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Abstract

This study establishes dynamic modeling of scaweed and water environment toward algal cultivation
development from a viewpoint ol artificial life (A-l.ife). The algal cultivation has been attracted in
term of future energy production. We model the virtual seaweed and the environment using physics
engine PhvsX. PhysX can exccute dynamical simulation based on phyvsical calculation. The
motphology of seaweed is determined by Lindenmayer system. Three properties of seaweed, such as
tear, adhesiveness and twist, are artificially introduced into the seaweed model. The water environment
is constructed by modeling buovancy, drag force and water flow. The water flow is generated by lattice
Boltzmann method {1.BM) known as one ol fluid analysis methods. In order to verify the behavior of
seaweed, two fluid simulations are executed for a plant and eight plants of seaweed. As a result, the
proposed simulation method is useful to realize seaweed’s adhesion, tear, and twist phenomenon in a
water pool.

F——f

2 A R EPEST ) 7 KRy I a2 b—3i gy ATAM

AR T A R E T S R T A E S, Professor, Depariment of Business and [nformation
Systems (Dept. of BIS), HIU
T g TR AR ZE R T AT FE L Post-Doctorial Researcher, Department of Information Science and
Technology (Dept. of IST), Hokkaido University (HU)
HAbiE NS A A Er R RS Professor. Dept. of IST, HU
e R ¥R TR #02, Associale Prolessor. Department of Kitami Institute of Technology



18 I IR /NI

1 #

il

LA, HIER D 7 v — U iz fE -, BER

Pe o 2oL F —ILEE S & &k, ORI A2
b R F— A R D 0 S kA
(=N e L o S A e (R
FNTWAH. F5 LT, ik
THE CO #HUV AL, = FF Y
O EHVOLEREITV, 2 B~
THOWEEREZFOEDITHEED T
WAL B, milkKEoELELARBD
rpunTodh, BRIEASORISTE & <, 15ULEE
KERIL L A T F— s 5
FRERREE A LTS, T b R s &
2 LC, ViERES R A /S A oL F -,
CO= BELWBANROK P I 2e & o TERY
Hi# [Fei, efal. (1999)], [Fei(2004)],
"Yokoyama et al. (2007)) THHIf4 % H
(I TR A3 U f Edtfheh T B,

MR R IO IT A S LT, S
[CERE S COr M ST LTk <
CO: E E L #fro> B 58 | Hirata et al.
(1996) | R TR ST R X — D
HILAE 2 FBL-T 5 74 big U 7o 4
— ORI TZxijffer ef al. (2010)), ¥
O A M350 D I NI 3 00 iR AT
"Ugwu et al. (2008)], @m0 AEpE S
Zy XA A A L ORI ESLHEI D T
& Lom g F— 0 LA MO
(S (2010)), FAGHIZES T D ifFi
DO EACALEL 2 R U 7o koL F — 25 R
M BsE TLam er al. (2011)] 72 ¥ Vs
B L. BULONFERR TIE, Wiso 1
S VR RO & LT AR T
EMNRE IR TNA,

LaonL7eis o, JEBR0 RS ol 2 A
WTHMOR TS T ICB) 5 AR
s s TLiefal (2011)) <o Graldh 4 i
AT SEEEBET SITE N s
oA NEEL, RS R X LG A

e LA HEA - EUSERT - B

W9 X5 7 RS & A J2EL 4 5 il £k
WMoEBENLEENAL TV D TPang ef al
(2003)). T AEMIT B oI, HER

Fo& 0 UARARZEN] & 70 B BB 250 THR
PR PR G e TR e S Nl
WL B OPRRE Sl XS

—HEENIC D B AL T D MR R R EREE
T, G A KNG TR S, i
(ZoiEh A G CHRE & A D ERM R
s A VR S, eI L AR EE A
IHEXFT A, -k dRIBEO -G
EMIZBNTEaELEEN RS/ D
23, EEE SRV RN IR S L
Y, M TOMALNLRIZLDE
bt Bl&@mng 05,

FT, KEOBBMELD D LT HAE
D3 i L i T LE VSRR RS
T2, )WEOEENELS. fio
T, iGae b Enle KOOI S E)
FoThlE o ENLM\A AL, — i
ot 1 v wa¥ v fialls 3 pAVAL -G OR R

A LT, A T 4 8 (Artificial life,
A-life) ARG, TSI B TR S
OO LUINE G E AT - PEIT D0, B
Ho oo N L b SR
ODIRBEKFRENTOROEI X2 I 2
L= a VAR S T AENET ) TR
RL, TR H>VLTHET L.

Wl 2 R AR R AIC RS E S 4
ToR I X L T BRIEHINZ -3 < A8
A L, HERIREEN T o )iy 2 i
Vial—varEaiRETLY T Ry
2T CwA,. DO Y, Y
IREE) TR ENA A A, B, AR
Q7 EOHER Lo KENRIREICNT D
SN AR — M D0, Wik b OB
VDT R O ZFE A 4 LB
FoRANNL ) [ PA R R e AVIVDL ) S SR i
(20, BIo DT IC B E L, f5
NETHEHDET NV E a—F 2 7 L, i
EOPBEHE AR NS LE NS D, F1,



NA F R AWWEOTRE Y I aLb—vYa VETIL

M F O ALY 2 2 b— g T kD
BT DD OLIEN LR NFED B
TR B TS HELA 2 BRI
2R KR RE AR T AL E LS.
AAF7ECik, RRtoE T ko3 <k
RER (TR T L AR L, RO RFR
BB EENAEE Y T = L—1 1
oA BN L, MR T LD B A R D
THMEE M USRS NS HE - 7o i Eh 73 T2l a]
Bl BRI A, i, HEO#ERT
FTUEEREL, FNLOHKH I 2 L —
A TS T RS EIOER L A
R 2 B oM RBEALE, R 0l
o ZHEbZ T L, KDEREICET S
HESL DR T2 505 EHUC OV T L, i
BRzBA2EETTLORDMMEE T,
Aoy ORERIZ R DAY ThbH, 2ET
L L3 AT A LD AN Lo Rk E
DI, P OFHE & 720 D B ik b o
WEFTDEFNALDIFEIC DWW T~ A,
3 ETEKMDFET Y 7 BT
DL ERAD . 4TIIEBNT, B
ANERELIC BT A AN TR 8 & I =
L—a VOO E AR Ut 2R
REFOERELRE, 5 E T AR~
2.

2. BEOETYLY

2-1 L-PRATLIZELBEOBKET
7

L-3 A7 A (Lindenmayer system }i$4% &
DRT A—H RS EEREAEERL,
NOHERIBCETT2 2 X T, 08% 0
iR EREE e s LTRRT L7
AT KN TE D, Z DT I A LD
S, MIAD o3 R0 R A2 &R A LRI 2
DM AEY~RKERREO e —#
R AR S L L, BRIk 421558
THHFLEELTHEL TS, Corbit &
Corbit et al. (1993)) (X¥ TITALAKEY

PR IO BB E & BEMEAER L,
oV a—FIal— 3000 2
wor Vi LT EET DI A ki LT
L. FITH L AT AL BBIEO
PED VIR X T A, Sen ©
"Sen ef al. (2005)] 1L L-v AT LRE L
A — bk b E OIS REE O
BIARET U o/ FEEREL TR, A8
RIE & DA EGREFET 7L 5
ANREREI Lo THRErERICELN
DR IPEEN TS,

% OE, RO OB B R
IR D Hh TRVEESF A il LT <
F ARG ZRE LT, L-3 A5 A0 R
Ho B -z L0 20 RIERTO ALK
BEOTLEZ RS2 2 ERARETHD.
A7 T, EEORETT L% L- A
FAEHNTU FO LY ICERTD.

G=(V,S5,mw,P) (D

LG,
’={A4.B,C}
S={D.E}
w=A4
P(A—EBA), (B—=(), (C—ID

Tha., VIdEEE L5075, SIEERE
T, o ZVELREE, P IECT o)
AR, ERTTLTE, B l@isard 4
DO TR SN LMIRERZ 3 AHAED
VaAdy FTHES LTEKRL, L3 AT L
BT D UTER A~E 2L SED (4
L EENUEEKEL D)., BT 3K
DCYERIC N RIE S 4 Z oIk aE S LT
L, BB TR (b)) ol
GOEMRETTH . 2 TORKESIZX LT
RS T L7 W T, M 1 B R
T HOT D, gIHARAEN S 3 2k T
IRz (IHAAR ) X 7o 7 L
O EBRFEA 1e)ic it 2 2 L—
2 VICHER Ay L-2 27 L% 3 R

19



20 IR e /NI

| X R

AE B & D
(a) HWERRERLHIET 5T

(b) BHFEA

-

0% 1R 2 {ibf4; 3 fibfY
() L-AFAICLBARE

—1
Py

z-y swing angle
mu
60°
twisting angle
x-y swing angl 60°
L

d) PaAA FEHEORE(FFEEREZHEA LK
RS x, BE®Sy, B O 2)
Hl L-YATAICLAEBETTL

AL DWERET AL ZHNWS. (1)
U A SR e OV B0 T 2 P D L2
L TR L= BT Ui, B L OIS
FIEX L TORNFHBEEZEHNT L. 20
IR LT iz ko, EEpIC i

e A HEA - EASERT - B F

PEGR D X 9 @D 2 @RS BE 72 153
HEAEL TZ 5. £/, LV AT AREE
F5MHEORERMNEZET 352 LT
B o OWREOERET Y 7 he
BBEib.

22 BEREOYEME

AR TIIHE P & LT PhysX
INVIDIA (2012)] %#£f4 5. PhysX IZ
¥ aAdr M@ shE Fvs ORAE
ERETE, RV 2R3 5 = & THEAH
Ea Ik S8, BEOlEE Kby by aaq v
FEERTE D, 20V aA Ly FEHWVWEA
a7 ) 7L, bERBRREET L
L7z, BERREHEE 2 Ao Jick
D175 (True P HENIAEZRT).

True: |F|>F, orT>T,
o 2

False : otherwise

ZIT, F Fix¥aa v bMombsart
FOHEM, T, T.0I¥aA > MIMb5 b
VT L FEOHRMEERT. F TIZFENRERS
Koe~7 bV THY, HIEITHWDEIZZED
MoxHild | F|, | T T b, bENOBEAMEZX
2. (a) 1277

% < OWBEILFEA OMENO B D%
FLTEY, ZOBEORE OGO b
ORI L VRS, OB X 55N
(X OB ~D A AEBIG % Z . WgiafE
LMK TR U7 BRI, EWZH] & AT
MBI, BENC X AHMEER O
ETRREND. EoT, WBEOES F
EEAOKEELZEE LI-EE Y —n
HIZEWRBL, FOokEXF%E 3) &
THET 5.

MM;
5 Ty <h

i 3)
0: otherwise

F= k"%

f



NA K2 AMGEEORE Y I aL—va VET I

(1) BELOARAHET LV

X-X-¥

(c) MEAHAODBRBET L
B2 L-vATFAlCLAEERTT L

Fp
8 o

(a) BH Fs (b) HE v EHAH Fy
M3 ZEhEHh

(b) #5FHET N

T, i REDME < WEEROMEE,
Vi NG O R & D WRBE DB, ky
VRV OREMERREL, M, & M, TR
T SN U7z &, r; (XA R R
B, r I XRARBEREORIE TH 5. k1T
BEDREAEFE 2~ U, Khiag 7013 2 WA e e e
ry M EOREOMEEE r, LNTHD L&
OHERT 5. HEdse I ZRIAER TR SN D
7= W Ml r I ZRAEROER LD KTH Y,
KEAE TR LN/ < 72 D0l
ARERELCLRWESICTED ERERTE
T 5. fAEHEOBEXEZR 2 (b) (7T,
BABRBITEEO BB ORI L L
TAELS bRr PR ERRTHS.
WHRBOBEIT 3 KTZEMiIcBIT 58
o OMEMR EZN D OBENR N
ZHETILERD Y, MERFETT L
DOIERBHEETH H. £ Z TARIFE TIL,
WEBEOFEEY, KA, Bl & v D Biple Bt
MMEEEZRACT B2 icnT drice
i e O RIAER O 2Rl d & 5k L, BEfihik
D —ELL EICHM U7z 2R3 5 84

ELTHDEKS.

2.3 BhEN

TN S DORBNIRDH, FiH, B,
HAW, e Enb 5. AR TIE
%, AW, WIKHTIENEs TR R D
£\ OB AT, N LSO FE 2 5 )
EFNOBEFBERLTIT D . KFROFEAE
O FIETHIE RV Y < k%
INBICHAGDE S Z & THEEEFO
FEAEB)OIRIELL 2 BB T, BHEDO S
VSR SEEN S RMT ATRE & 7R 5.
FHIZTAFAT2AOKAEIZLY, K
3. (@) IZaRT Lotk omiEod.uic
FAADOBERICHE Li-gpi EmE o) b
LTEL. 2OREZ FRIZ@RKIZEVE
Haha.

Fg=pVg (4)

ZZT p IZRKOTE, V IXWIEO RS,
g [TENMEETH .

ARz BT 2 Iz < uhix, Bk
JE PR DA E & B8 X7 L & Ot
R MAD 2 RICHHFTDHHE LTEE
S, O E [ IMIROHELT H I OWin &
ThHD. FINFRETHEZEOKE ZZ(B)
Rz kvskvbns MARB—FR (2007)).

| 2
FD =ECDAPV (5)

ZIT, oo TIKEOEE, A I EZ
HWEOH N EE L ~D B HFE, G
EWERER OFURE, v Xk &R
L DOHXHETHD.

3 KFREDETI T

-1 wILA—FT Y
Ry < B0 A KR,

21



22 W R - NI
) Cg
Co
‘5\_‘“_\ Cg
€3
™~ \C4 C| C
7

€ C13

(a) BT HEE ci~e (b) BT ceis
H4 158FEFNOETHNORTHEE

WA — b= b CESSHEETLVLTH
5. Bt — bv b EIIREE, ZE/, R
REEKOETHEEL LW I KT CREEBIL
L, Brlcxt LEMiv—L 2@ AT 5.
A — b= M ERYOBIESLH
CHE TR RE, FHEBEER 72 & D R4 B Thif
RINTWD. ZOEHME, TT/VITHEM
THHN, BBk ani=F—F# &2 Pa
—Z CRBIHE S Z LB, —NVOE
W L0 ERx 7o B2 AR rTHE, HHERIC
BT DHNEZ— K, HCMMRER ZICH
ET DR E EBLA(RE, SERFEToND.

3.2 WFRILYT UK

TAF— b UL LitEER
ZRi oA ORFEIFE R 5 KRBT 5 Fik
ELTRESNTEOBBTFANVY < ik
(Lattice Boltzmann method, LBM) T 5

[Hou et al. (1985)], [Chen ef al. (1998)],

[Macnamara et al. (1988)]. LBM {ZHfif i
KA1 D 53 B T & 41 2 WK O B e fig
rhHEO—2Th D

ZDFIETZE W%H%%@%%T—%
oyl - B L, B TNIC —ER
CD*U.%E@J WZESWTC, J@ﬁﬁié L‘C@?ﬁi
REENZ I 2 L— N 5. B E BRI
T D AE T AR & PRI, AR AR D
WIC LT OREEIC L > TE OB TR
EIERZ2 5. £ FRICE, B0 T#E
EEXEDD., RFETIEEILSFERAIND
15 HEETNVERMNTS. T74bb,
4 TR T X, BTN ORF#EE
(cii=1.2,...,15)%

e LA HEA - EUSERT - B

¢; ={(1,0,0),(=1,0,0),(0,£1,0),
(0,0,£1),(x1,x1,£1)}

(6)

DRI ET D

JERE x J O] (12381 D ¢ & B
IRARRE 1 DR E 3 A B flen)iE, OB
ALY < RIS 7.

fi(x+¢;Ant+Ar) = %fi(x,rﬁ%ffq(x,r)

(7)
ZIT, fidi GEORAICBT D REH
ORLAF53Af, 2 TH—RFMERRETH D,
A0 K LB+ 2R IX—EHE
TR B~ L IR T 5. 4 2R
47 At B4 2 (local  equilibrium  distribution
function) & BEIXAL, FHRRAE~ L EBT
X2 R oMBERTH L. ZOBEEIT
LLTFD@)XTERELNS.

fAxn=Ep l—%le’+ 3¢/ v +%(t:?"1«-)2

(8)
5L,
4 vi=1
9
E; = L gt o7
9
1
— :i=8,.-15
72
Thsd. B)XNITBWT, p & vIiIHERFHND

HAEOEHRWER TH Y, HESAMBER S

EMOTUTFORTED 5.
p=2f 9
v==Sal; (10)

p%



NAF 2 RABEORE Y I ab—va VET I

Initial congmon
o $) = ’.r.f

iz, t

i Collision . l
L fi(z,1) =Lﬂfr(-f--f) +(1—a)f"(x.t)

; | Control of
|- ,Er?ﬂf,lﬂufﬂ,_ At fluid movement

+ Physical Calculation l

[ Boundary Condition | l
| No
‘ém\’:: [ Drawing ]

Calculation
VelomtyiDensuy

[ Outputdata W

4 LBMIZXAKEOHETLITY XA

- >
% #9
=t a3 -
(a) 8 A D HEH
Bs5 ¥yIalb—iavicAWkEERRE

3.3 WmREH

T R SE B O AT I, BE S PR 12
T 5 im ik ER O L F G R D EER S
LEBEBTLLEND D, AIETIL i FH
ORI BERIZ AT CHERT A5, T D
FERCOiHMORL T M EIRAT » FIT
BT i JT RO xR & 72 5 7 m OhL
15341 2 Y 24T 5 (bounce back) &1 %
BHT 5. #lxi, 3 IZBWCLEMIm
(CRERTEET 205G, LT D X S IcfEd
5.

Hx, g+ A= fr(x,1)

Holx.t+At) = fip(x.1)
fii(x.t+ At = fiz(x.1)
fia(x,t+ A1) = fg(x,1)
fis(x.1+ A1) = fo(x.1)

FEEMICXT L THRCHY BN E21T72 9.

£1 EBREHF

Virtual Seaweed
Number of rigid bodies 340
Radius of rigid bodies 0.5m
Density 1000 kg/m®
Restitution coefficient 0.05
Force limit value of joints 10°N
Torque limit value of joints 10°N - m
Adhesiveness coefTicient 5000

Water Environment

Gravity acceleration 9.8 m/s’
Liquid density 1040 kg/m®
Drag coefficient 1
Relaxation frequency 0.53
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