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WORKING MODEL(1):

Globally coupled tent map(GCTM) system

* N-dimensional map system, given by

a,k,N . parameters

—(n+1))

For k=0, 2 n-band chaos appears in 2(2 <a< 2(2_n)

(a>1) and (a(1-k)<1) : 1-dimensional chaos
a(1-K)>1: expanding in all direction(N-dimensional chaos)




Target phenomenon

* Intermittent transition among “quasi—stable”
states in globally coupled tent map system

- “Quasi—stable states’:

® exhibit N—dimensional chaos
- (Locally expansive in all direction)

* N —elements are divided into 2 groups. The grouping are
kept invariant for a certain (possibly very long) duration

® Typical lifetime is longer in system with larger N
- CLEAR INTERMITTENCY for LARGE N

- Observed in broad area of parameter space

® Unusual as an intermittency !




Example of h(t)

h{t) for a=1.7,k=0.28,N=20

o 20000 <0000 [=]sTeTsTe] soooo0 1e+0s

* Intermittent behavior indicates...

- Something in the phase space holds the trajectory, for a considerably long
but finite duration

* What captures the trajectory?

* Something like Invariant set

® Similar to attractor in some sense

For typical cases,
trace of broken attractor, after collision of the attractor and its basin
boundary (saddle—node bifurcation, boundary crisis etc.)
e.g.)
type—LILIII intermittency

crisis induced intermittency
on—off intermittency

Clear intermittency is observed in relatively narrow parameter region,

because the strength of the instability of “ruin” grows quickly as
parameter move away from the bifurcation point

Intermittency with life time longer than T : observed only in parameter
region with width T {-a}

20



WORKING MODEL (2):

Non—-linear Perron Frobenius(NLPF) system
* Dynamical system of “distribution” p(x),

pa(x)=[8(f (v, t)=x)p,(»)dy,

f (. 0)=(1=K)a(g3=lx=)+kh(0)

1 1
m)=] alh =1 o ()as
a , k: constant (parameter )
p(x) corresponds to “one—body distribution” of GCTM

With this representation, we can treat GCTM with different system
size(N) in the same phase space.

(N-dimensional GCTM system
{———=> NLPF with Phase space restricted on sum of N deltas)

GCTM & NLPF DBR{RIZDLNT

naive expectation:

T3 RE7RGCTMAD B2 568137 70 B> (ki e/
KENVI X B oH0) " oAz 52 7= NLPF & Tirfel
MICHETES
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A prominent discrepancy
between GCTM and NLPF:
Crisis at a=2

e GCTM with a=2 is critical (on the crisis
bifurcation) for any N and k :
(bounded attractor inevitably contain
l—cluster state)

e NLPF with a=2, (0<k<1/2) and distribution
with bounded variation is not on the crisis:
for initial states with bounded total variation,
total variation never diverge

Numerical results:
Long transient (quasi—stable phase)
and Phase diagram

* Numerically obtained phase diagram
[wide discrepancy of crisis bifurcation line]

.
-
St /‘4 Qi:‘}y
P 1217
QS/

e Relation between lifetime and systemsize

N vs Lifetime N vs Lifetime @ critical parameter
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Phase diagram for GCTM
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S1:
1-dim bounded attractor

SN:
N-dim bounded attractor

QsS:

No bounded attractor
lifetime of transient
diverges as N —o0,

QQ:

No bounded attractor
(with possibly fairly long
transient)

System size vs Lifetime

System size
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System size vs Lifetime

(9reos 3oy ur) owny 1|

10 10000
System size (in log scale)

Numerical results indicates...

® There exist a large discrepancy in the position
of the crisis bifurcation line of GCTM and that
of NLPF (with piecewise constant distribution
function)

* GCTM with parameter value inbetween these
two bifurcation lines exhibits long transient
behavior, whose life time grows with N as

log(t)~N

- Might be regarded as escape from
macroscopic/thermodynamic attractor induced by
“noise” due to “finite size effect”
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2-band IKEEDZEHEIZDLVT
* 2-band JRBEITV T AT AZREHA L TENDS
* JIATVANEZH/NT A= DAEIZEIL TiX
- 1 BRSO T TR N GE 150 ~DIR I ED <7

. a, k LN (2HOOLEMO) FERHILIE I
FoTRES

- GCTM & NLPF TlIHBIE D7 A 130403 L
— B L7 (BEER dt%iﬁf%ﬁﬁ:%%hﬂ%)

GCTMDISA AP HHED

NEFE) IKFMHEIZDNT
* a(1-k)>sqrt(2) O&EFHIZISNTIE éfoc/\“ﬂJtt%%)ozﬂ‘/P

W2 iE T N2 % \z’)ﬂ'“fﬁ“%ﬁt ZUE. (RS B A
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Sl S N Nl A
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* a(l-k) 2% sqrt(2) EVH/hSWGEIRIZI VT, HOFEFEA

HPHIZDTZS 2R A RENFEFRDITTAV AR LR TEBE
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- a(l-k) " 12 (A0S T TR, TN ECLTWDIIIZ A
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Stability of Equally partitioned 2-band states

A:point cluster attractor
(No 2-band state)

B:stable
(NLPF & GCTM)

C:“quasi-stable”
(NLPF: stable)
(GCTM: unsbale)

D:unstable
E.

. (NLPF: No 2 band state)
18 18 2 (GCTM: unstable)

Numerical observation
of the intermittency:

* Choose (a,k), s.t.,

2—band states are unstable in GCTM system
and
(some of) 2-band states are stable in NLPF

- Example of h(t)
- Histgram of the life-time of 2—-band states
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h{t) for a=1.7.k=0.28,N=20

h(t) for a=1.7.k=0.28,N=24

Numerical observation
of the intermittency:

* Choose (a,k), s.t.,

2—band states are unstable in GCTM system
and
(some of) 2-band states are stable in NLPF

- Example of h(t)
- Histgram of the life—time of 2-band states
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Analysis on the life—time distribution
e (1)life—time distribution for 2-band with

specified partition ratio

—exponential decay

* (2)Relation between partition ratio and life—

time
[log (lifetime)] depends N linearly
its coefficient smoothly depends partition ratio

- For Large N : lifetime distribution of 2—-band states
has some range with (nearly uniform distribution in
logscale)
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JIrEt o T

KBCRE2 AL amhERENT 7R}
Hh i 2

AR D AR T, MR O WSR2 M A H 2 N U CGHIMBE R AR RS IR = h b, &
D &5 REYNTH S N D RERNMEZ BNT 2720, BEIEF NV 2HKL 7=, EF VORI ZML T,
MEFHOIICHKIEL TR 2% A TOREWERIFT 5L 0D Z eBbhr Tz, £ oREMIE, MlEH o
K& SO RIS T B INI T4 v oZ Ly LTS 5 Z L2 C& 5,

1 EC®IC

ZAEY) DR TR, HB oMo RPFRETav 202 4 I V7Tl T 5 REWIFHET B Z &
PRI SN TS [1-3], MRS TEBOMIFEIEIEL TO 2 RUE 1R LTRL e, HDHHED
25 AF Y TRELHL Z N TED, 2D kD RBIGUIKA B IFRIC B CRNES) [4,5]) 2 Tidh
5, BMHER) e it e o7 Fa Y —12FH L. Furusawa 613 KHBE /1225 & L CilaMEZ =500
EL7z 6], 72Tk, KAV oRAMWETH SN S & D1c, MFED K OBENC T3 5 2wk M
MEDNEFFHE & S TeBIE DL E F BT OB S, LA L, KEOAYNTHA O BIREL €TV
TROENZBZR E oMM OWTIFIHS NITIE R > Ty, KT, Lo k) aRddficisns
e, N A HEZ AL 2TV EMT T 52 e 2L, BT 52 & 2idn b,

2 MiRSEETIV

2.1 directional interaction

9. UToEFLE2EZSL,

_  (
i Ko roem rarm 0T S
do(t) N~ u ()
=L Y ®

(i : MDA > 7y 7 A, N = AR

* nakajima@complex.c.u-tokyo.ac.jp
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parameter |3 C,, = 1.0, K, = 0.1, 4, = 0.04,a = 3 = 2.0,7 = 10.0, K, = 2.0 THZX 5 (o, > 1.0 THH
W, BRSO RBE 6N 5), (1) NFHITAWNAL 7 SOE (B 7RBIEF). (2) NS EIC & 2 #ilid
MM EAFH %237, single cell DG, 721 Tld, O, DfEICE > T RIFPLES L BMLZETH S, &
DY AT LOFEEFTRE LTOMWHERNS, HHE u; > 0.3 DIREEZ A type,u; < 0.3 DIKGEE B type Ol
fa & 5, A (N ) 2ZALSE T, MO 2 525 U v IO TREABE L 22N 1 TH 5,
BIEY. Nigt BWNESOFUETIE Ny = Nyt TH Y. Niop >> 1 TlE Ny PHPUEISPERT 5 Z £ 2%0 05,
SR RICHER T 5729, Atype O HIFITAY Ny, Btype O ML A Ng TH 5 & 5 7% two
clusterstate(Na, Ng) 25X 5, 7>>1 &0 % >> 4 2T, BIEINC v IcDW TS &,

V= CU(CYNA + ﬁNB)NCYCUNA

225, (a= Kzuj“uz ,B= Kzuqu . ua:A type @ u; i up:B type @ u; HEZKT), —HT., wil>20WTH
v A v B
ADE. wlIlOWTHLE (two clusterstate(Na, Ng) DYE) 1725 720ITiE. v DM

U(min) <v< U(maw) (3)
(min) \/_814% +204,Cy + CE — 8K, — Cu(cu - 8Au)3
v =
22
(mazx) \/_SA3 + 20AuCu + CE — 8K, + Cu<cu - 8Au)3
v =
22
THLZEWRETHDLZ bbb, 2F D, two cluster state I3 Ny W3
) (min) (mazx)
(min) NU (maz) Nv
NA ( av)<NA<NA ( el

B2 LT BRAORLEAHET 5. ZhED. Ny < NU™™ Tk, %1 Atype DA O single cluster
state & 0. Ny = N{™™ T T Btype @ cell BT 5, Ny > NU™ ClideoR &k d &5
72 cluster state 1S B <o TOMIL Ny >> 1 T Nypy OICHRIFE T, Ny = N i
¥5.

2.2  mutual interaction

Kz, (2) A& IFHIHRAM A 2 — 2 LL 2= TV 2K

duz(t) _ ’U,l-a(t) o
TR T rwm 0T @
do(t) ., o~ ult) oW
a ~ ; K+l (t) Cozelt) g Ky +ul (t) o ®)

(i : MDA > 7y 7 A, N« AR
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Cv=005 | Cv=005 |
Q0K ¥ + DRI Q0% ¥
¥ Fh
150 B 08 4
1 kK =+
. ++++++++++++++ Y ++++
ot o %% T
§ +++ 3 ¥ + +
H al X T+,
2 ++ 0.4 X + + + i
ol 4 , % T4y ++4
+
KKK A KA AR HKH A KK o2 % ]
s S
Y KKK KK x X*
. ‘ ‘ . ‘ ‘ ‘
a) 0 100 200 — 300 400 500 b) o 100 20|Uma‘ R ceICiOO 400 500

1 (1),2) RCoMEERD Y S 25 U YT, N(EHE) 2ZS kL&D a)A type OMIFUE
(Na). b)(A type OHIKIE) /(LMD (Na/ Niot)

500

200

number of type A cell
cell type ratio(Na/Ntot)

0 50 100 150 200 25 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
a) total number of cells b) total number of cells

2 (4),6) AcofffukHlor 25V 7, N(&MIUE) 2ZLE e & a)A type DML
(Na). b)(A type OHIIL) / (ML) (N a/Neot)

parameter |¥ 7 = 10.0,C, = 1.0, K, = 0.1, A, = 0.04,a = 8 = 2.0,Cy2 = 0.05 TLU N L2 5, BUFIHEHD
%ﬁ%%{ 21K, :U)f?%é\ Nigt >> 17T (NA/NB) VAR Cu1 0)1[5&:5[31;‘(*%1@&:&%1/0\60
S XIF LB L ARSI LT,

N
- aaCy1 Ny 1+ o255~ _CuiaaNa
BeCw2 Np 1+ g;‘%g + CuzﬁlsNB Cw2BNB
2 2 2 2
U Uq Kv2 Kv2
o =—2— ap=-—5"2— 1= —— B = —L— ua : Atype D u;ili, up : Btype D u iz 3K7),
(=g oe = gz Pa= g 08 = g gz va s Atype @ uilll,up < Blype O u; )

75, uMHLZEIREDDFRMFISZFLLECL, 3) ATHSDLELM, SDY{T, cluster state
[y S gWAE S U

Na _ (Na

Na (min) ﬁBCUQ (min)
() v v, < (F,

(maz)(,_BBCv2  (maz)
Ny aaCos ) v ) (6)

) < aACvl

» & 912, population size TIFZR <, ZFEFD cell type DHHITHKIFT 5 Z LI 5,

37



2.3 random network model

Lot & 0. MR EEH OIC & - T cluster D REMEAS population size ITAKTFEY 2 5 & Ml
HRITIKEFET D EBRRTEDL L WH 2 2R TER, 2ho, &) —BiREE & LT random network
model [6] % X %, Random network model &IZLITD & D IFKE 2,

HR A SOS
dz (1) ) 2 ) (¢
o =02t Dt Zax” (7)
s (t Z Ciria (O (t Z Ciwal) ()@ (1) + o D(X; —20(1))  (8)
G k=1 3/ k=1
MR RIAR BRI (SRERPED)
dX;(t 1L m
dt( ) = ean(S X Z Dcell ( )(t)) (9)
m:l

(i :ALFRADA Ty 7 A, 1 MDA 5y 7 A, M AEFRAEL N - M0

(1) A3 chemical network,(2) AMEAUT 2 SREERIMT & HARAMAMELEH TH 5. FEW I 2l o> 1L
P, MUK OLRENFOIREL B D Z L MTEL, L0 =02 LT (9) X &,

2™ 4 1 VDenySs
N Zm 1 Z + N Decen
1 VDeny
1 + N Decen

X; =

picEs, LN oM 59 RpE® eimsma
(Q : B2 MO, Ry, = (Ny,/N) : k—type ORI & SRNIBO, 7; : k—type OB B 2; D il)

Q ~(k) 1 VDenuSs
Do B+ & Deell

1 VDe'VlU
1+ N Deeu

X; =

rien, M RER Mg e T2 2. X, 1 population size N Iik{EL TEALT 5, Zhix (2.1) 0
T IV ;ﬂﬁbtﬁlﬁfﬁ)é ¥ 7=. population size 7% N >> 1 Tld,

M

Xi =Y Rl

k=1
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2. Plate reader : 96N TL—r (DHIRAHKCH 2 EEFHER) EFRIFICEE/M
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3. T—AR—RBWHOFAAFIVIROEREELZREHEDN?
4, IRE—20FAFIYIRITERALI-T —ER—XIBE (B 3. Reinitz)

5. BSEDHR: BEGIE—UF(FIYIR) RYRT—Y #ILEREU DT
% — MEREEZDELEDERDRE

D EY (R5F)Z B Elowitzetal, Science ('02),  Becskei, Oudenaarden,
Nature Genetics (‘05)
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Bl ZHOBEFIE. EQXIIRABELLOT. FZEEEY LITFEN?

E.Coli Flagella gene network T, &iE1&F D promoter activity dynamics Zsystematic (25X 5,
Kalir and Alon, Cell (‘04):  Kalir,et.al, Science 292 (‘01) 2080

Promoter activity / cell = 1 dGFP dGFP CDERIIER /Jgfat
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3. T—AR—REFNOEAFIVIRAOEEEEREHEEIMN ?

Network motifs (Milo et. al. 02)
in the transcriptional network of E. Coli and yeast

s

Feed-forward
Loop (FFL)

sub-structures which appear in the network
more often than randomized networks

They are found to be abundant, but it is not clear

* Why so abundant in the network?

* Are they building blocks of the network?

* Do they help us to understand biological functions?

4. INB—URFAFIYIRITEB LI T — AR —RIBE

HMEMHEEOREARETCOBRERMIAMTIVIR: EERILOEVZEHE
Sawai,et.al,Nature( ‘05)
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5. HEEDOHIL LW ST=EYMDFT—T—FRE RYRT—IOFALFIYHIR
ELVOT-BHRADET—T—FEESRDHD TNV KVEARS?

NE—UBAFIv YR BRREHEERTY (RERER)

FIRT—IDELT A FIVIR
(EEHEBR., RERRDER),

Morphogenesis of D. melanoqgaster

Gene expression patterns in Drosophila embryo

Can we explain the gene expression patterns

based on the complex network requlations, especially FFLs?

Function of Feed Forward Loop (FFL)

* Fixed number of stripes
c.f. Turing mechanism, sloppy for the number of stripes

* robustness against perturbations in parameters
- Structure is preserved as long as the order of the thresholds

are not changed

* Feed-back loops, mutual regulations are necessary for stable

morphogenesis (proportion, etc.)

e Pattern formation by the interacting FFL networks
* They work in the morphogenesis of D. melanogaster
* This gives the reason of FFL abundance

remarks
*Many FFLs are also found in the regulations for the segment-polarity
genes and homeotic genes (down-stream processes of development)
*Extension to the networks with feedback loops
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Function of cross-talking FFLs
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Model parameters

+ Connection (regulation) among nodes (genes).
(including auto-regulation).

* Threshold value (Michaelis constant) for each
regulation K.

+ positive / negative regulation.

+ Diffusion constant D for each node.

Evolution toward multiple stripe formation
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