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Summary

Objective: Living organisms have mechanisms to adapt to various conditions of
external environments. If we can realize these mechanisms on the computer, it
may be possible to apply methods of biological and biomimetic adaptation to the
engineering of artificial machines. This paper focuses on the nematode Caenorhab-
ditis elegans (C. elegans), which has a relatively simple structure and is one of the
most studied multicellular organisms. We aim to develop its computer model,
artificial C. elegans, to analyze control mechanisms with respect to motion. Although
C. elegans processes many kinds of external stimuli, we focused on gentle touch
stimulation.

Methods: The proposed model consists of a neuronal circuit model for motor control
that responds to gentle touch stimuli and a kinematic model of the body for move-
ment. All parameters included in the neuronal circuit model are adjusted by using the
real-coded genetic algorithm. Also, the neuronal oscillator model is employed in the
body model to generate the sinusoidal movement. The motion velocity of the body
model is controlled by the neuronal circuit model so as to correspond to the touch
stimuli that are received in sensory neurons.

Conclusion: The computer simulations confirmed that the proposed model is capable
of realizing motor control similar to that of the actual organism qualitatively. By using
the artificial organism it may be possible to clarify or predict some characteristics that
cannot be measured in actual experiments. With the recent development of computer
technology, such a computational analysis becomes a real possibility. The artificial C.
elegans will contribute for studies in experimental biology in future, although it is still
developing at present.
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1. Introduction

Living organisms such as human beings have
mechanisms to adapt to various conditions of exter-
nal environments. In the field of molecular biology,
one research strategy uses comparatively simple
organisms to analyze complicated organisms in
detail. A gene that has an important function in
the nervous system, for example, was identified in
human beings after being discovered in nematodes,
and the effectiveness of the analysis of simple
organisms is widely recognized. However, despite
the experimental techniques of biology, even the
simple nematode has never been fully clarified. In
recent years, a new approach for analyzing func-
tional mechanisms of living organisms has been
proposed, in which a computer simulation of a
mathematical model is fully utilized [1]. Using an
artificial organism instead of the corresponding
actual organism makes it possible to change envir-
onmental conditions easily and to analyze behavior
repeatedly under the same conditions. If the
experimental results of an actual organism can be
approximated with high precision by an artificial
organism, experiments with the insistent necessity
can be selectively done. Also, by using the artificial
organism it may be possible to clarify some char-
acteristics that cannot be measured in actual
experiments.

Our group has developed computer models of two
kinds of unicellular organisms, colibacillus and para-
mecium, based on knowledge of both biology and
engineering [2,3]. By using these models, we were
able to simulate the adaptive behavior of unicellular
organisms. In addition, we confirmed that mobile
robots can be controlled by these model based on
the mechanisms of unicellular organisms [4—6].
Therefore, computer models of organisms are not
only useful in biology, but can also be applied in
engineering. If models of higher organisms can be
constructed, the capability and usefulness of com-
puter modeling will increase dramatically.

This study deals with multicellular organisms as
the next step in the above-mentioned approach.
Among multicellular organisms, we focused on Cae-
norhabditis elegans to model a series of mechanisms
from the processing of stimulation information to
representation of the behavior. By using such a
model, the behavior of an actual organism is repro-
duced on the computer. The multicellular organism
differs mainly from the unicellular organism in that
it processes information by using neuronal circuits,
in addition to a difference in the number of cells. All
neuronal cells (neurons) of C. elegans have been
identified and the connections have been approxi-
mately clarified [7].

These data have been gathered by Dr. Kawa-
mura’s group as a database [8] in a form that is
easy for engineers to understand and is widely
available to the public [9]. Therefore, several com-
puter models of the neuronal circuit of C. elegans
based on such biological data have been proposed in
recent years [8,10—14]. On the other hand, much
interest is centered on the control of movement by
C. elegans, which uses only four muscles (Fig. 1 (b))
to realize various movements, as shown in Fig. 2,
and several body models for motion control have
been proposed [15,16].

The computer models of C. elegans can be clas-
sified into three main groups: (i) one that aimed only
at understanding the processing of stimulation
information in the neuronal circuit and tried to
determine the flow of information processing in
detail [8,10,11,13,14], (ii) one that examined only
the movement of muscles and tried to express the
muscles for motion generation in detail [15,16] and
(iii) one that tried to integrate the flow series from
reception of the stimulation to motion generation in
a very simplified form [12]. However, a model that
aims only at limited functions like (i) or (ii) cannot
express a series of mechanisms from the reception
of stimuli to the generation of motion specifically,
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Figure 1 The structure of C. elegans (revised from the
figure in [7]).
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(a) Forward and backward motion

(b) Rest

(c) Omega type turn

(d) Coil type turn

Figure 2 Motion patterns of C. elegans.

and it is impossible to connect the models of (i) and
(ii) to construct a whole body integration model
because each model was produced separately. In
addition, a very simplified model like (iii) imitates
only an apparent aspect in the phenomenon of an
organism. It is insufficient to explain a phenom-
enon that actually occurs inside an organism.
Therefore, the representation of the actual
response that controls a motion according to the
stimuli based on the outputs of the neuronal circuit
has not been accomplished by the models that
were proposed so far.

In this study, we developed both a neuronal
circuit model for touch stimulation and a kinematic
model of the body, and constructed a whole body
model of C. elegans by integrating the two models,
which are capable of reproducing a flow series from
the reception of stimulation to the generation of
motion. Although C. elegans processes many kinds of
external stimuli, we focused on gentle touch stimu-
lation, and the effectiveness of our model is dis-
cussed through the simulation results.

2. Nervous system and motion of C.
elegans

C. elegans (a non-parasitic soil nematode) has a
simple cylindrical body whose length is about
1.2 mm. In the laboratory, they are fed E. coli on
agar and generally breed at 20 °C. The body is
composed of 959 cells and has fundamental organs
such as a hypodermis, muscles, alimentary canal
and nervous system (Fig. 1) [17]. The body muscu-
lature consists of four quadrants of striated muscles.

Each quadrant co-nsists of two closely apposed rows
of muscle cells [7].

In 1986 White et al. published a neuronal circuit
map that includes 302 neurons, about 5000 chemical
synaptic connections, about 600 gap junctions and
about 2000 connections between neurons and mus-
cles [7]. The neuronal circuit processes information
from various kinds of stimuli inside and outside the
body, and produces motion appropriate to each
stimulus, for example, avoiding obstacles or repel-
lent chemicals. These neurons are classified into
three main groups by function: sensory neurons,
interneurons and motoneurons. The sensory neurons
detect external stimuli first, and then the inter-
neurons process information from the stimuli.
Finally, the motoneurons control the muscles on
the basis of signals from the interneurons. These
neuronal circuits play an important role in sensing,
information processing and motor control. In addi-
tion to transient responses, C. elegans has the cap-
ability to learn some environmental information
[18].

C. elegans moves sideways and sinuously like a
snake. As shown in Fig. 2, there are five patterns of
motion: forward and backward motion, rest, the
omega type turn and the coil type turn. C. elegans
chooses a suitable motion from these patterns in its
search for food. Fig. 2(a) shows the posture of
forward or backward motion. From the figure, it
can be seen that the motion is achieved by wriggling
the body in sinusoidal waves. The rest posture shown
in Fig. 2(b) is led by a kink in the tail. The omega
type turn is the distinguishing feature in the move-
ments of C. elegans. As shown in Fig. 2(c), the body
usually executes an ““ ) shape on agar. The coil
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type turn, in which the body forms a flat spiral,
shown in Fig. 2(d), occurs typically in water. C.
elegans always moves forward, and the pattern of
motion is changed spontaneously or by external
stimuli. These movements are controlled by the
motoneurons in the head ganglion and the ventral
cord. In addition, it has been reported that the
motoneurons in the ventral cord play an important
role in motion.

3. Neuronal circuit model

The connection and feature of each neuron of C.
elegans are shown in literature by White et al. in
1986 [7]. Also, information about the neurons con-
cerned with response of touch stimulation is conver-
santly explained in Refs. [17,19]. We extracted the
neurons and the connections concerned with touch
stimulation based on the references. Therefore the
circuit dealt in this paper is sufficient for response of
touch stimulation, although there is the possibility
that it contains the connections which do not concern
with touch stimulation. In the neuronal circuit model,
we aimed to represent the response of C. elegans to
touch stimuli and realize its motor control by using
outputs from the model on a computer.

3.1. Neuronal circuit model for gentle
touch stimulation

When C. elegans receives gentle touch stimulation
on the anterior part of the body, it moves backward,
and it also moves forward when stimulated on the
posterior part of the body. Gentle touch stimulation
on the anterior part of the body is received by three
sensory neurons: ALML, ALMR and AVM. Similarly,
gentle touch stimulation on the posterior part of the
body is received by PLML, PLMR and PVM. The
positions of these sensory neurons are shown in
Fig. 3 [7,17-20].

Although C. elegans also moves backward when it
receives touch stimulation on the top of the head,
the response is not dealt in this paper because we
focus on only gentle touch stimulation. The sensory
neuron which receives the touch stimulation on top
of the head is ASH, and this neuron also receives
chemical stimulation [17,18]. In modeling ASH, both
the chemical and touch stimuli must be considered.
However, it is not easy to determine the character-
istics of ASH because the details of the mechanism
which recieves two kinds of stimulation has not been
identified so far. Future research will be directed at
dealing with chemical stimulation as well as touch
stimulation.

ALMR PLMR )
Head EVM Tail
AVM PLML
ALML

Figure 3 Sensory neurons for touch stimuli.

The proposed neuronal circuit model of C. ele-
gans for gentle touch stimuli is shown in Fig. 4. In the
figure, six sensory neurons are shown as rectangles,
10 interneurons as hexagons and two motoneurons
as circles. Each neuron is treated as the nth neuron
Hn(n=1,2,...,18) in this paper. Furthermore,
since some parts of the connections with respect
to PLM(L/R) and PVM have never been clarified, the
connections are determined according to those of
ALM(L/R) and AVM.

The movement of C. elegans is controlled by 50
motoneurons that can be classfied into five groups :

DB(1,2,...,7) which controls the muscles on the
dorsal side of the body in forward motion,
VB(1,2,...,11) which controls the muscles on the

ventral side of the body in forward motion,
DA(1,2,...,9) which controls the muscles on the
dorsal side of the body in backward motion, and
VA(1,2,...,12) and AS(1,2,...,11) which control
the muscles on the ventral side of the body in
backward motion [17,18,20]. The neurons for for-
ward motion are represented simply as a neuron,
motoP (H¢7), and the ones for backward motion as
motoA (Hqg), in order to confirm that the neuronal
circuit model realizes control of forward and back-
ward motion according to the position of touch
stimuli in this study.

The details of the neuron model is described in
the next subsection.

Anterior touch Posterior touch

I, I, Iy 1 Is 1
Sensory ALML| |ALMR AVM PVM ‘ PLML| |PLMR
neuron 1 2 ) 4 S 6
PVCL PVCR]| [ AVDL AVDR LUAL LUAR
7 8 9 1 11 12
Interneuron
AVBL AVBR AVAL VAR
13 14 15 16
Motoneuron motol motoA’
17 18
Forward motion Backward motion

—— Synaptic connection
4—& Gap junction

Figure 4 Neuronal circuit model for touch stimuli.



A model of motor control of the nematode C. elegans with neuronal circuits 79

3.2. Description of the characteristics of
neurons

The sensory neurons ALML and ALMR receive gentle
touch stimuli on the anterior part of the body. In
particular, ALML receives stimuli on the left side and
ALMR on the right side. Similarly, PLML and PLMR
receive gentle touch stimuli on the posterior part of
the body. Furthermore, AVM and PVM receive gentle
touch stimuli on anterior and posterior parts of the
body, respectively. These neurons are considered to
have some or no involvement with reception of
gentle touch stimuli. The six sensory neurons
(Fig. 3) are different from each other in position
and sensitivity to stimulation reception. These dif-
ferences must be considered in the modeling of each
neuron. The model supposes that the outputs of
ALM(L/R) and PLM(L/R), On(n=1,2,5,6), do not
react linearly to the strength of the stimulation,
according to the general characteristics of neurons
[21,22], and they are expressed by the following
equation based on a neuron model [23]:

1 4e(—an(ly —bp))’

O (1)

where a,, is an inclination with output function, by,
the value of the stimulation input at which the
output of the neuron takes a central value, and ¢,
isagain (0 < ¢, < 1) to the output and is equivalent
to the stimulation reception sensitivity. Touch sti-
mulation inputs I, to ALM(L/R) and PLM(L/R) are the
stepless inputs of the range of (0, 1) which quantifies
the strength of the stimulation. Therefore, O, out-
puts the continuation value of (0, 1) which is normal-
ized by the maximum output from the actual
neuron. Since cases in which gentle touch stimuli
are given to both anterior and posterior parts of the
body at the same time are uncommon, such a case is
not considered in this paper. It is assumed that
ALM(L/R) and PLM(L/R) have the same character-
istic, and the parameters included in Eq. (1) are set
asa,=15b,=06andc,=1(n=1,2,5,6) based
on the references giving data on the neuronal char-
acteristics of higher organisms [21,22]. Further-
more, the model considers the characteristics of
the actual C. elegans, and it enters stimulation
inputs to AVM and PVM as averages of ALML and
ALMR and averages of PLML and PLMR, respectively,
and it makes reception sensitivity 1/2 of ALM(L/R)
and PLM(L/R).

The output characteristics of six sensory neurons
are shown in Fig. 5. The output characteristics of
interneurons are also represented by Eq. (1). The
input I,(n=7,8,...,16) to the interneuron H, is the
sum of a value that multiplies the connection weight

ZALM(L/R)
: - PLM(L/R)

05 r

On

0 0.25 0.5 0.75 1.0
In

Figure 5 Characteristics of sensory neurons.

by the output of the connected neuron H;, for
example, I is calculated by the following equation:

17 = w1701 + w3703 + w4704 + Wg 705 + 95703,
(2)

where w;, and gn, are the connection weights of
synaptic connections (one-way) and gap junctions
(interactive), respectively (Wj,#Wpj, and gmp =
gn,m)-

The motoneurons, motoA and motoP, are neurons
that fire when gentle touch stimuli are given to
anterior and posterior parts of the body, respec-
tively. These output characteristics, O3 and Oy7,
are set as to have the same characteristics of ALM(L/
R) and PLM(L/R), and fire corresponding to the
strength of the touch stimulation.

In this section, the proposed neuronal circuit
model for gentle touch stimulation was explained.

4. Body model

To reproduce forward and backward motion in
response to gentle touch stimulation by the output
signals from the neuronal circuit model described in
Section 3, a body model of C. elegans was devel-
oped. The body musculature consists of four quad-
rants of striated muscles, and the body-wall muscles
are inside the body (Fig. 1(b)). Each quadrant con-
sists of two closely apposed rows of muscle cells
[7,17], and sinusoidal motion is achieved by rhyth-
mical dorso-ventral flexures of these muscles [7].
Neuronal control of the body-wall muscles for such
sinusoidal motion is divided into 12 parts. There-
fore, in this paper, the body-wall muscles of C.
elegans are expressed by a multi-joint rigid link
model with 12 joints in two-dimensional space, as
shown in Fig. 6. Since the 50 motoneurons involved
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Figure 6 The rigid-link body model of C. elegans.

with motion are simplified to two motoneurons in
Section 2, only the direction of the motion (forward
or backward) and the velocity are controlled by
using the outputs of motoneurons included in the
neuronal circuit model.

The head position in forward motion and the tail
position in backward motion are calculated by using
the velocities, v¢ and v, respectively. The head
position in forward motion can be given by:

dx; dys .
E—vfcose17 E—stmeh (3)

where 64 corresponds to the current direction of the
head. In this paper, it is assumed that the velocities
of forward and backward motion, v; and v, are
controlled by the strength of stimulatory inputs.
Thus, the velocities, v¢ and v, are given by the
following equations using the outputs of motoneur-
ons, 047 and Oqg:

Vi = 017(Vr[nax — V?t) =+ VfSt, Vp = 018vlr)nax (4)
where v and v{"® are the maximum velocities of
forward and backward motion, respectively.
Furthermore, since C. elegans ordinarily moves for-
ward, v¢ includes this velocity as vit. Then, the
positions (x;,y;) of the ith joint (i=2,3,...,12)
are calculated by:

Xi = Xj_1 — l;cos 6;_4, Vi=Vi1—Llisin6i_4, (5)

where [; denotes the link length, as shown in Fig. 6.
0;(i=12,3,...,12)is the joint angle to the (i — 1)th
link (-7 < 9; < = (rad)).

Let us consider with controlling each joint angle
respectively here by using one pair of neuronal
oscillators. In this model, one pair of neuronal
oscillators are set on the dorsal and ventral sides
of each joint, and muscles are controlled by the
output states of the neuronal oscillators, M; and
M;j_1. The ith joint angle 6; (i=1,2,...,12) is
expressed by using M; and M;_; as follows:

%:a,-(Mj—MH) (i=1,2,...,12; j=2i), (6)
where «; is the positive constant (—7 < o < 7 (rad/
s)) which is equivalent to the angular velocity gain.
The subscripts, j and j — 1, show the number of the
neuronal oscillator, where the neuronal oscillators

on the ventral side are denoted by j = 2i, and the
ones on the dorsal side j — 1.

To realize the sinusoidal movement that is parti-
cular to C. elegans, it is important to generate the
values of Mj and M;_4 in Eq. (6) to contract and relax
the muscles on the dorsal and ventral sides of the
body alternately. To generate this alternating oscil-
lation, Matsuoka’s neuronal oscillator model [24],
which is a mathmatical model for mutual inhabita-
tion networks that can generate oscillatory output
[25], is employed in this paper. The output state
Mk =1,2,...,24) of the kth oscillator is expressed
by the following equations [24]:

T, dM

—rd—tk+Mk=— > aVi+ Bsk— by f (7)

p (=01 %K

Ta dfk _

FF+ f = Vi, (8)
_ M M20)

Vee= {o (M <0), ©)

where M, is the output of the kth oscillator; ax({ =
1,2,...,24) is the connection weight from the kth
oscillator to the (th oscillator; T, and T,, the time
constants; by denotes a fatigue coefficient; s, the
tonic input from neurons connecting with the kth
oscillator; fi, the internal state of the kth oscilla-
tor; and V, is the output state of the (th oscillator.
Furthermore, the following trajectory modification
gain Bis utilized as to maintain a constant trajectory
regardless of the velocity:
Vmax
< (forward motion)
B=q ymbx (10)
b (backward motion)
Vb
In this way, it becames possible to generate the
sinusoidal motion of C. elegans by using the pro-
posed rigid link model of a body with 12 joints that
incorporates the neuronal oscillators. In the next
section, we tried to represent the movement of C.
elegans with the proposed model.

5. Simulation of motor control

5.1. Optimization of the neuronal circuit
model by a real-coded GA

The connection weights of the chemical synaptic
connection and the gap junction must be appropri-
ately set to realize the desired output according to
the stimulation of the neuronal circuit model
described in Section 3. However, it is impossible
to measure these values by biological experiments
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with actual organisms. Therefore, in this paper, a
real-coded genetic algorithm (GA) [26] was
employed in which the mechanism of heredity or
the evolution of organisms is simulated in order to
adjust these connection weights, 56 chemical
synaptic connections and 14 gap junctions. Since
details of the characteristics of 10 interneurons are
unknown, the coefficients a,, b, and ¢, included in
Eq. (1) cannot be set on the basis of the actual
characteristic. Therefore, these values, which
decide the properties of interneurons, are also
adjusted by the same GA. Because the interneurons
PVCL and PVCR are neurons in the same class, these
coefficients are given by identical values, i.e.
a; = ag, by = bg and ¢y = cg, respectively. In the
same way, because the neurons AVDL and AVDR,
LUAL and LUAR, AVBL and AVBR, and AVAL and AVAR
are in the same classes, each coefficient takes an
identical value. In this paper, stimulation inputs
with v patterns of strength to sensory neurons ALML,
ALMR, PLML and PLMR are considered, respectively.
All connection weights and coefficients are adjusted
to obtain the appropriate output to the 2v2 =U
patterns of gentle touch stimulation.

In this simulation, the stimulation inputs to the
sensory neurons are set as six patterns (v = 6) of O,
0.2, 0.4, 0.6, 0.8 and 1.0. First, all the parameters
that are required to be well adjusted are included as
the rth (r=1,2,...,85) components in a GA string
gp as shown in Fig. 7, where pis the serial number
(p=1,2,...,P) of the individual. After making the
above preparations, a method of real-coded GA [26]
is employed, and the procedure used in this paper is
described below;

Step 0: Initialization

The maximum generation number G is
set, and the initial individuals are produced
with random real-codes within the initial
domain which is set in advance. Also, the
fitness function F(p), which is the evalua-
tion standard of the solutions, is given by
Eq. (11) in order to reduce the difference
between the desired output signal of the
motoneurons, D,(u), and the actual output
signal, POn(u), where n = 17,18. The neu-

ronal circuit model is optimized to minimize
the value of F(p):

u
F(p): = 35> ({Di(w) — O]
u=1

+ {Dys(u) — POg(u)}?)
(p=1,2,...,P) (11)

The following three steps of (i) selection,
(i) crossover and (iii) mutation are carried
out in each generation.
Step 1: Selection
Each individual g, is arranged in order
based on F(p). Then, yg individuals with
superior fitness values are selected and
saved in the next generation.
Step 2: Crossover
The y¢ individuals are generated by the
crossover, where yc = P — yg. Two indivi-
duals g, and g, are chosen from among
the superior y¢ individuals, and new indivi-
duals g1 and g, are generated by applying
the following procedure to each gq(r) and
gu(r) (r=1,2,...,85):

9c(r) = Gsup(r) F |qa(r) — qb(r)[/4,

where gy in Eq. (12) refers to the indivi-
dual with the superior fitness value, i.e., qq
or_gp. Ii Gsup = G, EQ. (12) means that
GaGb : Gpqc =4 : F1.
Step 3: Mutation
Choose yy individuals from among ones
given by the crossover at random, and
replace them with randomly determined
values within the initial domain.
Step 4: Update
The procedure from
repeated for G.

(12)

steps 1-3 is

The motoneurons, motoA and motoP, are the
neurons that fire according whether the anterior
or posterior part of the body, respectively, is stimu-
lated. Therefore, it is assumed that the character-
istics of motoA and motoP are the same as that of
sensory neurons ALM(L/R) and PLM(L/R), and the

q,(71) 4,(85)
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Figure 7 Phenotype of a GA for connection-weight training.
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desired output signals Dig(u) and Dy7(u) of the two
motoneurons are respectively given by the following
equations:

C1
Dig(u) = 5 +e(—ai(l3(u) = by))’ "
Di7(u) 5 "

1+ e(—as(l4(u) — bs))

The fitness value of each individual is evaluated
after the outputs of the neuronal circuit model
reach the steady states, because the neuronal cir-
cuit of C. elegans is a recurrent type. In each
generation, the elite individuals are chosen after
the elapse of five sampling intervals which has been
confirmed in preliminary simulations as enough time
to reach the steady states.

5.2. Output results of the neuronal circuit
model

The neuronal circuit model was optimized by sti-
mulation inputs of U =72 patterns with P =50
individuals and G = 500 generations. Also, y and
yy were set to 20 and 10, respectively. The initial
values of the connection weights, w; , and gm ,, were
randomly determined by the normal distribution
with N(0,0.01) and the uniform distribution
Un(0,0.001), and the parameters a,, b, and
¢n(n=17,9,11,13,15) by uniform distributions with
Un(0,10) for ay, Un(0,1) for b, and U,(0,1) for cp.
The evolution of the elite fitness, Fyp, is shown in
Fig. 8. The figure confirms that the optimal set of 85
parameters was obtained at the 200th generation.
Also, the output results of the neuronal circuit
model by using the optimal set of 85 parameters
at the 500th generation of a GA are shown in Fig. 9.
The dotted line in the figure is the value of the
desired output signal D,(u) of the motoneuron. The
desired output is produced when the difference

On (u)
=] ==
= o)} =

=
(¥}

e
%)

B e

Elite fitness, f'sup
[=]

0 50 100 150 200 250 300 350 400 450 500
Generation

Figure 8 Evolution of the elite fitness value.

between the actual output O,(u) of the motoneur-
ons of this model and D,(u) is small. Thus, it is
possible to state that the connection weights and
the coefficients included in the neuronal circuit
model are appropriately adjusted by the GA, and
the neuronal circuit model can generate the desired
outputs to the various stimulation inputs.

5.3. Behaviors of the body model

Before integrating the neuronal circuit model
described in Section 3, the behavior of the body
model in Section 4 was confirmed. Considering the
body length which is about 1.2 mm, the parameters
were set as v{"* = 1.2 (mm/s), vj'® = —-0.8 (mm/
s), stt =04 (mm/s) and Li=L= - =lp=
0.1 (mm). The initial value of 6; was set to =/4
(rad), where 6, specifies the direction of movement.
Also the initial value of the joint angles 6;
(i=2,3,---,12) were set to /4 (rad). In the neu-
ronal oscillators, the initial value of M,
(k=1,2,...,24) were all set to 1, by =18, fr =1,
sy = 5, and the time constants were set to T, = 0.12
(s)and T, = 2T, = 0.24 (s) by trial and error based on
literature such as [25].

- Dis(u) - o Di7(u)

_". : 018 (1) 5:5 L Orr(u)

o

36 72

Stimulation-input pattern, u

The output of the model, On (u)
----------- The desired signal, D (i)

Figure 9 Outputs of motoneurons in proposed neuronal circuit model.
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Figure 10 Forward motion of the body model.

Under the above setting, the differential equa-
tions included in Egs. (6)—(8) are calculated every
1.0 x 1073 (s) by using the fourth-order Runge-Kutta
method. The result in forward motion with the
velocity vf = v{"™ =1.2 (mm/s) is plotted every
1 (s) in Fig. 10. In the figure, ‘@’ is the head
of C. elegans. The figure shows that the sinus-
oidal movement can be expressed by the proposed
model.

5.4. Integration of the neuronal circuit
model and the body model

The neuronal circuit model described in Section 3
was connected to the motor control model of the
body in Section 4. A computer simulation, which
represents the series of stimuli processed with the
total model of C. elegans, was carried out. In this
model, the velocity and direction of the motion
correspond to the stimuli that are received in sen-
sory neurons. The various strengths of touch stimu-
lation inputs Ih(n =1,2,5,6) are given every 5 (s)
for 40 (s) on the anterior and posterior parts of the
body. The outputs of the motoneurons included in
the neuronal circuit model is shown in Fig. 11. The
figure demonstrates that touch stimulation of the
body is processed adequately by the neuronal circuit
model. By using the outputs of the motoneurons, the
motion velocity of the body model is determined
based on Eq. (4).

The head position for 20 (s) of the first half
(forward motion) plotted every 0.1 (s) in Fig. 12.
In the figure, a—d are the head positions at 5, 10, 15
and 20 (s), respectively. It is observed that the

I

Anterior touch

Posterior touch

Output of motoneuron

Time

Figure 11 Exsample of input—output responses of the
proposed neuronal circuit model.

constant trajectory of the sinusoidal movement
can be maintained regardless of the change of the
motion velocity by introducing the trajectory mod-
ification gain g into Egs. (7) and (8). Motor control
can be well realized by gentle touch stimuli to the
anterior part of the body.

5.5. Reproduction of five motion patterns
As shown in Fig. 2, C. elegans has five patterns of

motion. The tonic input to the neuronal oscillator
sk =5(k=1,2,...,24) in forward or backward

[mm]

5 — d
6 o
al o
a /
0 . . . . .
0 2 4 6 8 10 [mm]

X

Figure 12 Motion trajectory of the body model con-
trolled by the neuronal circuit model.
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0 0.1 0.2 0.3 0.4 05 [s]
Time

Figure 13 Reproduction of the Q type turn.

motion makes it possible to express some patterns of
motion by changing the input to the specific neuro-
nal oscillator and by tuning the balance of the
motion.

The result in which the form changes to the ()
type turn from the forward motion is plotted every
0.1 (s) for 0.5 (s) in Fig. 13. At time 0 (s), the tonic
inputs were strengthened for the center from the
end of the body as follows:

S1 =S =53 =S4 = 5, S3 =S4 =51 =52 =6,

S5 =S¢ = S19 = S0 = 7/, S7 = Sg = S17 = S13 = 8,

S9 =S190 =515 =S16 = 9,

S11 = S12 = 513 = S14 = 10.

From the figure, the change to the () form from the
sinusoidal form in forward motion can be confirmed.

The results that reproduced all of the motion
patterns of Fig. 2 in the same manner, in addition
to the Q type turn, are shown in Fig. 14. In the
figure, (a) is the form of forward and backward

motion (s = s, = --- = $y4 = 5), and (b) is the form
at rest, where only inputs sg and sq7 to the oscilla-
tors on the ventral side of the fourth joint and on the
dorsal side of the ninth joint were rather strength-
ened, sg = s7 = 10. Fig. 14(c) is the form of the Q
type turn mentioned above, and (d) is the form of
the coil type turn. In Fig. 14(d) only inputs to the
oscillators on the ventral side were strengthened for
the head from the center of the body as follows:
S14=6,512,=7,510=8,58=9, s =10, s, = 11and
s, = 12. These results confirmed that the motor
control model of the body in Section 4 can represent
various patterns of motion by tuning the tonic input
signal to each neuronal oscillator based on the
desired body form. Actually, C. elegans has a steer-
ing circuit to control the motion direction. Although
the escape reactions, such as forward and backward
motion, are controlled by the neuronal circuit for
touch stimulation that was extracted in this study,
the turns are controlled by the steering circuit.
However, it is unclear what control enters which
part of the body-wall muscles. The ability of this
simulation to freely change input to a specific part
of the body-wall muscles is expected to provide an
effective approach to finding new information about
motion control.

The proposed model in this paper reproduced the
actual behavior qualitatively. How to evaluate the
behavior of the model is a particularly important
and also difficult problem. The stricter evaluation
such as the quantitative comparison with the actual
one using the electrophysiologic states in neurons
and muscular forces could be required, although the
measurement of the biological data on C. elegans is

(a) Forward and backward motion

(b) Rest

(c) Omega type turn

(d) Coil type turn

Figure 14 Reproduction of motion patterns in Fig. 2.
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difficult. Future research will be required to solve
such a problem.

6. Conclusion

Toward the generalization of the computer analysis,
this study focused on C. elegans and proposed its
motor control model, artificial C. elegans, as one of
examples of the artificial organism. This model
consisted of a neuronal circuit model for motor
control that responds to touch stimuli and a kine-
matic model of the body for movement. The com-
puter simulations confirmed that the proposed
model is capable of realizing motor control similar
to that of the actual organism qualitatively.

Further research will be required to adapt the
model to the actual characteristics based on experi-
mental biological data such as that in Ref. [27]. Also,
if a neuronal circuit can be constructed to model not
only the touch-response circuit but also various
functional circuits such as those concerned with
chemotaxis or direction control, it will be possible
to realize a more realistic model that represents
complex mechanisms of behavior in the environ-
ment in response to various stimuli.

Sor far, we have been aimed at the development
of computer models of organisms, artificial organ-
isms, which could be used instead of the correspond-
ing actual organisms in some biological
experiments. The artificial organism enables us to
change environmental conditions easily and to ana-
lyze behavior repeatedly under the same condi-
tions. If the experimental results of an actual
organism can be approximated with high precision
by an artificial organism, experiments with the
insistent necessity can be selectively done, and thus
the computational analysis by using such an artifi-
cial organism could contribute for the reduction of
the period for some kinds of biological experiments
dramatically. Also, by using the artificial organism it
may be possible to clarify or predict some charac-
teristics that cannot be measured in actual experi-
ments. With the recent development of computer
technology, such a computational analysis becomes
a real possibility. The artificial C. elegans will con-
tribute for studies in experimental biology in future,
although it is still developing at present.
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