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An advanced function for multi-robot systems is the
division of labor. There are some studies proposing a
multi-agent reinforcement learning method for a divi-
sion of labor. However, it often requires much time to
converge. Many studies focusing on division-of-labor
control inspired biological phenomenon have been re-
ported. In those methods, whether heterogeneous or
homogeneous state is determined by self-organization,
however, group performance improvement is not guar-
anteed because decentralized control is typically com-
plicated. In this study, we propose adaptive division-
of-labor control, enabling adaptive selection of homo-
geneous or heterogeneous group state. We demon-
strate the adaptability of proposal method versus
working conditions and address the performance im-
provement by mathematical analysis. To evaluate the
effectiveness of the proposed method, we treat forag-
ing by multi-robot systems and confirm that the robot
group inevitably organizes the division of labor with
group performance improvement in computer simula-
tions.

Keywords: multi-robot system, collective behavior, divi-
sion of labor, adaptability

1. Introduction

Division of labor in multi-robot systems is an advanced
collective behavior that needs swarm intelligence. Multi-
robot systems conduct given labor collectively: it is ex-
pected to yield group performance improvement with the
division-of-labor control. Division of labor is generally
possible in which plural tasks with multi robot systems.
When division of labor is carried out, tasks are assigned to
each robot and a behavior strategy of a robot is specialized
for assigned tasks. Then, the robot behaviors in the group
become heterogeneous. All robots execute given tasks

514

without division of labor, the robot behaviors may become
homogeneous since each robot behave to optimize task
performances in similar fashion. The former state, where
robots behave with division of labor, is called a heteroge-
neous state. The latter state, where robots behave without
division of labor, is called a homogeneous state. In this
study, adaptive division-of-labor control means the ability
to enable a robot group to automatically select whether
homogeneous or heterogeneous state according to work-
ing conditions by decentralized control. In addition, it is
desired that the division of labor bring in the performance
improvement for adaptability [1].

To realize a division of labor in a multi-robot system,
many studies using learning involve division-of-labor al-
gorithms. Multi-robot reinforcement learning algorithms
for cooperative behavior has been reported [2-5]. The
division of labor by learning or other computational opti-
mization algorithm is expected the collective performance
improvement and optimality is discussed. However, the
use of a learning algorithm is often accompanied by a time
cost for learn it, along with complicated interaction pro-
tocols.

The insects world presents many examples of the di-
vision of labor. Eusocial insects organize the division
of labor through caste differentiation, adaptively behave
according to environmental changes. Division of labor
is one of the advanced social activities that is seen in
many livings include human. Eusocial insects, including
termite, evolutionarily acquire such a division-of-labor
manner [6). Recently, there are many studies of the ap-
proaches that modeling the division-of-labor mechanism
of eusocial insects [7].

Such studies have proposed three major kinds of mod-
els: response threshold model is proposed by [8, 9]. These
models achieve the regulation of hierarchy ratio with an
individual internal threshold to determine the labor spe-
cialization. The threshold reinforcement model [10] is the
model that the positive feedback is introduced to response
threshold. The positive feedback signal, i.e., a learning
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Fig. 1. Working space and collision rules of robots.

component, works to increase labor frequency. The rein-
forcement of the labor frequency in an individual is re-
ported to generate a labor specialization. The social inhi-
bition model is proposed to explain the polymorphism in
social insects [11,12].

Common dynamics of the division of labor involve a
heterogeneous state generated by self-organization thor-
ough interaction among individuals. The individual’s in-
ternal non-learned property is exposed to the group state.
The division of labor of the biologically-inspired model
without trial-and-error process is brought out by phase
transition. It is however that its performance improvement
is not guaranteed in their models.

To address more effective division-of-labor control, we
propose a method of adaptive division-of-labor control,
however, the discussions about phase transition mecha-
nism is insufficiency and the cases of high dimensional
task have not been evaluated [13]. Our objective here is
to propose division-of-labor control method for a robot
group and to show its adaptability of proposed method
versus working conditions and to address performance
improvement by mathematical analysis. In particular, the
proposed method is evaluated using a situation of food
forage labor by robot group. Then, it is proved theoret-
ically that the group performance is certainly improved
using proposed method. We clarified the dynamical struc-
ture to show how group performance is improved in two
tasks cases. In addition, we evaluate the proposed method
in the case of four kinds of tasks. Finally, the proposed al-
gorithm and its dynamical behaviors are evaluated using
computer simulations.

2. Robot Tasks

2.1. Task and Working Space
2.1.1. Task Overview

In this study, we used the following simple foraging
problem, which includes a division of labor, through in-
teraction by a robot group in the working space as shown
in Fig. 1. The working space is defined as a 2 x 2 square.
The number of robots is n in the working space. A robot
moves in a working space, harvesting the food when a
robot contacts with food. It is defined that a robot can
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Fig. 2. Division of labor for robot group system. (a) Homo-
gencous state. (b) Heterogeneous state.

carries out those action; moving, harvesting, and assimi-
lating, in parallel.

There are m Kinds of food: the labor of robots is to as-
similate the food that is harvested. There is a possibility
that a robot may physically contacts with foods, walls, and
other robot. Robots may exchange food when contact-
ing with each other. An interaction between robots con-
sists of contacting and mutual exchanging foods. When
a robot harvests food, the food disappears and new food
is spatially replaced randomly, so the amount of foods is
defined as constant.

EetNi= 11,2, .-, n}, M=11,2;..., m}, where n and
m respectively signify the number of robots and the num-
ber of robot strategies; j € NV and i € M respectively de-
note the agent number and strategy number. Let E; be
the agent strategy that is the necessary set of the behavior
primitive for the i-th labor execution. The labor of robots
is described as the following.

E; = {Assimilating i-th food} . . . . . . . (1)

Robots harvest and assimilate m kinds of food in soli-
tude if the group state is homogeneous. Robots harvest or
exchange the food with other robots and assimilate food
using a specialized behavior if the group state is heteroge-
neous as shown in Fig. 2. States of a robot are determined
by behavior strategy frequency and the amount of food
the robot harvests. Let /v; and /y; be the frequency of as-
similation and amounts of the /-th food that the j-th robot
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harvests per unit time, respectively. For example, the j-th
robot can assimilate the i-th food with frequency ’x; as the
following.

jx;:{jthfrequencyofE,-}. R ¢
P

Fitness, that is working performance, is defined by the
amount of assimilated foods per unit time. The problem is
that each robot needs to determine the strategy frequency
Jx; by the amount of feod the robot harvests /y, and inter-
actions between robots to maximize fitness. Jx; and Jy; are
continuous values and x; is determined by a continuous
differential equation detailed below.

I, %20

2.1.2. Robot Behavior

A robot has no directionality and can move omnidirec-
tionally. The initial states of both robots and food are ran-
dom locations. Robots have behaviors of three kinds for
foraging: moving in a working space, harvesting food,
and exchanging food with other robots. The labor of robot
E; is assimilating the food as defined in the above subsec-
tions. For foraging, a robot generally moves with linear
uniform motion with velocity 30;). The robot harvests
the food on the working space if it contacts food. Interac-
tions occur when the distance between a robot and another
robot, food, or wall equals 0.

2.1.3. Food-Related Behavior

Initially state, food appears randomly in the working
space. The food disappears from the working space if a
robot harvests food. After that, new food is spatially re-
placed randomly. Therefore, the food amount is defined as
constant. The working space has m kinds of food with the
number corresponds to the number of robot’s strategies m.
The quantities of i-th food are defined as C;. For example,
when m = 2, and the numbers of Ist food and 2nd food
are 7 and 3, respectively, we have (C),C2) = (7,3). G
does not correspond to fy;. Here, C; is the amount of food
in the working space and Jy; is the amount of food that the
J-th robot has for assimilation.

2.2. Labor Performance Definitions

The optimal ratio of strategy frequency is defined as the
same ratio existing in a food C;. Therefore, the optimal
strategy frequency is defined as (Jx; : fxa:...:Jx,) = (Cy :
Cr:...:Cp).

Let /G be the fitness matrix of the j-th robot, which
determines the amounts of food assimilated per unit time
and dynamics of strategy frequency Jx. The fitness matrix
is represented as the matrix in which the i-th diagonal ele-
ment is equal to Jy; and all of non-diagonal elements equal
to 7 Jy; as follows:

Iyy Y7y
IG= .. B )
Z:n jyi jym
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This fitness matrix is not explicitly given to a robot. A
robot takes that through collecting foods. The G consists
of Jy; because the amounts of food that a robot can assimi-
late are dependent on the amounts of food that a robot har-
vests. JG is determined according to the frequency with
which a robot contacts with the food per unit time, e.g.,
Jg1,, that is the element of JG, is the fitness when /x; = 1
and ‘xp = 1. The term Jg|2/x/x; is one for given fitness
and corresponds to the amount of food that the robot can
assimilate per unit time. The robot fitness /¢ is obtained
by summing of these terms.

Fitness given by j robot’s assimilation of food i is de-
scribed as /f; (/x). Without interactions among robots, i.c.,
no exchanges of food to be assimilated, the fitness simply
corresponds to (/Gx) , where (-); denotes the i-th row el-
ement, which is regarded as the expected value or degree
of demand for each labor. In the case of robots’ interac-
tion with other robots, we define /f;(/x) with interaction
terms between other robots as follows:

if () = (iG%), + 'y
Jn; is fitness generated from interactions. In interactions,
the sum of food to be assimilated by both robots must have
a law of conservation, so ¥j/h; = 0 must be satisfied at
any time. With this fitness, robots conduct activities with
strategy frequency “x, so j-th robot fitness is obtained as
3o = Y xi/f;(*x). so we can determine the group mean
fitness as follows:

(o) = Z’q), ...... N &)

(-) is the mean related to j.

3. Division-of-Labor Control Algorithm

The simple gradient method cannot be used, for exam-

ple d—Jﬂ aa(,"”) because there is the constraint ;" i=1.
The opumlzatlon problem is transformed by gradient pro-
jection [14-16] in which optimization on ¥ /x; = 1 is de-
scribed by a replicator equation [17]). Time evolution of
the strategy frequency /x is defined using the replicator
equation in the case of the diploidic genome model [18],
which has been studied in the area of population genetics.
Replicator dynamics here represent the dynamics of Jx; in
a robot as following:
Wi . i .
e I ) P )
The dynamics of Eq. (6) is limited to a simplex manifold
Sm:

L . m .
Sm={xeR;20Yxi=1} .. ... D
i

The dynamics of /x; defined by Eq. (6) gives the local op-

timality of individual mean fitness on S, [19].
Interaction term 7h; is determined based on hypothesis

in the previous section. Although termites communicate
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by using pheromone diffusion, in proposed algorithm, the
pheromone is food to be assimilated. Let /p; be food to
be assimilated that a robot transport to another robot. To
satisfy this condition, /; simply is described with mutual
diffusion of /p; as follows:

jh,-:D("p;—jp,-), e, T S e

where

: o
J’):{ 0-

Therein, [ € N,# j denotes the number of robots that in-
teract with the i-th robot; ¢ determines the value at which
robots can exchange their fitness. If the /p; is the labors
the robot must execute, it is expected that labors, actually
food to be assimilated, can be exchanged between robots,
so the /p; is determined as follows:

when interacting with another robot (9)

when not interacting with others

i = (i)
To clarify the proposed algorithm, Fig. 3 explains transi-
tion rules of robot’s behavior.

Jp; means not only the amount of food that a robot col-
lects at per unit time but also expected fitness with Ix;.
The interaction defined by Eq. (8) generates the flow of
expected fitness in a robot group. /h; works as the global
feedback to individual’s /x; with differences of /p; be-
tween robots. When the differences of /p; are amplified,
phase transition is caused in a group and it is expected that
the heterogeneous state is generated. In the case of homo-
geneous state, the differences of /p; are close zero and re-
garded as that there is no interaction between robots. For
heterogeneous, because of asymmetry property of Jh; in
a group, the food to be assimilated move through robots.
These dynamics of both differentiation and group mean
fitness are explained as below section in detail.

(10)

)
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4. Analysis of Adaptability and Performance
Improvement

4.1. Analysis Setup

Two mathematical analyses are conducted on a two-
dimensional labor situation. First is the division and regu-
lation property of the division rate in heterogeneous state
is provided. Second is the proof that the organizational
condition of the homogeneous or heterogeneous state pro-
vided with the first analysis include an adaptive division
of labor. Concretely, the proposed algorithm constantly
organizes a homogeneous or heterogeneous state with in-
creasing group mean fitness (/¢).

Let the numbers of robots be set to n = 2. For these
analyses, the time of the evolution of the strategy fre-
quency is assumed to be continuous and Eq. (6) is rep-
resented as follows:

dix; . , -

_dT = Jy; (J;r! (Jx) e Jd)) )
The dynamics of Eq. (11) are also limited to simplex man-
ifold S, described by Eq. (7). Additionally, it is assumed
that the interactions among robots are carried out uni-
formly and continuously, so the time evolution of D is
assumed to be continuous and a robot interacts in mean
field approximation as follows:

Jhi =D ((pi) = 7pi),

The mathematical meaning of D is the degree to which
strength fitness distribution feed back to phenotype dy-
namics of a robot, i.e., the coefficient determines the
strength of fluctuation from a group to an individual state.
Based on the above Egs. (11) and (12), D obtains the con-
dition for the division-of-labor decision. 7p; is described
by the function of /x; on simplex S, because of Y7 Jx; = 1:

(1)

. (12)

pr=gr—(gn—g)xi . . ... ... (13)
2 = g21 — (821 — 822) 'x2. o owa s ow 4)

{)‘} (“xy,%x2) are also described by /x;, simply described as

J'Jf}_

fi=(=D)pr+DCp1) . ... ... (15
fo=(1-D)p2+D0ps). . . . . ... (16
Eq. (11) is transformed as follows using Eq. (7):
dix; . . i ;
71:'{{’1(1 —JI;) (Jfl _JfE) ¢ {l?)
!
divy . . . .
L=l (1—5xa) (o~ 1), La

The dynamical system represented by Egs. LIS, (16),
(17), and (18) has three fixed points on S3: (‘x),%x2) =
(1,0), (0,1), and (’x],’x3), that satisfy /f; = /f; and

212 — 822 — Dk(xy)

SR 19

i (1-D)k ()

. _ 81— &1 — Dkix)

S 20

& (1-D)k =k
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where

k=gin—gn+gn—-gn

From analysis, the case of no interaction, i.e., D =0,
is analyzed at the beginning. When D = 0, Eqs. (15) and
(16) are transformed to /f; = /p;. In this case, Ehe fixed
point (/x},7x3) is specifically explained as (x,,x,). With
Eqgs. (19) and (20):

1 81n—8n
X = x
6=828 )

Strategy frequency converges to one of (%x1,%2) = (1,0),

(0,1),and (Jx,,fxz) According to [20], Eq. (11) is known -

to have a unique stable fixed point on S if /f; is a mono-
tonically decreasing function related to Jx;, i.e., when the
following conditions is satisfied, the fixed point (%x;,x;)
isstableat D =0.

...... A 1)
...... N VX))

Conditions, that the fixed point (“x},x,) is not included
on boarders of Sz and outside of the S, are as follows:

gn—-eg>0 .. ..o ... . (20)
g21—8n2>0 . . . ... ... N 1)

If /G does not satisfy those conditions, robots need not or-
ganize a heterogeneous state because replicator dynamics
in a robot have maximization principle of /¢ and the op-
timal state is that all j-th strategy frequencies converge at
(%x1,%x2) = (1,0) or (0,1), and a homogeneous state al-
ways becomes optimal, so these situations are deselected
from cases in this paper. The individual mean fitness is

described as /f) = /f = 1¢ = —L—l atany j. The group
mean fitness is obtained as follows using Eq. (5),

lsl
@)y=-2

gin—gn >0
g1—-81>0

........ .. (28)

4.2. Differentiation Conditions

For D > 0, ’f;(%x) is not a monotonically decreasing
function at any time because Eq. (11) includes a Eq. (12)
term depending on group state feedback, so /f; = /p; is not
always satisfied. Let , €, and 1) be ratios of the number
of robots located at (1,0), (0,1), and (/x},%3), and satisfy
0<¢,€é,n, §+&+n=1. {)x) is determined using a
self-consistent method as follows:

() =C-14E-040-% . . . . ... (29

() =C-04+E-1+7-%x. I (30)
With Egs. (29), (30), (22), and (23),

(1) = % ..... e

(x2) = széf“ ........ . (32)
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Table 1. Cluster existing conditions.

case ClEInlHh L]
casel 10O —-]4+]|+
onecluster [case2 [O ] 1 |O |+ | -1+
case3 | OO 1|+ |+ |-
cased [ {0 [n|-[|+]-
two-cluster [caseS O E[n |+ -1-
case6 || C (&0 -] ~-|+
three-cluster [ case 7 [ L [E|n | - -] —
« O
Hmggs o (33)
. O
B=goo (34)
where
Qi1(§,D) =gi2—gn—-CkD . . .. .. (35)
:(E,D) =gu—-gu—-86bD . . .. .. (36)
Q3(C’§,D)=1_CD_§D ------- (37

Q4(8,€) =C(g21—gn)—&(g2—g2), . (38)

where the following condition is satisfied for the above
equations.

O+0=k0s .. .. ... 39)
CQr—EQ1 =kQy
With0< /x; <1and0< {(x) <1,
01+ 04 Qz—Q4<l

4

0220 ' 0 “h
1 Qz

0 =— =<1 .. ... .. ... 42

S%05kQ; = “2)

We conduct stability analysis with particular empha-
sis on the time evolution of Jx; with Test Unit Analy-
sis [21] because Jx; +%x; = 1. Let Jy, J», and J3 be a
Jacobian in the neighborhood of fixed points (1,0), (0,1),
and (¥x},%x}).

(1-D)Q»
=== . . . ... 4
1 O 43)
(1-D)0,
= ... 44
2 0 44)
__(U-D)20»
S = kQ% .......... 45)

where (-} is /x}-independent because » is assumed to be
large. It is assumed that all strategy frequency is on one
of the fixed points, as described above.

Hereinafter, the region guarantees linear stability of D,
¢, &€, and i with Eqgs. (29), (30), (43), (44), and (45)
in one-cluster states, two-cluster states, and three-cluster
states. Cluster conditions are summarized in Table 1.
Linear stability conditions of each case from 1 to 7 are
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obtained with a Jacobian. Let Reg.,, Reg.,, and Reg.; be
regions of D, {, &, and n that satisfy stability conditions
of one-cluster states, two-cluster states, and three-cluster
states, respectively.

For a one-cluster state, all Jx; converges at one fixed
point. With Egs. (15) and (16), we have /f; = /p;. In
case 1, (£,&,m) = (1,0,0) and (%x,’x;) = (1,0) must
be satisfied. J; = g21 — g11 are derived by substituting
Egs. (36) and (37) into Eq. (43). With condition Egq. (25),
Jy > 0, so a one-cluster state satisfying case 1 does not
exist. Incase 2, (£,&,n) = (0,1,0) and (’x;,7x2) = (0, 1)
must be satisfied. J2 = gy2 — g22 are derived by sub-
stituting Egs. (35) and (37) into Eq. (44). With condi-
tion Eq. (24), J» > 0, so the one-cluster state satisfies
case 2 does not exist. In case 3, (£,&,n) = (0,0,1)
and (’x;,x2) = (x},%3) = (%x,%x;) must be satisfied.
Jy = g21 — g1 are derived by substituting Eqs. (36) and
(37) into Eq. (43) and J» = g2 — 82> are derived by sub-
stituting Eqgs. (35) and (37) into Eq. (44). With condi-
tion Eq. (25), J; > 0 and with condition Eq. (24), J» > 0
at any D. Q) = g2 — g2 and Q> = g2 — gn when
(¢,€,n) = (0,0,1). With conditions Egs. (24) and (25),
J3 < 0 is satisfied at only D < 1, so the one-cluster state
satisfies case 3 exist with those conditions. Reg., satisfy-
ing conditions of case 1, 2, and 3 above is summarized as
follows:

Reg., ={({,§,1)=(0,0,1),D<1}. . . . (46)

For a two-cluster state, all Jx; converges to one of two
kinds of fixed points. In cases 4 and 5, J; and J» must
mutually satisfy opposite signs. However, JiJ2 = (1 -
D)z%% > 0 because of condition Eq. (42) and & > 0,
so the two-cluster state satisfies case 4 and 5 does not ex-
ist. In case 6, ({,&,n) = (£,€,0) and { + & = 1 must
be satisfied. Then, Q| =1 — D because of { + & =1 and
h=02)h=0,andJ3 = — -?-'_%2, so the two-cluster state
satisfying case 6 exists when Q0,02 <0and 1 - D < 0.
Reg., satisfying the above conditions of case 4, 5, and 6
is summarized as follows:

Reg~2={C+€=l,Tl=0,
01 <0,0,<0,D>1,}. . ... @47

For a three-cluster state, all Jx; converge to one of three
fixed points. In case 7, J| <0, J> < 0 and J3 < 0 must
be satisfied. However, no region satisfying the above con-
ditions exist. Reg.; satisfying the above conditions for
case 7 is empty set:

Reg.; = {0}.

To summarize, at 1 — D < 0 (1 — D > 0), the system
organizes a heterogeneous (homogeneous) state.

4.3. Fitness Analysis

Focusing an increasing and decreasing of group mean
fitness (/¢), we proof below that conditions for increasing
(%¢) correspond to stable regions of the homogeneous or
heterogeneous state provided in the previous section. Qur
proposed algorithm realizes adaptive division of labor.
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Group mean fitness is determined as following with {,
&, 1. D using self-consistent analysis:

(o) =51 (1)+0- £2(0))
+&£(0- A1 (0)+1-£2(1))

0T A+ 203). . . 49)
Here,
D
(l—D)xT+D(x1)=QI+Q3Q—4
_812—gn
k
=X (50)
h—D
(1 =D)x5+D{x3) = Q~PQ3Q‘
_821-gn
Tk
o ... 6D
we have
R
=0 . . ... (52)
and
() _ 812821 ;gngzz
=—(812—811)(1—D_xll'*'D(xl))
=—(gi2—gn) (Vlz —D(-’fz))
— (o1 - _ 03—
=—(gn2 811)( : %0, )
(oo D@ -D(1-(-))
=-(g12—¢gn) k0
I =D)Qs
—(gr2—gn) —7— %0
e (53)
fo(l)_gngzx 8118
=—(g2 —g”) ( D-x, +D(xz))
=—(g21— gzz)( (Xl))
_ g2-8n _,02+04
=—(g2a1— 822)( %0, )
o Q2(Ql D(1-¢-¢§))
= —(g21 —g2) X0,
PO { et 21 2}
= —(g21 —822) %0:
=—xphy (54)

Substituting Eqgs. (52), (53), (54) in Eq. (49), we have the
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following simple relationship:

(8) = ¢~ {xi - Expa. . (55)
The first term on the right side in Eq. (55) is a value de-
pending on G, not £, &, n, and D. When J; > 0 and
J» >0, in this case D < 1 is satisfied, (/¢) decreases with
¢ or & increases, so {(/¢) become maximum with { =0

and & = 0. These conditions correspond to Reg.;. When

Ji<OandJ» <0,inthiscase D> land Q; <0, 2, <0
are satisfied, (9} increases with { or & increases because
the second and third terms on the right side in Eq. (55)
become positive. These conditions correspond to Reg.,,
indicating that the group state organized through the divi-
sion dynamics provided by previous analysis with adap-
tively division of labor in two-dimensional labor.

5. Simulation Results

5.1. Simulation Setup

This section demonstrates the effectiveness of our pro-
posed algorithm through computer simulation. A robot
must make a determination based on the ratio of the
amount of foods. When a robot interacts with other
robots, during Az, their fitness is exchanged with rules of
Eq. (8). Concretely, robots exchange the amount in unit
time of food. Variable values are calculated using the Eu-
ler method with Ar = 0.001 iteration.

5.2. Evaluation of Differentiation
5.2.1. Simulation Description

The basic property of differentiation organization is
evaluated in fixed condition m = 2 and n = 10. The
amounts of food in working space is defined as (C) : () =
(7 : 3). To examine the relationship between the differen-
tiation property and contact frequency, @, i.e., the amount
of that a robot exchange foods to be assimilated per inter-
action, is changed dynamically based on equation Eq. (56)
with initial value a = 0 (cf., Fig. 4(d)).

do _ 0.002, 0<t <50
dr ~ ] —0.002, 50<:<100

Through this simulation, the time evolutions of strategy
frequency, and group mean fitness are evaluated during
0 <t < 100.

(56)

5.2.2. Results

In simulation results, Figs. 4(a), (b), and (c) show
the time evolution of /x|, /x5, and (/¢), respectively.
Figs. 5(a), (b), (¢), and (d) described the time evolutions
of /1,7 f2, Jhy, and 7y, respectively. On those figure, dot
means the values for each j. At¢ = 50, a robot group or-
ganizes a heterogeneous state and is separated into two
groups. One group with /x; > 0.9 where averages are
described by solid lines and another group by x; > 0.9
where averages are described by dotted lines.
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Fig. 4. Simulation result: evaluation of differentiation.

Time evolution of /xy, /xa, and (J¢).

The system organized a homogeneous state at & < 0.05
and heterogeneous around « > 0.05. With the continu-
ous changes of a, the strategies frequency is discontin-
uously selected. In the homogeneous state, strategy fre-
quency converges at (x1,/x;) = (0.7,0,3). In the het-
erogeneous state, the strategies frequency converges at
(“x1,%x2) = (1,0) or (%x1,%x2) = (0,1) and the ratio of the
number of robots is 7 : 3. Group mean fitness increases in
the case of heterogeneous state as show in Fig. 4(c). The
adaptability is evaluated in the next subsection in detail.
With Figs. 5(a) and (b), /f{,/f>, that is foods to be assimi-
lated, transit to the specialized labor. It is understood that
the labors are efficiently carried out by specialized strat-
egy frequencies.

In the homogeneous state, /A; is almost 0, meaning that
no interactions occur between robots as show in Fig. 5(c)
and (d). Although robots organize the homogeneous state,
Jh; does not exactly converge at O because the robot’s
states have a small amount of fluctuations since inter-
actions between robots include uncertainties. The strat-
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Fig. 5. Simulation result: evaluation of differentiation.
Time evolution of /f1, /f3, /hy, and /ha.

egy frequencies infectiously have fluctuation. The fluc-
tuations is proportional to & according to definition by
Eq. (8). If the fluctuations positively amplify through in-
teractions between robots, then the state transits from ho-
mogeneous to heterogeneous [22]. Thus adaptive division
of labor is driven by the phase transition.

In the heterogeneous state, the flow of foods between
robots is contrastingly generated. These result indicates
that the specialization strategy frequency and flow of food
are generated by efficient desymmetrization.

5.3. Collective Robustness and Performance
Improvement

5.3.1. Simulation Description

We confirm that evaluated value, strategy frequency /x;,
and group mean fitness (¢) change when division is or-
ganized or disorganized. This simulation evaluates per-
formance improvement and homeostasis of the homoge-
neous or heterogeneous state. To compare (/¢) in homo-
geneous and heterogeneous states, ¢ is fixed at 0 or 0.1

Journal of Robotics and Mechatronics Vol.22 No.4, 2010
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Table 2. Simulation condition.

Term t o (1, 7x3)
Term1 0<tr<10 0 not fixed
Term?2 10<t<20 | 0.1 not fixed
Term3 20<¢<30 | 0.1 not fixed
Term4 30<r <40 0 fixed to hetero. state
Term5 40<t <50 0 not fixed
Term6 50<tr<60 §0.1 fixed to homo. state
Term7 60<tr<70 | 0.0 not fixed
Term$8 70<t< 80 | 0.1 not fixed
Term9 80<tr<90 | 0.1] fixedio(0,1)at+ =230
Term10 [ 90 <7 < 100 | 0.1 | fixedto (1,0} atz =90

by referencing previous subsection results. In addition, to
evaluate the adaptively division of labor, that means (/o)
increasing, each Jx; are fixed under the Table 2. All of
another simulation conditions are same as previous sim-
ulation conditions. In Term1,2,3,5,7,8, the normal sim-
ulation is carried out, and at & = 0 or 0.1, the homoge-
neous or heterogeneous state is selected. In Term4, each
Jx; is fixed to the values of the end of Term3 with only
setting o¢ = 0. Strategy frequency is forcibly specialized
to heterogeneous state even though without interactions.
In Term6, on the contrary, each Jx; are fixed to the val-
ues of the end of Term5 with only setting a = 0.1. In
this case, the group state is forcibly homogeneous state
even though robots can interact. With the results of Term4
and Term6, the adaptively division of labor is evaluated
by group mean fitness increasing and decreasing. In
Term9, the strategy frequency is instantaneously fixed at
(%x1,%x2) = (0,1) at the beginning of the term ¢ = 80. In
Term10, on the contrary, strategy frequency is instanta-
neously fixed at ({x;,/x2) = (1,0) at the beginning of the
term ¢ = 90. In ordinary circumstances, the group state
converge to heterogeneous because of o = 0.1. Through
these operations, regarded as environmental disturbances,
the stability and homeostatic properties of division rate
are evaluated.

5.3.2. Results

_ Figures 6(a) and (b) show the time evolution of /x; and
Jx, simulated based on the condition Table 2. Fig. 6(c)
shows the average of (/¢) during each term. A com-
parison of the Termd4 and Term5 shows that group mean
fitness (Y9} in the Term4; the division is forcibly orga-
nized in this term, and remains low against the evalu-
ated value in TermS5, indicating the effectiveness of the
roles of /h;. This compression indicates that robots can-
not improve group performance with division that is not
organized by appropriate interaction. The performance
decreasing is also obvious from Eq. (55). Without the
forcible heterogeneous state, homogeneous state is ordi-
nary selected. Then, the Jacobian of the second and third
terms in the right side of the equation must be positive, the
group mean fitness decrease because of { > 0 and £ > 0,
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Fig. 6. Simulation result: convergence property for environ-
mental disturbance.

which means the heterogeneous state.

Comparing Term3 and Term6 shows that, for the evalu-
ated value in Term6, the division is forcibly disorganized
in this term, and also remains low against the value eval-
uated in the Term3. This comparison indicates the im-
provement of performances with division. To explain us-
ing Eq. (55), without the forcible homogeneous state, het-
erogeneous state is ordinary selected. Then, the Jacobian
of the second and third terms in the right side of the equa-
tion must be negative, the group mean fitness cannot in-
crease with { = 0, & = 0, which means the homogeneous
state. These two comparisons of results suggest that the
proposed algorithm has functions that are not only self-
organized state but also adaptive division of labor.

In Term8 where the state is heterogeneous, it is ob-
served that strategy frequencies are fluctvated. This is
caused by a spatial bias of robots distribution in working
space. When the density of robots distribution become
high (low), a force for heterogeneous (homogeneous) is
generated because interaction frequencies between robots
are high (low).

At? =80 and ¢ = 90, all (“x;,/x7) is set to (0,1) and
(1,0) is used as an assumption of some accidents in Term8
and Term9 such as breakdown robot. Robots can recover
and organize the ratio of division as it was before. This
result confirms the adequacy of the stability analysis; the
algorithm has a homeostatic property. It is considered that
the roles of /4; is not only exchange the foods to be assim-
ilated but also order formation of heterogeneous state and
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regulation of division rate.

5.4. Scalability of Robot Number
5.4.1. Simulation Description

We demonstrate the scalability of the number of robots
with m = 2 and a = 0.1. All other conditions are the
same as the simulation in above, except for n changes
from 1 to 10. The j-th robot carry out the labors dur-
ing 20(j — 1) < < 20(11 — j) in the working space
(cf., Fig. 7(d)). When the robot is put randomly into
the working space, the strategy frequency is initialized
as (Yxy,7x3) = (0.5,0.5). This simulation indicates that
the division of labor can be implemented with the scal-
ability of the number of robots, and depends on contact
frequency.

5.4.2. Results

Figures 7(a) and (b) shows the time evolution of )
and /x;, respectively. White circles and white squares
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indicate values (“x1,/x,) when the robot is put into and
picked up from working space, respectively. Fig. 7(c)
shows the time evolution of summation of contact fre-
quency per time. The contact frequencies increase (de-
crease) according to increasing (decreasing) the number
for robot on working space. When, n > 7, the hetero-
geneous state is organized because it is considered that
the spatial density of robots increases satisfying enough
interaction for division. At¢ =70, t = 80, r = 90, and
t = 100, the number of robots where strategy frequencies
satisfy (fx; > 0.9, 7xa > 0.9) are respectively (5,2), (5,3),
(6,3), and (7,3). And atr =110, ¢ = 120, + = 130, and
t = 140, this is respectively (7,3), (6,3), (5,3), and (4, 3).
The ratio of division converges at (7 : 3) around n = 10,
however, that does not exactly converge at (7 : 3) because
the system has hysteresis with changes of the number of
robots.

This result is just straightforward, however, indicates
the asset effectiveness because proposed algorithm is op-
erated with contact frequency. This is one of the reason
that the adaptive division of labor is achieved with local
interaction. When « is determined, the group state is se-
lected autonomously and driven to either a homogeneous
or heterogeneous state.

5.5. Application to High-Dimensional Labor
5.5.1. Simulation Description

In previous sections and mathematical analysis in sec-
tion 4, simulation used m = 2. We evaluated the simula-
tion for m = 4 and n = 10. The amount of foods is defined
as (Cy:C2:C3:Cy) =(4:3:2:1). As same as the condi-
tions of section 5.2, the transitions of strategy frequency is
evaluated with a satisfy Eq. (56) and initializing at a = 0
(cf., Fig. 4(d)) during 0 <1 < 100.

§5.5.2. Results

Figures 8(a), (b), (c), and (d) show the the time evo-
lutions of /x;, /x2, /x3, and /x4. With these results, in
even several labors, the homogeneous or heterogeneous
state is selected. The strategy frequency of each robot are
discontinuously and synchronously organized. In homo-
gencous state, the strategy frequency converges to around
(xy < 9xg 1 ix3 1 Fxq) = (0.29: 0.27 : 0.22 : 0.20). This ra-
tio is different from the task ratio, (4:3:2: 1), therefore,
the optimality is not guaranteed in the event. The one of
the reason is that the fitness matrix was not adequate. To
solve this problem, the asymmetric components of fitness
matrix in Eq. (3) are expected to be adequately designed.

This also indicates the division of labor is organized at
o = 0.05. In a heterogeneous state, the ratio of numbers
of robots converges to (x1,’x2,7x3,%4) = (1,0,0,0),
(jklylk2,1k3,]k4) = (01 1,0,0), (jxlajx21jx37jx4) =
(0,0,1,0), and (%x1, %x2,/x3,9x4) = (0,0,0,1) is (2,2,3,3).
It is however that, this ratio is different from each sim-
ulations. It is considered that the effect of fluctuations
caused by robot’s behaviors is no longer ignored. When
the fluctuations increase, the convergence is reduced.
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Fig. 8. Simulation result: application to high-dimensional labor.

6. Discussion and Conclusions

The theoretical result presented by Eq. (55) provides
information useful to understand the adaptively and the
performance improvement in the division of labor. In
the proposed algorithm, the division of labor is controlled
through the phase transition, which guarantees the group
performance improvement. The interactions are simple,
but the adaptive division of labor is realized. The de-
termination of whether a state of stabilization or desta-
bilization pertains is described by the Jacobian shown in
Eq. (5§5). Its positive and negative values are directly
linked to group fitness improvement. The controlled state,
at least the problem of homogeneity or heterogeneity, al-
ready satisfies the condition of group performance im-
provement.

We proposed an adaptive division of labor for robot
group, and it was found through theoretical analyses that
the group performance is certainly improved in the two-
dimensional labor case, and that the dynamical behav-
ior of both robots and group states is observed through
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computer simulations. We now plan to mathematically
analyze of three or more dimensional division-of-labor
method, and experiments using real robots.
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