject alter-
nately performs the trial with "no-force-feedbac ” and
with ”force-feedback” five times for each.

As the results of these experiments, Table 1 shows

the comparisons of performances in two different ex-

perimental settings. As for comparison, results of the
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Figure 6: A corridor environment for experiments.

I H MAN ] without MII l with MII ]

Psuc 0 0.4 0.4
T [seq] || 53.60 32.36 3541
Ts [sec] - 18.88 17.25
Tr sec] 53.60 41.35 30.85

New 1.2 3 1.33

Table 1: Comparisons of performances

trials made without any robot autonomy is also shown
(i.e., MAN in the table). Wherein, P, denotes a suc-
cess ratio of the trials, and T represents an averaged
time for execution. Ts and TF represent the averaged
execution time in successful trials and in failed trials
having collisions with the wall, respectively. INV.,, shows
the averaged number of motor stalls occurred in the
task execution. All of these indexes show our proposing
model with mixed initiative interactions has improved
the task performances in comparison with the other
two settings. These results can be considered as the
successful sharing of the recognition of the situation
between the operator and the robot.

Looking into the details of the experiment results,
in case of no-force-feedback (No-FF') we could observe
the operational errors due to fail in the awareness of
the autoncmy’s intervention (i.e., the overfull opera-
tion causing the robot stuck into the wall). On the
other hand, this problem is solved in our proposing
system as shown in Figure 7, where the feedback force
promotes the operator’s awareness of the autonomy’s
intervention, and their confliction brings their mutual
revision of actions, so that the appropriate control of
the robot’s behavior are generated.

6 Lens Model Analysis of Collabora-
tion

6.1 Modified Usage of Lens Model

To quantitatively evaluate the effectiveness of our
proposing method, we introduce Brunswik’s lens model
that is applied to the data gathered from the system in
use. Although the original lens model analyzes the de-
gree of coupling strength between the task environment
and the human judge, we modify such a usage into the
following. As for a construction of the ecological valid-
ity part of the model (i.e., right hand side of the model),
we gathered an operation history made by a proficient
operator with the robot autonomy off. Since such an

ACTUAL COMMAND

0
| OPERATOR
20 —

10 ———

STEERING [degree/sec]
o

AUTONOMY

TIME STEP

Figure 7: The improvement of the overfull operation

Vel [mm/sec]

SR

121 41 61 81 100 121 141 161 181 201 221 241 261 281 301 321

time step

Figure 8: Profiles of operation commands of transla-
tional velocity with their linear estimates.

operator has acquired enough skills and do not need
any aids from the machine autonomy, we can use the
knowhows used by this expert operator as a reference
model (i.e., a task model) for the lens model analysis.
As for the cues, we used two variables of current sta-
tus of the robot’s translational velocity and rotational
velocity in addition to seven variables each of which
corresponds to the readings of ultrasonic rage sensors
aligned in seven directions. Having regressed the lin-
ear model for two target variables of VEL and RVEL
from those data, we compared the outputs of the de-
rived model with the actual operation commands as
illustrated in Fig.8, which is for a variable VEL. This
demonstrates that the regression model quite well ex-
plains the performance of the expert’s.

Then, we built the left hand side of the lens model,
in which the human-robot collaborative performance
attained by our proposed architecture is evaluated.
The human operator here is a less skilled operator than
the former mentioned expert. As for comparison, we
gathered two kinds of data; one kind of the data is ob-
tained when our proposing architecture is used (with
MII), and the other is the one obtained without our
architecture in which the operator’s awareness on the
robot autonomy status is quite poor (without MII).
Among the repetitive iterations of the trials, we clas-
sify them into two groups; one is a class of successful
trials in which an operator does not let the robot col-
lide with the wall at all, and the other one is a class
of failed trials in which a robot collides with the wall
and the operation is resumed after recovering from the
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| [ Over | Orver |
without MII || 0.7370 | 0.8509
with MII 0.8969 | 0.8269

Table 2: Correlations between the linear models of the
task and of successful operation profiles

{ [ Over | Orver |
without MII || 0.7640 | 0.4297
with MII 0.7198 | 0.4478

Table 3: Correlations between the linear models of the
task and of failed operation profiles

collisions. For the latter class of data, we excluded the
subsequences of operations for recovery from the col-
lisions out of the entire history, and the rests of the
data were used for the analysis. The difference of the
two classes is that the class of success corresponds to
a history with well-trained situations for the operator,
while the class of failure corresponds to a history with
such less-trained, anomalous situations that may lead
to the unexpected collisions with the wall.

For those four kinds of data (i.e., success/failed
and with MII/without MII), we regressed the policies
adopted by the human-machine collaborative systems
as linear models relating among the cues and the sys-
tem’s output commands on VER and RV EL. Finally,
we calculated the correlations with the outputs of the
above-mentioned task model build from the expert and
the outputs of the regressed policies. These results ob-
tained from successful trials and from failed trials are
shown in Table 2 and Table 3, respectively.

6.2 Discussions

We can conclude from the above results as follows.
During the normal operations of success, the MII is
contributing well to the total performance, which is
verified from the fact that it reveals a higher corre-
lation with the expert’s performance with respect to
the variable VEL. So the robot autonomy is a good
support for the human autonomy. On the other hand,
in the abnormal operations of failure, the MII is not
contributing as expected, rather it degrades the col-
laborative performance (i.e., with a lower correlation
with the expert’s performance). This is a well-known
phenomenon called automation-induced surprises.
The difference of the collaborative performance be-
tween two target variables VER and RVEL can be
interpreted as follows. Collaboration is going distinc-
tively better for the target variable VER than RVEL.
VER is a variable of translational movements, while
RVEL is a variable of rotational movements. In our
experiment setting, an operator is allowed to use the
live video stream from the on board PTZ camera that
always captures the robot’s front scenes, but does not
capture the side views. With an aid of this, the opera-
tor can have good situation awareness on the status of
the robot with respect to its translational movements,

while he/she fails in keeping awareness on its rotational
movements of the robot.

Although the robot autonomy is equivalently func-
tioning both for the translational and rotational move-
ments and force feedback from the joystick is obtained
similarly, the restriction on the availability of visual
stimulus is causing the difference of the operator’s
awareness on the status of the robot autonomy, which
resulted in the difference of the collaborative perfor-
mance. This is verified by the fact that the correla-
tion values with the expert’s are totally low for RVEL
than VEL. The difference between the collaboration
performances with MII and without MII for the target
variable V EL demonstrates a general conclusion that
the collaboration between the human and the machine
autonomies is not good if the status of the robot auton-
omy is not in aware by the human. This is another im-
portant aspect of automation-induced surprises caused
by the black box of the machine autonomy.

7 Conclusions

We have developed a robot teleoperation system to
provide the naturalistic collaboration style between a
human operator and an autonomous robot, in which
shared communicational modalities contribute to their
intent sharing, allowing variability of their proactive
actions and their mixed-initiative interactions. The
lens model analysis was made for quantitatively evalu-
ating the collaborative performance. From the results
of experiments we also found that the existence of cues
on the status of the machine autonomy other than the
fed back force may affect on the performance of the col-
laboration (i.e., visual cues). To guarantee the usabil-
ity of the teleoperation systems, we have to extend our
analysis towards more formal analysis taking account
of the factors of mediating ecological environments and
towards evaluating degrees of intent-sharing between
human- and robot-autonomies.
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Abstract

This paper deals with a design of a control system
for a multipod robot based on CPG principle. Oscil-
lators are assigned at.each leg and drive the periodic
motion of legs: The phase of CPG is controlled by the
signal of touch sensor which is mounted at the tip of
the leg. It is confirmed through numerical simulation
that the robot changes its gait pattern adaptively to
variances of the environment.

1 Introduction

A walking robot is a robot with legs composed of
links. Using the legs, the walking robot can move on
a rough terrain and approach many locations. Then,
research on a walking robot is proceeding actively!.
Currently, control of locomotion of a walking robot is
studied under the-conditions that a desired gait-pat-
tern is given. At that time, the difficulty of control of a
walking robot is to control of many elements according
to the specified gait pattern. In the future, a walking
robot is to carry out a task in the real world, where
the geometric and kinematic conditions of the environ-
ment are not structured. At that time,-the difficulty
of control of a walking robot is not only to control of
many elements according to the specified gait pattern
but also to form a suitable gait pattern to a different
circumstance. A walking robot is required to realize
the real-time adaptability to a changing environment.

The walking: motion of an animal seems to offer a
solution to the problem; During a walking, a lot of
joints and muscles are organized into a collective unit
to be controlled as if it had fewer degrees of freedom
but to retain the necessary flexibility for a changing

environment?. It is widely believed that animal lo--
comotion is generated and controlled, in part, by a
central pattern generator (CPG)3. The CPG is a neu-
ronal ensemble capable of producing rhythmic output
in the absence of sensory feedback or brain input. The
CPG, while not requiring external control for their ba-
sic operation, is highly sensitive to sensory feedback
and external control from the brain. Sensory and de-
scending systems are crucially involved in makmg the
animal locomotion adaptive and stable.

A considerable amount of research has been done
on design of a control system for walking robot which
enables to adapt to variances of the environment based
on the CPG principle*~". M.A Lewis et al developed a
VLSI CPG Chip and 'using the chip, they implemented
experiments of control of an underactuated running
robotic leg; Periodic motion of the hip is.driven by an
oscillator, and then by controlling phase of oscillator
using sensor signal, they established a stable running
motion of the leg?. K.Akimoto et al designed a loco-
motion controller for hexapod robot by using CPG®.
Oscillators, which are assigned for each leg, drive the
periodic: motion of each leg. The phase of oscillator is
controlled by evaluating energy consumption of motors
at joints of the legs. By using this control system, they
realized a hexapod robot which can, change.the gait
pattern adaptively to the walking velocity. The au-
thors designed a control system for a quadruped robot
by using CPG principle®. Oscillators, which are as-
signed for each leg, drive the periodic motion of each
leg. The phase of oscillator is controlled by the signal
of touch sensor at the tip of the leg. We confirmed
through hardware experiment that the robot can walk
stably by changing its gait pattern adaptively to vari-
ances of the environment. In this paper, a control
system for a multipod robot based on CPG principle
is proposed. Oscillators are assigned at.each leg and
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they drive the periodic motion of legs. The phase of
oscillator is controlled by the signal of touch sensor at
the tip of the leg. Through numerical simulation, it
is confirmed that the robot changes its gait pattern
adaptively to variances of the environment.

2 Equations of Motion

Consider the multipod robot shown in Fig. 1, which
has five body modules and ten legs. Each leg is
composed of two links which are connected to each
other through a one degree of freedom (DOF) rota-
tional joint. Each leg is connected to the body mod-
ule through a one DOF rotational joint. The body
modules are connected to each other through a two
DOF rotational joint. The coordinate systems which
are fixed at an inertial space and the first body mod-
ule are defined as [a(~1)] = [a(l_l), ag—l), ag_l)] and
[@©®] = [a{?, al?, al], respectively. Axes a{™V
and ag_l) coincide with the nominal direction of loco-
motion and vertically upward direction, respectively.
Body modules are numbered from 1 to 5 and legs of
each module are labeled as leg 1 for the left one and leg
2 for the right one, as shown in Fig. 1. The joints of
each leg are numbered as joint 1 and 2 from the body
module toward the tip of the leg. The position vector
from the origin of Ja(‘l)] to the origin of [a(?)] is de-
noted by 7(®©) = [a(=D]r(®), The angular velocity vec-
tor of [a(?)] to [@(~1)] is denoted by w(® = [a(®]w(®).
We define BEO) (:=1, 2, 3) as the components of 1-
2-3 Euler angle from [a(~V)] to [a(?)]. We also define
05:’1 ) as the joint angle of link k of leg j of module

7 and OS,J;)(m = 1,2) as the angles between the body
modules j and 7 — 1.

Fig. 1: Schematic model of a multipod robot

The state variable is defined as follows;

F=[rQ a0 6 o] W

i=1,"‘,5, j=2a"'a57
k,1=1,2 m=123

Equations of motion for state variable g are derived
using Lagrange equations as follows;

Mi+H(g, =G+ (i) +A (2

where M is the generalized mass matrix and H(g, ¢) is
the nonlinear term which includes Coriolis forces and
centrifugal forces. G is the gravity term and Z(T,E”] )
is the input torque of the actuator at joint k of leg j of
module i. A is the reaction force from the ground at
the point where the tip of the leg makes contact. We
assume that there is no slip between the tips of the
legs and the ground.

3 Locomotion control

The architecture of the proposed control system is
shown in Fig. 2; The control system is composed of
leg motion controllers and a gait pattern controller.
The leg motion controllers drive all the joint actua-
tors of the legs so as to realize the desired motions
that are generated by the gait pattern controller. The
gait pattern controller involves non linear oscillators
corresponding to each leg. The gait pattern controller
receives the feedback signals from the touch sensors at
the tips of the legs. A gait pattern emerges through
modulation of the phases of the oscillators with the
feedback signals from the touch sensors. The gener-
ated gait pattern is given to the leg motion controller
as the commanded signal.

@] oo

Gait pattern
™ controller

Leg motion
controller

@ [ X X J @

Signal of the
touch sensor

Fig. 2: Architecture of the proposed controller
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3.1 Design of gait

Oscillator (7, k) is assigned on leg k of module i. The
state of the oscillator (¢, k) is expressed as follows;

28) = exp(j ¢**) 3

where 2(*%) is a complex variable representing the
state of the oscillator, ¢(**) is the phase of the os-
cillator and j is the imaginary unit.

We design the nominal trajectories of the tips of
the legs as follows; We define the position of the tip of
the leg where the transition from the swinging stage to
the supporting stage as the anterior extreme position
(AEP) and the position where the transition from the
supporting stage to the swinging stage as the posterior
extreme position (PEP) and then define the nominal
PEP, 7(%/) and the nominal AEP, #%7) in the coor-
dinate system [a(?)] where the index # indicates the
nominal value. We set the nominal trajectory for the
swinging stage, 1“2}’ ) as a closed curve which involves
the points fﬁ;’f ) and 'Fg’}’f ), and the nominal trajectory
for the supporting stage, fffsj ) as a straight line which
also involves the points 7} and #{%/). On the other
hand, the nominal phase dynamics of the oscillator is
defined as follows;

2 (4.5)

=w (4)

The nominal phases at AEP and PEP are deter-
mined as follows;

¢ = §07)  at AEP, 449 =0 at PEP (5)
The nominal trajectories fﬁ’gj ) and f‘(fs’j ) are given

as functions of the phase ¢(i7) of the oscillator as

) = 9 (gi)) (6)
,;“(31:9,]) — fgg])(qs(iyj)) (7)

Using these two trajectories alternatively we design

the nominal trajectory of the tip of the leg fc(ei’j)(é(i’j))
as follows( Fig. 3 );

A(4,5) ( 2(4,5) 2(4,5)  a(63)
e Top (#17)) 0< o) < ¢
71£1,J)(¢(17J)) = F . o A A (8)
;ggﬂ)@(i,j)) ¢(:a) < 46D < 27
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Trajectory for Trajectory for
swinging stage supporting stage
3 N [

A(4,9)
TeA

N

Trajectory of the tip
of the leg

Fig. 3: Nominal trajectory of the tip of the leg

The nominal duty ratio 3(%%) for leg j of module i
is defined to represent the ratio between the nominal
time for the supporting stage and the period of one
cycle of the nominal locomotion.

Bl =1 — _S‘:_Ji (9)
2w

The nominal strideS(*7) of leg j of module i and the
nominal locomotion velocity ¥ are given as follows;

§Gid)

S‘(iyj) = "(ivj) — *(ivj) - —
Tea T BT

) v =

where, T' is the nominal time period for a locomo-
tion cycle.

The gait patterns are defined as the relationships
between motions of the legs. There are many gait pat-
terns of the multipod robot. Suppose that the motion
of legs of each module are in the same phase. One of
the typical gait patterns is the pattern in which all of
the phase relation between the legs of the neighboring
two module are same (gait pattern #1). This pattern
is called metachronal gait in the case of walking in-
sect. In this pattern, the wave of swing stages moves
from rear to front. Another typical gait pattern is a
pattern in which some of the legs moves in the same
phase (gait pattern #2). This pattern is called tripod
gait in the case of walking insect.

Figure 4 shows the gait pattern diagrams of gait
pattern #1 and #2 where the thick solid lines rep-
resent supporting stages. In general, each pattern is



represented by a corresponding matrix of phase differ-
ences I';; ;5 as follows;

qg(z J') — ¢(w) + Tyir (11)

where T';; j;+ is a phase difference of oscillator (%, 7)
and oscillator (¢, j°).

3 o I ] I L-——i
I [ —
N | L
o I e ey
N | 1 ] 1
Gait pattern #1
1 ] ] ] ]
> | | | |
3 | ] | |
o I e e
N 1 | | |

Gait pattern #2
Fig. 4: Gait patterns

3.2 Control of gait

(i) Leg motion controller

The angle: éy’j )
derived from the trajectory f“gl’J)(qAS(i’j)) and is written

as a function of phase $(49) as follows;

ég,j) _ éﬁf’j)(q;(i’j)) (12)

of joint k of leg j of module ¢ is

The commanded torque at each joint of the leg is
obtained by using local PD feedback control as follows;

(w) _ K(h])(@ i,7) 0(21 )+K(l’])(9k 9£i’j))(13)

(i=1,---,54,k=1,2)

where T,ﬁi’j ) is the actuator torque at joint k of leg j

of module ¢, and K K g}cj) are the feedback gains,
the values of which are common to all joints in all legs.

(i1) Gait pattern controller
We design the phase dynamics of oscillator z as fol-
lows;

P =wt g™ (i=1, -, 55=12) (14)

where ¢(*7) is the term caused by the feedback signal
of the touch sensors of the legs.

Function ¢(*7) is designed in the following way:
Suppose that ¢(Z’J) is the phase of leg 7 at the instant

when leg ¢ touches the ground Similarly, 7, ) is the
position of leg j of module 7 at that mstance When
leg i touches the ground, the following procedure is
undertaken.

1. Change the phase of the oscillator for leg j of
module ¢ from ¢(”] to ¢(g’]).

2. Alter the nominal trajectory of the tip of leg ¢

from the swinging trajectory 7, 7 ’J) to the support-

ing trajectory r( ])

3. Replace parameter fii’aj ), that is one of the param-

eters of the nominal trajectory ris’]), with r ])

Then, function g(*?) is given as follows:
g0 = gl _ gl (15)
at the instant leg 7 of module ¢

touches the ground

As a result, the oscillators form a dynamic system
that affect each other through the pulse-like interac-
tions caused by the feedback signals from the touch
sensor. Through the interaction, the oscillators gen-
erate gait patterns adaptive to the changing environ-
ment.

4 Numerical Analysis

Dynamic properties of the designed legged robot is
investigated through numerical simulation. Purpose of
the analysis is to verify that gait patterns adapted to
the variances of the environment can emerge by using
Eq. (14); That is to verify that oscillators which inter-
act through only the feedback signals from the touch
sensors at the tips of the legs can form a pattern of
phase difference adapted to the variances of the envi-
ronment. Physical parameters of the robot is shown
in Table 1.

Table 1
Body module
Width 0.13 | [m]
Length 0.14 | [m]
Height 0.08 | [m]
Total Mass 8.0 | [kg]
TLegs

Length of link 1 | 0.075 | [m] |
Length of link 2 | 0.075 | [m]
Mass of link 1 0.20 | [kg]
{ Mass of link 2 0.10 | [kg]
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Walking velocity (parameter 3) is selected as a pa-
rameter of variance of the environment. Initial condi-
tions are given as follows; A couple of oscillators on
each module are in the same phase and the phase dif-
ferences between every neighboring two modules are
all same. Each value of the joint angle of th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>