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Emergent Structure of Motile Oscillators

DAN TaNaKATL2

We propose a general chemotactic model describing a system of interacting
particles. The intended scope of this model is quite broad, including a wide
range of chemical and biological systems consisting of a set of particles that
interact in a variable manner. The particles in this model exhibit internal dy-
namics, and there exists a nonlinear coupling between particles that depends on
their internal states. From this model, we derive a simpler model describing the
phases and positions of the chemotactic particles by means of centre-manifold
and phase reduction methods. We find that, despite its simplicity, the model
obtained through this reduction exhibits a rich variety of patterns.

1. O g

1.1 00000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000Y0000000000000
0000?¥00000000000000000000000ASEPOOOOOOOOO
0Y00000000%Y0BZ-A0TO00000O0O0O0OOOOOOOOOOOO®0000O
0”¥0000000000000000000000000D00000DO0Y00000
0DO0000DO0YoooOoO0O0O00000000000000000000000000
0000000000000000000000000000000000000000
0D00Dooooo™Pooo00000000000000000000000000
0¥O0Do00000000000000Swarm-Robotsd Modular-Robots0 0 000 00
000000000000 00D0000O00O0Yno

1.2 0000000000000

00000000 100000000000000000000D0O0000000O0O0
0000000000000 0000000000000D00000000000000
0000000000000 0DD000000000D00000000DDo0o00Oo
000000000000 D000000D000000000000D00000000000

gbobobobobooboobobobobooobobooboobooboooooobooboo

goboboodlgoooooobooooooooooooooooooocoooooa
gooooooooboooooooooooboooobobooooooooooooooa
gobobooodooooboboooobooosoooobooooobooooooooOoooon
goooobooooobooooooboooooobooOooboOoboooooobooOobOoooboobo
goooooooooooooboooooobooOobOboOo0ooboooooobooboOoooooboo
goooooooooooooOoooooboOooOoooobOOoOoOooOoOoOCOoOoOoDoon
goooooboooboooooooooooooobooobooboooOoooboooOoDbboo
gooooboooooooooooobooboooooboobooOoOobOOoooboooDoooDboo

1000000000000
Graduate School of Engineering, University of Fukui
2000000000000
Precursory Research for Embryonic Science and Technology (PRESTO), Japan Science and Tech-

gboooboooooboooboooobooobooooboooooobooOooOooooDo
000000000000000000000000YOoOo0o00000000000

nology Agency (JST) oobooooobooooooooboooboooooOoboooobOoobooobOboOobooboOoooDoo

1 (© 2009 Information Processing Society of Japan



2 00O0O0O0O0O0OO0Oooo

000000000000 000D00000000000000000000000000
0000000000000 D00000D0000000000nog

1.3 000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 00 20000000000 000000000000
0000000000020 0000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
00000000000000000000000000%00000000000000
000000000000 000D0000000000000000000000000
0000000000000 00000000000000000000000001.10
0000000000000000000000000000000M 00000000
00000000D000000D000D000000000000000000000000
00000000 1000000000000000000000000O00O0DOO00DOO0
0»goooo00000D0000000D0D0000D0000000D0NoNnoo
00000000000 000D0O00D0000D01.100000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000

1.4 00000
0000000000000000000000000000000000000000
00000000000000000000000000000000 100000000
00000000000000000000000000000000020000000
00000000000000000000000000000000000000000

x1 000000000000000000000

000000000 00D0OO0D0O0O0O0 Vol.2 No.l 1-9 (Feb. 2009)

0000000000000000000000 2400000000000
2, DO0dooooooboo

2.1 00DO0O0OO0OOOOODOOD

000000000000 0000000000D0000000000000000
00000000000000000000000000000000000000000
0000000000000 00D0*000000%0000000000000000
000000000000 HopfDO*00000000000DOO0O0DODOOO0
0000000000000 00000000D00000000000000000000
00000000000000000000000000%?000000000000
00000000000000000000000000000000*0

Xi(t) = f(X) + kg(S(ri, 1), (1)
mi'i(t) = =7 — o (Xi)VS|r=r;, (2)
T0S(rt) = =S +dV S + Y h(X)d(r — 1), (3)

X; 0000000000000 0n000DOO0O0O0DOOO0OOO0O0OODDOOO0 nOD
goooooobooooboooobooono0obOOO0O0OOO0O0DO0O0DOO00D X;0000
r, 00000 DOOCOOOOOO00O0ODOX, 0000000000 fOOOCDOO
ooo0ooooooo soooooooooooooo0dd gooo kODOoOOODOD
gO00O00g¢(0)0 fOO0DDOOOOOODODDOOODOOOODOg(0)=00000000
ooooooooo 0 SO000000000000 eVSOOOOeDO X;00000
000 DxpDpOOOODOOOO mOyO0OO0O0O00O0O0O0OODOOOOOOOOOOOO
0000oo0o0oo0o0oo0o0oooo0ooo000 SooooooooUooOooooo
ocoooooooooooobObObOq0000000O0OOO0OO0O0O0O0O00O000O0ODO0 100
OU00U0O0ooo0ooooooo SoooooUoUoUoUoUoUoOAR()=00000

x2 00000000000000000000O0O0O0O0O00C0OO0O0O00O0O0O00000O0O0O0O00O0O0COOO00
goooooboOoOoOo0oooOoOoOoO0oOoboOoOO0OO0OO0OOOO0OO0O0O0OOOOOOO0OOOOOOOOOOOO
goooooobooooo

x3 000000000000000000000000

x4 0000000000000 0O0COOOO0OO0COOOOO0OOOOOO0OOOOO0O0OCOOOOOOOOOOO0
goooOooOooOooOo0OO0O0OO0OOO0OOOO0OO0COCOOOOO0OO0OO0OOOOO0OO0OOOOOOOOO0OO
gooooooo

(© 2009 Information Processing Society of Japan



3 ODO0O0O0O00oOoooono

000000 AO000D00D000000O000000-0 SO000000000 7000
000000000000 00000000000000000000000000000
0000000000 00D00D000000000000000000f000000D0
00000 p00000000p=4+00000 Hopf0OODOOODOODOOODOO
000000000000 00000D00000000

0000000000000 000000000000000000000 @™

22 0 0O O

00 k=000000000 X(t)=f(X)0000000000pg=+4+000000
Stuart-Landau 0 00 0000000O00000000O%®0O

A(t) = pry A — BlAPA. (4)
A0D0OODODOOOOODOOOOODOO0O0O0N, O4004(X)00000000000
Doooooow’)D=0(1) 00000

00 k£00000000000000000000 fO000D00000 kgOOOOD
0000000000000000000000k=0(x)00000000000000
0000000000000 000000000000000000000000000
00000000 290 30)0000000000*0000000000000000
0000000000000 00MMO0 Ak000000000000000000000
0000000000000 000D000000000000000000000000
0000000000000 000000000000000000000000000
00000000 k000000000000000K0000000000000000
0000000000000 000000000000000000000000000 &
D0000000000000000000 k=0()0000000000000000
0D0000000DO00O00

A = Ai = (1410) | Ai A + xM(ry), (5)

7i = — AV M) |r=r; + c.c., (6)
000 A;0 000000 i00Hepf0OODODOOODODODO0OOOA;0 A;00
00D00000ce 000DD0O0DOO0DO0ODOODOOOMOODOODOOODOO

x1 0000000000000 0O0C0O0O0O00OOOO0O00OOO00000OO0O0O0O0OCOOOOOOOOOO
goooO0ooOooOooOo0OOoO0OboOOOO0O0OO0O0OOOO0OO0OO0OOOO0OOOOOOCOOOOOOOOOOO
goooooOo0o0oooooOoO0o0oO00O0ooOoOO00000b0O0O0O00000

000000000 00D0OO0D0O0O0O0 Vol.2 No.l 1-9 (Feb. 2009)

0*000000 GO000000000000n

M(r) =D AGr 1), (7)
. dg  beldr
aﬂ:/@ﬂDﬁ+f' ®)

DoOOoOO0O0OO0OcOD0OO0OOxOMpOO0ODOOOO0O0DOODOOOODOOOOOODODODO
xXx,osgooooooooooooooooooo

O000oo0ooOMOO0OO0 SO0O0000O0000O000000OOO0OOD Stuart-Landau
00o0oUo0ooUo xooooooo ¢00DO0 r0 AG—r)00O0ODODOOO
00000o00o0oOoUOo0oOOoUOUOOUDUODOOoULOO M(ryOooOO

000000000000 000000000000000000000000000
gooobooooooooboooooboboooo200000000000000000O0
00*000000000000000000000000000000 GOO0O0000
0000D0000*000 SO XO0O0O0O0O000O000000000000000A4;0
000000 00000000000000SO00000000000000000
ooooooMMOOOOOOOOOOOOOOOOOOOOOOOOoOooSooooO T
00000o0o0o0ooooo Gooooooooooo

gooooboooooobooooooooooobooooooooooDoooooooDobo
gooooboooooooobooooooobobooooboobOoOo0oooboDbobooooDoObo
goooobooooooooooooooooooooobooooooboooooDbobooo
gobooooooooooooooboobooboooooboobooooooooOoooooonoa
goboooooobooodooboooooooooooboboOoooooooOooooobooa
goboodbodoooooboooobboooobooooboOooobooOooooo

23 0000

goboooobooooooooooooooboobobobobOoboOo0oooooboOoOooooDooo
bobooboobooboobooboocobooooobooooooobOoOoboOobOooDo

x2 00000oooOoooooooooooodrooooooOoO00oobOrooooooooDooooooo
oooooo

300 mOO000O

*4 v/m — oo 0000

x5 GU000D000D0D0000000OD

x6 00000D000000O0O0000O0O0DOO00O0O0DOOO00O

(© 2009 Information Processing Society of Japan



4 0O0O0OO0OO0OOGOOOOOO

goboboobbooboboobobuoooobb xyooboboobboooboobboo
gooooood A(qﬁ):e*ic‘b[I[II]I]I:IDDDDDDDDDDDDDDDDDDDDD
DDDDDDDDDDDDDDDDDDDDDDDD28)DXDDDDDDDDDDDDD
gobooooooobooooobood
bi(t) =1+ (kP + c.c.), 9)
7i(t) = =V, Pi + c.c.. (10)
¢; 000 :0000000000000O0ce.0000D0O0O0O0O0O0O0OOOOOODODODO
goooad
P,‘EZefic((bjﬂbi)G(Tj—m) (11)
J#i
000000000« 0000000000 k= (1+i/c)y/20000
24 0000
0000000o0ooooooooo Goooooooo

(p* = V*)G(r) = bd(r). (12)
00 102030000 GOoO00O0OOOOOOOOOOO

D=1,y _ b

GP) = e, (13)
p=2,,_ b

P21 = 2 Kol (14)
P _ ie—plr\

G (r) = R (15)

0000K,OOOOOO0OO00 20000000000000Hepf0000 wOODOOO
gobodoooogoo

p=+(1+iwr)/d (16)

000000SO000 0000000 pO00000000000 740000000
000000 G(r)000 [#00000000000000G(r)000 |/|000000
00000000 r.=1/Rep000000000000000000000D000000
00000000000000000000000000000000000000000
0100000000000000000000

000000000 00D0OO0D0O0O0O0 Vol.2 No.l 1-9 (Feb. 2009)

o

L= =]
o (=]
-} -}

L= =]

=}

L= I ]
o o
L= - ]

o DB D
(=]

=T = R = I = - R

..'i

=]
i

o o

(=]
-] (-]
L3 - ]

o
oo
¥

.
i

- nﬂn o, L] &
=
o
o o ] =}
.. [=] mﬂ,'bﬂ o
& 5 o ng- o
oo ® o g B
o LI ] &
.'.i... )
p 2% % om ﬂni o
o L o []
-] - . o o o
o o
&
oo o &

01 000 200000000000000000000D000C0O0O00O0OODO pO0O00O0ODOOOOODOOOOO
pooooooOo0oOo0oOoU0OoooOo0oOoO0oOO000000OoOODOOO0O000000DDODO GUOODO
0000oo0ob00o00000b000000000000000000000000MO00000Ocrystald
branch (small)0 branch (large)0 0000 firework 00 0000000000000 0OO0O0O0O0ODOO
00000000000 00000 gasDOOODO cell membrane 0000000000000 0OOO0O
0000000000000 cell membrane 000000000000 O0D0O00OO00ODOOO0OOOO
goooomooo0ooooooOooooooOoooDoooooooDooo

Fig.1 Snapshots of particle distribution in two-dimensional space. Color represents intra-particle

state ¢. Although we have adopted a point particle in this paper, we plot its position with
a finite size to facilitate visualization. Boundary conditions are periodic (Because G(r) de-
creases exponentially as the distance of elements r increases, the boundary conditions are
not important in sufficiently large system size). Top figures, from left to right, show crystal,
branch (small), branch (large). Bottom figures, from left to right, show firework, gas, cell

membrane.
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Fig.2 Clustered clusters shown in the same manner as Fig. 1.
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Fig.3 Invariant curve Eq. (21) with E = 1.3. O represent stable fixed points.
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Fig.4 Relation to various systems. (a) Dynamical network, (b) Fluid spin glass.
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