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Abstract— All the life forms such as humans, animals and
insects, can behave adaptively even in diverse and complex
environment in various types of behaviors. Such adaptive
behaviors are considered to emerge from the interaction of the
body, brain, and environment, which is induced by the active
mobility of the cognitive subject. Base on the consideration,
we call the intelligence for generating adaptive motor function
mobiligence. The Mobiligence project started from 2005 as
s five-years project to understand the mechanisms for the
generation of intelligent adaptive behaviors. In the group C
of the mobiligence project, we focus on mechanism whereby
a cognitive subject adapt to other cognitive subjects or its
society. In this paper, some neural models of the social adaptive
behaviors of insects are introduced, such as on proportion
control in caste differentiation of termites, and on behavior
selection in fighting behaviors of male crickets.

I. INTRODUCTION

Living organisms adaptively select behavior through the
interactions with their society in real time. Their behaviors
generate sociality and the behaviors are determined by social-
ity. We call the behaviors selections related in society “social
adaptive behaviors” in the group C of the Mobiligence
project.

The plasticity plays important and fundamentally roles in
adaptation behaviors. This is attributable to various mediators
such as neuromodulators in brain, hormones in the body, and
pheromones in group as superorganism like colony. If we can
know the principle of social adaptations, it can be applied
to design methodology for autonomous robotic systems.
Just how fragmented information obtained from analytical
results operates in an actual system remains unclear, and
we believe it is important to alternately repeat synthetic and
analytical approaches in which a dynamic hypothetical model
is simulated based on information from static physiological
experiments and to verify the results obtained in further
physiological experiments[1]. Even now, we have a lot of
things to learn from efficient insect behaviors because insects
are well-researched compared with vertebrate animals. It is
wise to determine the equations of evolution of systems with
generality from the mutual integration chains. Especially,
we treat the termite caste differentiation and cricket fighting
behaviors as example of social adaptive behaviors.

In termite example, self-organized proportion control is
treated as functional differentiations of individuals in a sys-
tem according to environment conditions and given tasks(Fig.
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Fig. 1. Termite caste differentiations in termite Hodotermopsis sjostedti

Fig. 2. Male crickets fighting

1). The function differentiation process is seemingly regarded
as transition from a homogeneous state to a heterogeneous
one in multibody system against the second law of thermo-
dynamics. Although the behaviors of particle in equilibrium
systems have been discussed enough, nonequilibrium open
systems have not been systematized from the perspective
of thermodynamics yet. One reason seems to be that the
principle must be modeled by enforced approximation of
phenomenon and the experiment data because potentials are
not expressly given such as mechanical energy and free
energy.

In cricket example, we focus the time evolution of some
neuromodulator titers in the brain for behavior selection on
the specific behaviors ,cricket fighting(Fig. 2). In behavior



selection, nitric oxide (NO) is thought to function as a
neuromodulator (NM) for extracting a specific behavior
program from polymorphic circuits in the brain and that the
NO/cyclic guanosine monophosphate (cGMP) cascade plays
an important role[2].

In this paper, we introduce the study examples of termite
caste differentiation modeling in section II-IV and cricket
behavior selection modeling in section V-VII. Finally, we
conclude in section VIIL

II. TERMITE CASTE DIFFERENTIATION

The termite (Order Isoptera, Class Insecta) is categorized
into a eusocial insect that lives in a group based on kinship
and forms a colony with a certain size. In a termite colony,
there are several castes called worker, soldier, nymph, king
and queen in addition to immature larvae. The developmental
pathways to caste differentiation are diverse from species
to species [3][4][5][6][7][8]. Even though each individual
has the similar genetic background, they present different
phenotypes through anatomical specialization according to
the castes [9][10][11].

Among the various castes, soldier castes is a peculiar
one because soldiers are completely sterile and perform
altruistically to attack against predators or intruders. The
control of soldier ratio in a colony is an important regulatory
system in the termite societies[12][13]. In addition, there is
a special stage called “presoldier” in the course of soldier
differentiation. Soldiers are normally induced from workers
via presoldier stage through two molting events. Presoldiers
can be regarded as the system buffer for the early adaptations
of social systems as shown in figure 1. It is mainly thought
that such altruistic behaviors have been evolved by kin
selection[14].

The caste differentiation had been acquired as the adap-
tation for the extremely precise social behaviors and self-
organization. The multiple phenotypes of individuals and
the caste ratio controls can be respectively regarded as the
adaptations in micro and macro level. Both of the adaptations
must work out under coherent relations between them. It is
important for exploring the strategy of eusocial insects to
consider information cycle between macro and micro layers.
As Liischer reported the following working thesis obtained
by several biological experiments, the caste differentiation
seems to be accomplished under the pheromonal control
which is not transferred by diffusion in air of chemical sub-
stances, but through trophallaxis behaviors in which colony
members exchange food matrials from mouth to mouth[15].
However, there is the hypothesis that caste ratio is also
controlled by exocrine volatiles[16][17]. For example, in Na-
sutitermitinae, defense substances function as the chemical
pheromones that inhibit the soldier production[18]. However,
the effective pheromonal substances are not identified yet.

In order to realize the caste differentiation processes, it is
necessary to approach from both physiological mechanisms
in an individual and system methodology in the colony
level. In an individual level, several researches succeeded
to find the methods of induction from workers to soldiers

S
5
E Vb

Vi

Vs

b, b b
Hormone u:
Fig. 3. Landscape by potential V;.

by the application of juvenile hormone and its analogues
[12][19][20]. In a colony level, it is reported that Reticuliter-
mes flavipes adaptively changes the caste ratio according
to season[13]. In addition, there are important reports in
other eusocial insects, in which colonies increase the soldier
proportion when they confront competitors, predators or
intruders[21][22][23]. Termite colony generally seems to
control the caste ratio precisely, depending on the environ-
ment conditions without global controls that means controls
determined by congenitally genetic informations[24][25].

III. MODELING DIFFERENTIATION PROCESS

The mathematical principle model is constructed based
on biological reports and the assumption in section II. In
order to discuss the basic caste differentiation control mech-
anism through one kind of pheromone, bare essentials of
mathematical model is expressed. In fact, the states of the
system consist of group of u; that is amount of hormone
in individual i and the genotype are expressed by one
dimensional potential function. The genotype is described
as extremal values of the potential function. In this model,
therefore, the dynamics of internal hormone are on bistable
potential because differentiations between two kinds of caste
are focused. The equations of evolution of u; are as follows:
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where dV;/du; is given as show in figure 3 that describe
the shape of genotype potential. N means the constant
number of individuals in the colony. V,,, V; and V,, are
the constant number of potential when u; = b,,0 u; = by
and u; = b, respectively. b,,[0 by and b are constant, those
are evolutionarily-conserved, so that they determine optimal
caste ratio. D; is the stochastic variable that mean the number
of contacts among individuals over time. w;; is a stochastic
variable and satisfies Zyzl, j2iwij =1 at any time, meaning
the frequency of contact between individuals i and j. d is
also the constant number determining the optimum caste



ratio which is evolutionarily-conserved. The equations of
evolution (1) include stochastic variables depending on both
a average number of contacts and which the individual has
contacts with other one. The potential of activation for state
transition from worker to soldier depend on V;, —V,,. The
fluctuations are needed for transitions to climb the potential
of activation.

In order to separate stochastic factor from average amount,
D; and w;; are replaced in the following equations:

D; = Di+Ri(1) 3)
wij = ij+}"ij(t) 4)
<Ri(l1)R,'(lz)> = 2MD6(1‘1—12) (5)
(rij(t)rij()) = 2M8(1 — 1), (6)

c

where - is the average concerning time in variable D{ and
wi;. Ri(t) and r;;(¢) are stochastic variables assumed to be
Gaussian distribution without a time correlation. Mp and
M,, are constant numbers that mean amplitude of fluctuation
of R;(t) and r;(r) respectively. Therefore, equation(l) is
replaced in the following equations using equations(3-4):
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Equation (7) is a Langevin equation depending on global
feedback by parameter G. The set of individuals, that carry
out interactions i.e. exchange a pheromon, and its number
of individuals are defined as & and N, respectively. Under
the condition that the number of individual is large, that is
wi; = 1/(N — 1) ~ 1/N, ,i € h, the following equation is
satisfied:
N
wijj = (u), (10)
Jj=1,j#iich

where (u) is the average of u; for i € h. If the number of
soldiers that is included in set & decreases (increases), (u)
decreases (increases) to activate (inhibit) transitions from
worker to soldier. However the transition from perfectly
transformed soldier to worker is unacknowledged in ter-
mite. R;(¢) includes fluctuations depending on G. R'(r); is
stochastic variables give steady fluctuations to the system
and depending on b,,00 b, b and d. R'(r); is time average O
and Gaussian distribution without time correlation as well as
R(#) and r(r). When the caste ratio converges to the optimum
value expressed in equation(10), as G approaches a certain
value determined by balances between the potential V; and
interaction terms in equation (1), the effect of fluctuation
promoting to the system approaches a certain value. As show
in equation (7), the amplitude of fluctuation for transition are
amplified or attenuated by G.
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Fig. 4. Transition of probability distributions P, at b,, = 0.1, by = 0.9,
b=0.4, M =0.005, Mp = 0.01 and D = 0.01. Global parameter G transits
to G=0,G=0.1 and G=—0.1.

Changes in G are assumed to be slower than the time
evolution of u;. This is the adiabatic approximation for
analysis. When P; is the probability distribution of u;, Fokker-
Planck of equation (7) and its equilibrium solution are
explained as follows using normalization constant A:

o0P 9 (9 (Vi+DiGu;) N
ar au,‘

(V. CC
P.; = Aexp —(‘/I+D’ Gui)
“ (MpG)? +M?

d
22 A
3 (MpG)?+M 8ui>Pl

(1)

Figure 4 shows the transition of P,, according to the changes
of global parameter G. If G increases or decreases, the
balance of potential curve between b, and b; changes
based on the effect of D{G as show in equation (11). The
gradient also becomes loose by the effect of \/(MpG)? + M?.
Therefore the changes in parameter G gives the force for state
transitions and the mechanism of fluctuation adjustment.

IV. SIMULATIONS OF DIFFERANTIATION
A. Simulation Setup

Computer simulation in this research is carried out at
the behavior level of individuals. The overviews of the
simulation is shown in figure 5. The number of individuals is
fixed at N = 100 at any time. The spatial size of the colony
and the individual are given as a square, 2 on a side, and a
circle of 0.05 in diameter. The initial states of all individuals
are set to u; = 0.1, that means all individuals in the colony
are set as workers. The caste of individuals is determined as
worker and soldier when u; < 0.5 and u; > 0.5, respectively.
Termite actually seems to fuss around. However what group
of termite are doing is unknown for caste differentiation. In
this research, therefore, the individual migration is assumed
as consistently uniform linear motion. When an individual
collide with other one or colony edges, the contacts are
assumed as perfectly elastic collision. By these assumptions,
each individual behave as molecular motion in closed space.
At t = 200, predators that has no relationship with termite
individuals are put into the colony. It means that an incursion
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Fig. 5. Simulation view at N = 100, b, = 0.1, by =0.9, b = 0.4 and
d = 0.3. White circles and black circles indicate the position of workers
and soldiers, respectively. Triangles indicate predators put in at r = 200. (a)
at t =0. (b) at r =199. (c) at t = 205.
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Fig. 6. Interactions between individuals. Circles indicate worker and soldier
individual. Dotted arrowed lines indicate a velocity of individuals. (a) Each
individual give u at one interaction. (b)Interactions between individuals and
predators.

of predators is treated as one of the environmental variation.
The predators also behaviors at random as well as termite
individuals.

Figure 6 explains interaction rules among individuals in
the colony. When individuals contact each other, the they
mutually transfer the hormone through pheromone interac-
tion as shown in figure 6 (a). In this simulation, the amount
of hormone u; is subsequently updated by using equation(1)
and (2) every iteration. At the same time, u; is updated
with D; = 0 in case that the individual is contacting with
an predators.

When individuals contact with an predators, there are
no transfer of hormone as shown in figure 6 (b). In this
case, u; is constantly updated using equation(1) and (2) with
D; = 0. This assumption means that soldiers interacting with
predators lose the effort for pheromone release, so that G
decreases and this effect brings results of state transition as
above a mathematical analysis in section IIl.

The worker individuals neglect the existence of predators
and the soldier individuals follow predators that means
soldier attack them. The soldiers continue to follow predators
until it turns from predators by reactive force from other
individuals. These behaviors are advisedly imitated from
observations of real termite behaviors.

Based on above these conditions, the time evolution of u;
and (u) are evaluated by computer simulations.

B. Results simulations of differentiation

The simulation results are shown in figure 15. As show in
figure 15 (a), the average (u) is adaptively changed on the
boundary of ¢ = 200. The number of soldier individuals are
Ny =33 and N; =49 at t = 150 and r = 400, respectively.
Although actual amount of hormone can not be negative,
some u; are negative in the results. In oder to realize that
all values of u; are located in positive area at any time, the
parameter set needs to be changed, however, this problem
seems to be nonessential in this paper. The mathematical
analysis advanced in section Ill do not need any changes since
there are no condition of positive and negative for u;. As
shown in figure 15(b-d), the distributions of u; dynamically
change adapting to an incursion of predators. At ¢t = 205,
the variance of the distribution increase. The distribution
eventually converge to the state of figure 15(d).

In addition, in order to estimate the effects of fluctuations,
transitions of G and variances of u; included N,, are shown
in figure 8(a) and (b), respectively. The G temporarily
decreases around the interval 200 < ¢ < 220 and the variance
also increases . It means that the inherent fluctuations are
increased and decreased according to incursion predators to
converge to evolutionarily-conserved optimal caste ratio. In
figure 8 (a), G demonstrate rapid fluctuation after r = 200,
although the its average value are recovered to previous
value. It is thought that the rapid fluctuation depends on a
spatial constraint after predators putting into a colony. DY,
R and R; in equation (2) must change and the fluctuation
characteristic seems to change from radical one. In oder to
clarification these reason, the more developmental analysis
are needed.

V. CRICKET FIGHTING BEHAVIOR AND
NEUROMODULATORS

A. Cricket Fighting Behavior

While pheromone behaviors of insects was once con-
sidered “hard-wired” and specific pheromones thought to
cause specific behavior, it is becoming clear that the insect
pheromone behavior involves plasticity by modification, as in
cricket fighting behavior. Figure 9 diagrams the information
pathway in the cricket brain.

A cricket’s body is covered with cuticular substances
considered a so-called pheromone, probably for individual
identification [26]00 A male cricket encountering another
cricket first touches it with its antennae to determine its
gender, then attempts courtship behavior if the other cricket
is female or fighting behavior if it is male (Fig. 10).

Such fighting behavior usually continues 15 to 30 minutes
[27]. If the loser later encounters the winner or senses the
same pheromone, it shows avoidance behavior i.e., experi-
encing defeat causes the cricket to select different behavior
for the same stimulus adaptively based on the circumstances.
Understanding the mechanism behind the switching of a
program behavior could lead to clarify neural adaptation.
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Fig. 7. Simulation results at N = 100, b,, = 0.1, by = 0.9, b = 0.4 and
iteration size, At = 0.05. The number of predators, Ne =0 at 0 <t < 200),
Ne =20 at 200 <t < 400. (a)Time evolution of u; and (u). The distribution
of u; are shown by the gray scale map. (b)Distribution of u at t=150.
(c)Distribution of u at t=205. (d)Distribution of u at t=400.
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Fig. 10. Cricket behavior selection

B. Neuromodulators and NO/cGMP cascade

Organic neural systems involve a variety of neurotrans-
mitters and NMs. NO, for one, is thought to play an impor-
tant role in selecting program behavior from polymorphic
circuits. NO diffuses in the brain at about 100 [W m/s] in
three dimensions to control neurotransmitter emission [28].
Due to diffusion and reverse propagation, NO is generally
considered to be involved in neural plasticity as the basis of
learning and memory [29].

The NO/cGMP cascade is considered particularly closely
related to fighting behavior selection by crickets. Fighting
behavior is observed when an NO synthesis inhibitor is in-
jected into the head of a crickets. When two males encounter
one another, fighting starts as usual and soon ends. If these
crickets again encounter each another after a 15-minute inter-
val, even the defeated cricket may exhibit fighting behavior
instead of avoidance, indicating appropriate behavior is not
selected if the NO/cGMP cascade functions normally in the
brain. Even under these circumstances, the pheromone is
identified and NO is closely related to pheromone behavior
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modified by experience [30].

In the NO/cGMP signaling pathway (Fig. 11), the
NO/cGMP cascade mediates the efficacy of different neural
pathways, or circuits, which in turn affect the cricket’s
physiological condition. One change octopamine (OA) levels
in the brain, for example [31],[32]. As recent research indi-
cates (Aonuma, unpublished data), the amount of OA differs
significantly before and after fighting and in winner’s and
loser’s OA levels. The NO/cGMP cascade is thus considered
deeply related to behavior selection through OA.

Given this background, we constructed a dynamic hypo-
thetical model, discussed below.

VI. MODELING CRICKET BEHAVIOR SELECTION

In attempting to model NO/cGMP cascade function in
cricket fighting behavior taking account with the relationship
between OA concentration and behavior selection. Many
neurons are complexly related in behavior generation and
these relationships are difficult to reproduce accurately. In
adaptive behavior selection from insect’s programmed be-
havior however, describing relationships between substances
is sufficient, so we express each substance as a module.

A. Internal State Modeling of NO/cGMP Cascade

Noting a cricket’s internal state based on amounts of NO,
c¢GMP, and OA, we modeled behavior selection in fighting
behavior (Fig. 12).

Simply put our model takes two states which are ag-
gression and avoidance. Basing the internal state on the
amount of OA, aggression causes the cricket to select fighting
behavior and avoidance causes it to stay away from a
previous winning cricket.

Based on sensory information from its antennae, a cricket
first generates NO, and pheromones from another individual
increase the NO concentration in the antennal lobe (AL).
When NO is generated in the AL, the target range is
considered the membrane surrounding the AL. If neural
circuits are considered to consist of modules, no information
is needed about neuronal regarding the linkage in the AL
and only distance information is important. The AL is thus
considered as a dimension of n[um]. The amount of NO in
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Fig. 12.  Model of action selection from NO/cGMP cascade

the AL is expressed as vector .4 of (n+ 1) dimensions and
that at position x (0 <x <n,x € Z) as ™.
N =[N0 ! N (12)
NO is a radical that reacts with metal ions immediately
after diffusion throughout the brain, after which it disappears,
presumably present for about 10 seconds. To express this
effect, the equation of NO diffusion with constant yy and
diffusion constant D is expressed as follows:

oN 92N
ot 9x?
where, .4}, and 4, represent the amount of NO gener-
ation and consumption. Because NO mainly remains inside
the membrane enveloping the AL, the following reflecting
boundary is given as a boundary condition:

_'YNf/V‘Ff/%n_f/’{mt (13)

NO= = ] (14)

The NO diffusion property in the cricket brain is then
modeled based on equations (13) and (14).

cGMP in the NO target cell is generated when soluble
guanylate cyclase (SGC) and guanosine triphosphate (GTP)
mutually react, and SGC is driven by diffused NO from NO-
generating cells (Fig. 11). cGMP affects the amount of OA
for behavior selection function. The amount of cGMP in NO
target cell C is expressed as a scalar value using the constant
Yc based on the idea that excessive amounts of cGMP are
decomposed in the body:

aC
y = _YCC +Cin — Cour

where C;, and C,,, represent amounts of cGMP generation
and consumption in the NO target cell.

The cricket selects behavior based on the amount of OA, A
and OA is generated by cGMP and used to generate behavior.
Likewise, the amount of OA is expressed by using constant

Ya:

5)

0A
§ = _YAA +Ain —Aour

where A;, and A, represent the amount of OA generation
and consumption

The dynamics of each substances are modeled Based on
equations (13),(15) and (16).

In physiological experiments, technical constraints limit
the ability to measure NO concentration in the AL, so
we measure the NO concentration leaking from AL. The

(16)
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increased NO concentration in the AL is certain, but the
degree of increase is unclear, so we assume that the amount
of NO generation .4, at position x is determined for position
set I at the source:

0.0 ifxégl,
Ny =4 L5 if (xelA fighting),
1.0 otherwise.

amn

This means that the amount of NO generated when the
cricket fights becomes 1.5 times that of the normal amount
without fighting.

Given that NO is completely consumed in cGMP produc-
tion, NO consumption depends only on the NO concentra-
tion, so, the amount of NO consumption .4,;, at position x
is determined for position set O at the source. According to
[29], when the amount of NO in the brain is increased by
a NO donor, the amount of cGMP in the NO target cell is
multiplied by NO consumption. Modeling property .4, as
a smooth function such as equation (18),

ax (1+tanh(50 x (A~ —0.4)))/2

%ﬁt:{o if x€ O,

otherwise.

(18)

where a is a constant and the amount of .4, is expressed

as [0:a]. Fig. 13-(a) shows an example of the mapping
function.

As stated, the amount of NO consumption in the NO target

cells is related to cGMP generation. Expressing the amount

of cGMP in the NO target cell as scalar value C;,, , C;, equals

the total amount of NO consumption. Equation (19) indicates

that total NO consumption is used to generate cGMP.

Cn=Y M, (19)
X
Based on physiological experiments, OA is divided into
that which is NO-independent and that which is NO-
dependent. cGMP suppresses OA production, so cGMP
consumption is modeled as a smooth function.

Cour = b x (14tanh(10 x (C—0.64))/2) (20)
If the amount of OA, A, is normalized to [0:5], the amount
of NO-dependent is about 0.4b (Aonuma, unpublished data).

Aip =b—0.6 X Cpyy 2D
Fig. 13-(b) shows an example of the mapping function
using equations (20) and (21).
OA is used in the cricket, to obtain energy from fat. Using
the constant ¢, A,y 1s:

if fighting,

c
Aour = { 0 otherwise. (22)

This indicates that fighting behavior consumes large
amounts of energy.

B. Fighting Behavior and Behavior Selection

Bonabeau et al. reported the need of probability factors
for ranking in a group [33] and Ashikaga et al. modeled the
effects of breeding density and fighting behavior by intro-
ducing probability factors into behavior selection [34],[35].
A deterministic method appears suitable for analyzing the
internal state of a single cricket.

As stated, the NO/cGMP cascade in the cricket brain
affects its physiological condition changing OA levels. OA
is a biogenic amine used to extract energy from fat.

The simplest model assumes behavior selection based only
on the amount of OA. When modeling behavior selection,
however, fighting behavior itself must be modeled. Assuming
that a cricket selects behavior at each step (Ar[sec]) during
fighting, probability P of fighting in the next step is expressed
as follows:

P =sgn(A—0) (23)
where fighting behavior is selected when A is over thresh-
old ® and avoidance behavior is selected in other cases.
We also assume that penalty —c is given to a defeated
cricket after fighting. So, the post-fighting state is obtained
deterministically if the pre-fighting state is given.

VII. SIMULATIONS OF BEHAVIOR SELECTION

The behavior of the proposed model was verified in
computer simulation in which the internal states of crickets
were compared for changes between victory and defeat.
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A. Simulation Setup

As stated, one position was determined for NO generation
and consumption, and I = {50} and O = {60} were set. With
diffusion coefficient D = 10000 yy = 1.0x 107!, ye =74 =
5.0 x 107* was set as the effect where NO is diffused and
disappears in about 10 seconds by reacting with metal ions.

Based on physiological experiments, the stationary state
of cGMP was C = 0.6 and that of OA A = 0.8. To satisfy
these values, a = 1.82 x 1072 and b =4.91 x 10~* were set.
Hypothesis that NO operates as a type of switch, stationary
states were ignored. The values were set n = 1000 At =
0.001, ® = 0.5 and ¢ = 0.1. Figure 14 gives NO states
when the cricket is in an ordinary non-fighting state and
at 30 seconds after the start of fighting (ordinary state
during fighting). With these settings, fighting behavior clearly
increases NO levels in the brain and affects cGMP and OA
values.

B. Results of Behavior Selection

In simulated of a single fight between two crickets and
the internal state transition in the simulated winner and
loser (Fig. 15). Fighting behavior starts at time = 3000 and
continues for 15 seconds in (a) and 30 seconds in (b).

The proposed model takes either or state of aggression
or one of avoidance, determined by the amount of OA
(threshold ® = 0.5). With aggression state leading to the
selection of fighting behavior or avoidance behavior leading
to non-fighting.

This model accurately represent behavior in which the
cricket exhibits avoidance behavior after a loss and fighting
behavior after sufficient time has passed. The effective time
effect lasts just over 30 minutes, similar to actual obser-
vations, required for a defeated cricket to exhibit fighting
behavior or for recovery of A =0.5. This shows that time
effects can be matched with actual data by varying yc and
Ya-

Results confirms whether another response can be ex-
pressed. When NO inhibitor is injected into the cricket’s
brain, fighting behavior selection increases even though the
cricket has been defeated [27] so NO inhibition weakens that
the memory of past experience. In simulation utilizing same
model, if NO synthesis is inhibited (.4, = 0), C becomes 0,
and A = 1 indicating that recovery will become shorter (Fig.
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Fig. 16.  Simulation result of internal state of loser after fighting (NO
generation inhibited)

16) and that memory based on experience is weakened by
blocking the NO/cGMP cascade. Our proposed model thus
appears sufficient to explain adaptive behavior selection in
crickets.

VIII. CONCLUSIONS

We have modeled the termite caste differentiation and
cricket’s neural system to understand principles of social
adaptive behavior selection. In projected work, the biological
experiments in order to justify this conclusion are included
in future work. We plan to establish a more accurate model
of the colony system and neural system for adaptive behavior
selection by continuing discussions with biologists on main-
taining consistency between developed model behavior and
physiological experimental results for the target insects.



IX. ACKNOWLEDGMENTS

This research has been partially supported by a Grant-in-
Aid for Scientific Research on Priority Areas “Emergence
of Adaptive Motor Function through Interaction between
Body, Brain and Environment” from the Japanese Ministry
of Education, Culture, Sports, Science and Technology.

The authors gratefully thank Prof. Jun Ota and Mr.
Masatoshi Ashikaga of The Univ. of Tokyo for their kind
comments on this work.

[1]

[2]

[3]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

REFERENCES

Takakusaki, K., Asama. H. : "Mobiligence : Understanding the In-
telligence through Behavioral Expressions by Means of Constructive
and Biological Approaches,” Journal of the Society of Instrument and
Control Engineers, 44, 9, pp.580-589, 2005.(in Japanese)

Aonuma. H., Kanzaki, R., : ”Systematic Understanding of Neuronal
Mechanisms for Adaptive Behavior in Changing Environment” , Proc.
of the Ist Int. Symposium on Mobiligence, pp.63-66, 2005.

Miura, T. and T. Matsumoto: Worker polymorphism and division
of labor in the foraging behavior of the black marching termite
Hospitalitermes medioflavus, on Borneo Island. Naturwissenschaften
82: 564-567 (1995)

Miura, T. and T. Matsumoto: Ergatoid reproductives in Nasutitermes
takasagoensis (Isoptera: Termitidae)., Sociobiol. 27: 223-238 (1996)
T. Miura, Y. Roisin and T. Matsumoto: Developmental pathways and
polyethism of neuter castes in the processional nasute termite Hospi-
talitermes medioflavus (Isoptera: Termitidae), Zoological Science 15:
843-848 (1998)

Miller, E. M.: Caste differentiation in the lower termites. In: Biology
of Termites, Vol. I (K. Krishna and F. M. Weesner, Eds.), Academic
Press, New York. pp. 283-310 (1969)

Noirot, C.: Formation of castes in the higher terimtes, In: Biology
of Termites, Vol. 1. (K. Krishna and F. M. Weesner, Eds.), Academic
Press, New York. pp. 311-350 (1969)

Roisin, Y.: Diversity and evolution of caste patterns. Termites: Evo-
lution, Sociality, Symbioses, Ecology. T. Abe, D. E. Bignell and M.
Higashi. Dordrecht, The Netherlands, Kluwer Academic Publishers:
in press. (2000)

T. Miura, A. Kamikouchi, M. Sawata, H. Takeuchi, S. Natori, T.
Kubo and T. Matsumoto: Soldier caste-specific gene expression in the
mandibular glands of Hodotermopsis japonica (Isoptera: Termopsidae),
Proceedings of the National Academy of Sciences USA 96: 13874-
13879 (1999)

Miura, T., and T. Matsumoto: Soldier morphogenesis in a nasute
termite: discovery of a disk -like structure forming a soldier nasus,
Proc. R. Soc. Lond. B 267: 1185-1189 (2000)

S. Sameshima, T. Miura and T. Matsumoto; Wing Disc Development
during Caste Differentiation in the Ant Pheidole Megacephala (Hy-
menoptera: Formicidae), Evolution and Development 6, pp336-341
(2004)

Howard, R. W. and M. I. Haverty: Termites and juvenile hormone
analogues: A review of methodology and observed effects, Sociobiol.
4: 269-278 (1979)

Howard, R. and M. 1. Haverty: Seasonal variation in caste proportions
of field colonies of Reticulitermes flavipes (Kollar), Environ. Entomol.
10: 546-549 (1981)

Hamilton, W. D.: The genetic theory of social behaviour, I, II. J. Theor.
Biol. 7: 1-52 (1964)

Liischer, M.: Social control of polymorphism in termites, In: Insect
Polymorphism (J. S. Kennedy, Ed.), Roy. Entomol. Soc., London. pp.
57-67 (1961)

Prestwich, G. D.: Chemical systematics of termite exocrine secretions,
Annu. Rev. Ecol. Syst. 14: 287-311 (1983)

Henderson, G.: Primer pheromones and possible soldier caste influ-
ence on the evolution of sociality in lower termites. In: Pheromone
Communication in Social Insects - Ants, Wasps, Bees and Termites
(R. K. Vander Meer, M. D. Breed, M. L. Winston and K. E. Espelie,
Eds.), Westview Press, Boulder. pp. 314-330 (1998)

Lefeuve, P. and C. Bordereau: Soldier formation regulated by a
primer pheromone from the soldier frontal gland in a higher termite,
Nasutitermes lujae, Proc. Natl. Acad. Sci. USA 81: 7665-7668 (1984)

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Liischer, M.: Hormonal control of caste differentiation in termites,
Ann. New York Acad. Sci. 89: 549-563 (1960)

Nijhout, H. F. and D. E. Wheeler: Juvenile hormone and the physio-
logical basis of insect polymorphisms. Quart. Rev. Biol. 57: 109-133
(1982)

Jeffrey A. Harvey, Laura S. Corley, Michael R. Strand: Competition
induces adaptive shifts in caste ratios of a polyembryonic wasp, Nature
406, 183 - 186 Letters to Editor(2003)

Deborah M. Gordon: Soldier production under threat, Nature 379, 583
- 584 News and Views (1996)

Luc Passera, Eric Roncin, Bernard Kaufmann, Laurent Keller: In-
creased soldier production in ant colonies exposed to intraspecific
competition, Nature 379, 630 - 63 Letters to Editor (1996)

T. Miura: Developmental regulation of caste-specific characters in
social-insect polyphenism, Evolution and Development 7: 122-129
(2005)

Noirot, C.: Caste differentiation in Isoptera: basic features, role of
pheromones, Ethol. Ecol. Evolution Special Issue 1: 3-7 (1991)
Nagamoto, J., Aonuma, H. and Hisada, M.: “Discrimination of Con-
specific Individuals via Cuticular Pheromones by Males of Cricket
Gryllus bimaculatus,” Zoological Science, 22, pp.1079-1088, 2005.
Aonuma, H., Iwasaki, M. and Niwa, K.: “Role of NO Signaling in
Switching Mechanisms in the Nervous System of Insect,” Proc. SICE
Ann. Conf. CD-ROM, pp.2477-2482, 2004.(in Japanese)

Philippides, A., Husbands, P. and O’Shea, M.: “Four-dimensional
Neural Signaling by Nitric Oxide: A Computational Analysis,” J.
Neuroscience, 10, pp.1199-1207, 2000.

Aonuma, H. and Niwa, K.: “Nitric Oxide Regulates the Levels of
c¢GMP Accumulation in the Cricket Brain,” Acta Biologica Hungarica,
55, pp.65-70, 2004.

Matsumoto, Y., Unoki, S., Aonuma, H. and Mizunami, M.: “Nitric
Oxide-cGMP Signaling is Critical for cAMP-dependent Long-term
Memory Formation,” Learning & Memory, 13(1): 35-44, 2006.
Adamo, S. A., Linn, C. E., and Hoy, R. R.: "The Role of Neurohor-
monal Octopamine During ’Fight or Flight’ Behaviour in the Field
Cricket GRYLLUS BIMACULATUS,” The Journal of Experimental
Biology, 198, 1691-1700, 1995.

Stevenson, P. A., Dynakonova, V., and Schildberger, K.: ”Octopamine
and Experience-Dependent Modulation of Aggression in Crickets,”
The Journal of Neuroscience, 25(6), 1431-1441, 2005.

Bonabeau, E., Theraulaz, G., Deneubourg, J.-L.: “Mathematical Model
of Self-Organizing Hierarchies in Animal Societies,” Bulletin of Math-
ematical Biology, 58, 4, pp.661-717, 1996.

Ashikaga, M., Hiraguchi, T., Sakura, M., Aonuma, H. and Ota, J.:
”"Modeling of adaptive behaviors in crickets,” Proc. of SICE Sym-
posium on Decentralized Autonomous Systems, 189-194, 2005. (in
Japanese)

Ashikaga, M., Hiraguchi, T., Sakura, M., Aonuma, H. and Ota, J.:
”Modeling behavior of artificial crickets,” 6th Forum of European
Neuroscience, A129.1, 2006.



