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1 GIHKJ9LMON
, PRQCS@T@UKVCWOXZYZ[]\_^_` (CG) acbedgfZhiKjlk
, monqpsrCtZuwvOxzy CG {s|CvR}]~��C�R�s�O����K�Z� ~ j]�gi pe�C� . � � is� ��� , m9n�p_|cvR�� ��fO��� � , �O�Z�O�z�e�_T���UZ�¡ _Q¢uC£lUw¤l¥g¦§�¨�§ª© [wp¡«ªm9n�p�¬Ze{C®c¯-� � ~ je�°i pe�w�± � . ²C³´d CG |CveµK¶ �-· d°¸@¹]{_º@»=¼_� � �C½k

, ¾°¿l}e~g�c�]�@� � p´� � �cÀl~ . ²c³ZÁRÂ´d_ÃZ|Ä pg�@� i Aristed Lindenmayer
· iRj ~ L-system[1]

�cÅR~ . ¶�d°Æ � µ , ²O³¡y CG {_|ZvK}l~wÇC{KµgÈ �É �O� ~¢Æ � {cÅK~ . ÊC� ,Philippe DeReffye
· i]j �

�sfw|�� � � AMAP[5] ¼�À � Æ ��Ë ÅZ~ . ¶gd¢Æ � µ ,Ì]Í dg�ZÎ]ÏRURVZy¢ºO»0¼�}e~_� ,
§¢¨ ¦Kp_|Ov]��ÐKÑ

¼�pR�°�CÀc~ .
²Z³-y CG {�ÁRÂ]}e~´¼ ± , ²Z³cÒRÓ´ÔcÕ@{Rp � , ²
³ed°Ö ± y�|CvR}]~c¶R¼ ËØ× »K{cÅc~ . ²C³ed�Ù � i ¾
}K~��@� Ë mÚnÛpg¸w¹R{]� � �CÀc~ . ÜRÝOÞ , ¾]ß · d��
� [3] {cµ , àzy�áKâ_ãld°ãCÒ iKj �g� MOä-å , æCçOèldéRê ÏZUZV@yªëeì å pw½w}e¶Z¼ª{gÙ � yª|@v å �CÀc~ .
¶ �]í {Zd��@�c{ Ë ²@³zyª|@vR}K~��C�]µR� � �CÀK~
� , à¡y¢rCî Ä i �l�_T���Uc�� _Q å ��²O³¡y¢Ù · }�¼
À � �C�lµgïKpCÀ . ¶O¶�{ , rCî Ä ¼�µ , ðÛñ �Cò y�ó Ä
pK¾sô]{wõ´Ý , �Zö Ä p]¾sôO÷e{�|l}¡¶K¼wy¢øl} . ùcú
µ , í } í } CG dgºO»Oûl�_ü å �ZÀ � pCýZ{ ,

jek ð
ñRpgÖ ± �gþKÿ ·Û� ~K¼��CÝ ·Û� ~g����ë��ld��@îcÑ��
d�	CÇ i]j´k , ðqñlp�
 � y�ZvK}l~C�@ÿRd����lp��cÖ
�wëK�sÐRÑ�¼�p k���� Åc~ . �K¶�{ , �onªµ , ²C³ed�Ù �
y�rwî Ä i ��ë å CG {c�K�gTe�ªUC�´ gQ�}K~Z¶Z¼gy��> } .

2 ������� �"!§�¨ ¦cp°²@³�#@Ï_¦eyªÁCÂZ}K~w��ÿ i%$'&�j]k � � d
�O�K� �c�Z� � ± � . ²O³ZÁZÂ´d°Æ � i µ�(´X�)CURV+*
y+,Cá å ��ÁZÂR}e~ Ë d_u , �.-Ru0/�1lp�«gd°ÁcÂ�2 òi�3�4 ÀZ���wë iKj �s�sÁOÂc}]~�� � pz«��cÅc~ . ¶C¶
{Zµ , 5C�@�c{ É ¯ å � L-system

i�� Àw��687s}K~ .
2.1 L-system

L-system(Lindenmayer system) ¼�µ ,1968
N i

Aris-

tid Lindenmayer ��98: å �¢ÁCÂ'2 ò i+3;4 � Æ � {OÅ
~ . <ZredgÂ�=?>;@�AO`ey+Blÿ�¼ å �gm9nØp�ðØñOr´d�CD y+/�EGF |Ovl{ ± ~�Æ � {cÅR~ . B�H�I.J=¼ å ��KlÝ·Û� ~/'1 ( �RQL_¦ )

i�M å � , ÁCÂ'2 òON d°¦KU°¦ i3;4 Àw��P0Q å �CÀ � ¶Z¼ª{�/'1�R (L-string) yTS k ÇU ~ . � å � , ¶_d L-string y�.V Ä i Ì � å �ZÀ � ¶

¼ iRj]k , ²@³�#@Ï_¦eyTS k Ç U ~ . ��V�WZìwd�X°�zyªü
uZ}'Y]{�C D �wÂ�= å � ,

jek ����Z å �cÀ � j]��i�[
ÝK~ . L-system d�\.]eµ�^0_ Ä�`;a i î.b]{ ± ~R¶K¼
¼ , `�a p%c�Sc{�dCt]d¢ÒCÓ´y�P0eR{ ± ~Z¶Z¼ª{OÅZ~ . f
ÇOdR¶Z¼ªý · , 5C�@�c{Zµ L-system y�®C¯O}K~ .
2.2 L-system g'h�ij�k'l0m�n�o

L-system {�ScÂ å �_²R³p#RÏO¦zd�Ü�y0q 1
i øe} .

B�H0I�J�y F ¼ å , ¦lUg¦]µ ,“F→F[+F]F[-F][F]” {ZÅ
~ . �lQ�L@¦ “F” µ�r´d%s�t�y�ø å , �lQ�L@¦ “+ u −”

µ¢ÁCÂ@�8	Cd%v�wld�x0y]d+P�Z´yªøc} .“+ u −” d+P�Z]d
x0y]µ 20 z=¼Ø}K~ . q 1 µ¢ÁCÂ'2 ò y 2 X%{�|Z}K~K¼�Á
Âc{ ± ~�²@³�#@Ï_¦Z{OÅZ~ .

F
F[+F]F[-F][F]
F[+F]F[-F][F][+F[+F]F[-F][F]]F[+F]F[-F][F]
[-F[+F]F[-F][F]][F[+F]F[-F][F]]

PSfrag replacements

F
F [+F ]F [−F ][F ]

F [+F ]F [−F ][F ][+F [+F ]F [−F ][F ]]F [+F ]F [−F ][F ]

[−F [+F ]F [−F ][F ]][F [+F ]F [−F ][F ]]
0

0

1

1

2

2

}
1 L-system ~��

3 �����"��� �����
5Z�Z�K{Rµ , ²O³�y�Ù · } Í i É ¯R}l~��ZÖ8#ZÏw¦ i�.�

[2] y É ¯ å �CÀc~ . ²@³zyª|@vc}K~ Í d�r]µ , �Cè
¼ § Q�^l¼gd%�;�K{_|Zv å �ZÀK~ . § Q�^@µ��'�]}l~+�
è�y � p����@ÿRd%POÒ å pZÀ��=¼+�ZÝ]~ . �cèeµgà]ý ·� ÕO~�� , ����� ,

× � , ����� iRj ~�0SC¯Kd��ly � Õ ,é]ê d%P.Z¡y��Cë å , é]ê d%P;Z i Å ��� � § Qw^l¼��
è]d+s��Ky å �CÀ � ¶Z¼ª{g²@³ld¢Ù � yª|@v å �CÀc~ .
3.1 �.���;�'�'���
�Zèp Ky � p�� § Q�^Cµ , (´X.)@UKVOy¡z�@pZÀcdw{
�Cè i�¢ ó , |@�£]d%(lX0)�UZV@y�KKÝc~Z¶Z¼ i }K~ . �
è P d ¢ ózy mP , |@�£´y sP ¼Ø}K~K¼

mP = πr2
P lP δ (1)

sP = 2πrP lP (2)



¼ å ��þ´ÿl~ . ¶Z¶s{ ,lP ,rP ,δ µ��Rè P {]d�rzd�=-� ,���
, ²@³ld��0y´yª|c} Ë dl¼Ø}K~ .

3.2 ���	��
����i��
²O³´µ����lý · d��´y � Õc~K¶R¼¢{��ZÖK}l~ . 5Z�Z�
{Rµ , à ,

× � , �;�.� , �.�;� ilj ~��.SZ¯ed�� iej �
�g²@³R���CÖZ}K~K¼ å ����ëzy � � . í�� , àcý · � ÕO~
� ,
× � , ����� ,

i�� Àw��687s}K~ .���
t {��Cè P �sàcý · � ÕO~��ly F w,

× �ly F g,

�����ly F r ¼Ø}K~K¼
F w(t) = Kw(vw(t) − vi(t))sP (3)

F g = mpg (4)

F r(t) =
πr2

P

lP
Kr(P0 − P ) (5)

¼¢pK~ .Kw µsàKý · � ÕR~��]d�^CÜZôC� ,vw(t) µ ���
t {edwà�����^�� ¦ ,vi(t) µ��]è P d�� y´{lÅe~ . í
� ,Kr µ��.�.�ld�^OÜOôC� ,rP ,lP µ%�cè P

i� }l~%r
d ��� ¼ =���{OÅZ~ .
3.3 !#"���n�$&%�'8g'h�i��( d%�cè i�) � �;�.� i]j �_� , *´d��Zè i �Od���S
¯ iRj ~��O� ) � . �����ly F d ¼Ø}K~K¼ , �@d,+ ± �sµ

|F d| = Kd

likcosθ

lj
|F r| (6)

¼�p k , �Cd°� 	Oµ Pi ý · Pk y [ �°� 	´¼ ,Fr ¼.-wÊ/ lÇ i Å k Pi ý · Pk y [ �s� 	 i	0 � }l~��p	@{ÅZ~ . Kd µ , �����Rd��0SC¯Kd%^wÜ@ôw�R{OÅZ~ .
3.4 1	2	3#4�5%n�687�n&9�:
� 	Zd �C� y,;#<´~@�Cÿ i É ¯c}e~ 3	= � 	cµ , �cè
d%5 & ÅR~�< ± �p	Ky¢øK} Ë dw{RÅ k , B�HedsÓ	>´d%�
è8 Cd�? M Ä p éRê ¾¢ôcý · þKÿc~ .
3.4.1 @�A#3#4�n&9�:
q 2 ý · , í�� Pi ý · Pj

i 	@ý � �]^B� ¦ rij yK¼~ . rij(0) y y CC�8	 i φ(0), x CC�8	 i θ(0) X�DCú]d
Pi ý · Pj

i 	@ý � �]^B� ¦´y rjk(0) ¼ å , ¶ � y.? M�8	e¼Ø}K~ .
Y

Z

X

Z

X

Y

Pk

Pj

Pi

E
(0)

F (0)

Pi

Pj

Pk

r

rjk

ij

rjk

rij

PSfrag replacements

θ(0)

φ(0)

Pi

Pj

Pk

rij

rjk

rjk(0)

}
2 G,H,IKJ

3.4.2 1	2	3#4�n&9�:
q 3 ý · ,rjk(0) y y CR�p	 i φ(t), x CR�O	 i θ(t)L X�D�� � , þ í �_���K^M� ¦Z� 38= �K^M� ¦ b

i pc~ .
¶�d b ��øl} Pk 5 & d éeê P ′

k(t)

i 	Oý �@j]�gi Pki ����� Fr � ) � .
Y

Z

X

Y

Z

X

Y

Z

XPi

Pj

Pk

N
(t)

O (t)

Pk

Pj

Pi

N
(t)

O (t)

rjk(0)

Pi

Pj

Pk

b

P’k(t)
Fr

PSfrag replacements

θ(t)

φ(t)

−θ(t)

−φ(t)

Pi

Pj

Pk

rjk(0)

b }
3 P,Q,IKJ

3.5 �.��n�R�S�9�:���
t { éRê P (t)

i ÅZ~T�Cè]d dt T@ú]d éRê P (t +

dt) y¢þlÿ]~R¶R¼�y��cÝK~ . �K� t {��Zè P
i�) � �]dU �ly F P (t) ¼Ø}K~K¼ ,

F P (t) = F w(t) + F r(t) + F g(t) + F d(t) (7)

¼�|c}e¶Z¼ª�@{ ± ~ .
¶@¶¢{ ,

���
t {��Cè P

i ÁMVg~XW8��y´y aP (t) ¼Ø}
~K¼ , ÷ (1),(7) ý ·

aP (t) =
F P (t)

mP

(8)

¼�|c}e¶Z¼ª�@{ ± ~ . �Cè P d,��y´y vP ¼Ø}K~ . ÷ (8)

ý ·
vP (t + dt) = KdvP (t) + aP (t)dt (9)

¼Û|]}z¶R¼¢�O{ ± ~ . ¶Z¶°{ Kd µ°²O³zd�Y�Z i]j ~,�
yld�[8\	]K{ZÅc~ . ÷ (9) {��Zèld���yR�_þ í ���K¶R¼iRj]k

, �Cè]d P d éRê y
P (t + dt) = P (t) + vP (t + dt) (10)

¼�|c}e¶Z¼ª�@{ ± ~ .



3.6 ��n�����n����
fcÇcds� � {��Zè´d élê y	�ZÖR}e~l¼ , § Qw^@d�=��
��B�HZÓ	>]ý · P;Z å � å í � . 
O÷ iljek § Q�^Cd%=
�wy�� �ejc��i �Cè]d éRê yT,wác}K~ .

Pj = Pi +
Pj − Pi

|Pj − Pi|
lij(0) (11)

fOÇOd�� � {��Cè éRê d ��� iRj �°�cd� k P � k y�þ
ÿ , ���c}K~T�Cè´y § Qs^g{ � p@Àw{�s0tc}K~Z¶Z¼ª{ , ²
³R�gÙ · Àw{CÀc~�m ( yª|@vc}K~Z¶Z¼ª�@{ ± ~ .
4 � ������!
²O³´µ��;�ld�����y � Õw���cÖR}e~ . ²O³ i ýOýl~��
��¼ å � , � , à ,

× � , rCt6¼°d����Kpz«����OÝ ·q� ~ .
5Z�O�]{Rµ , �;�-¼ å �wà=¼ × �]d����¡y	� k��Ú� ¶K¼
¼ª}]~ . 5��]{cµ , à8�¡y�r@î Ä i �wëR}]~¢� � [4] y+6
7s}K~ .
4.1 Navier-Stokes 3 ��!

@t��_öR{Zµ , 
 � y��ëc}K~���ÿ i 
&� , "�� , �0y ,# yep¡«��@ºO»e{RÅ]~ . å ý å , $z��%@�'&)( i � i }
~ jK� p�
Zted��;yeµ�*	� i ^�<R��+]ÿO�-,eÀ . ¶_d j� p0
Rt�µ , ./"10cû8
ct3¼�W]Þ � , .1"10cû Navier-

Stokes �32w÷ i	435 � � ~ . f�6 i ÷zyªøc} .

∇· v = 0 (12)

∂v

∂t
= −(v · ∇)v − ∇ϕ + ν∇

2v + f (13)

¶C¶�{ ,v µ%
8���l^B� ¦ ,t µ �K� ,∇ = ( ∂
∂x

, ∂
∂y

, ∂
∂z

) µ798 X�:Cë ( ,ϕ µ ";�zy,��y]{-;��w��- ,ν µgÖ=<Cûcô
� ,f µ�
@t.fK�]d����lyª|c} . ÷ (12) µ�
@t]d ¢ óld�> yª| å , ÷ (13) µ�
@t]d+�CÖwóld� > yª| å �CÀc~ .
4.2 ?�@3A�B

@t]d+�CÖ]µ ,Navier-Stokes �32w÷ld jc��i �0�Rp�.C Ò´dg¿�D�E�FO¸Z��2O÷]{_|-� � , G	�.b�yHz~R¶K¼°µ

.3( i�I�J {OÅZ~ . �@d@��ÿ i , 5 & µ¢¿�� Ä {OÅZ~+��ëK�L y	MON-Ped K�L i ¸�; å , Q=R.Z�y � � ¶R¼�{ MZä
b´yªþKÿc~�� � ��Ê-S i ¯cÀ ·Û� ~ .
4.2.1 T3U�B
E3F@¸@�32w÷ld¢��-0b � i µ,+ ± � � Õ_� , VC¸ � , M
N°»�W � , X�Y@»�W � �ZÅc~ . ¶C¶�{Rµ , 5O�O�R{ É ¯ å
�	VC¸ � i�� Àw��687s}K~ .
VC¸ � µ , K�L yZVC¸3[ ( ¼ j Þ � ~\[ ( i ¸�; å , E

F@¸@�32w÷ i v � ~\E3F@¸´yZVC¸ i ê ± QKÝ@��b � � �
{OÅZ~ . �0�Rp�E3F@¸@�32w÷ i Ë {O¯Z{ ± � , Ê-S i ��ë�   Ë)] À´¼�À � \0]c�OÅZ~ .
VZ¸�[ ( ds¸�;Z� � µ�^�(=[ ( , `lV�_ZUa`b[ ( i]j
~ Ë d_�OÅZ~ . ^3(�[ ( {Zµ , [ ( è i }&<O�Zdc�d@�zy5 ê }K~ . ¶@¶¢{Zdc�d@�lµ�
&� v ¼e"�� ϕ {OÅZ~�d_{ ,

¶gd 2
� d+P@�zy�[ ( è i	5 ê }K~ . [ ( è i µ , 
&�6¼

"��ly 5 ê å , f]d[ ( è i Ë -gm i	5 ê }K~ . ¶gd�� �
{cµ ¢ ó�� > d Í i�g VK�sÁBVªuZ}cÀ@� , �@ëK� `=h Z
{ ± ~���ÿ%5C�@�c{Zµ	^3(�[ ( y�®C¯ å � .

VZ¸ � y¢®c¯ å ��E�FZ¸O�=2C÷¡y�b � ¼ ± , X=Y	�Z¸
{Rµ K�L"N �´d [ ( è0¼ji � �Cî�y � � ºC»l�cÅK~ . k
]��X=Y��c¸ i p]�s�cÀK~e¼ ± , lOÚ¼jm 0 p��;yOÂO¸
v = 0, ∂v

∂x
= 0, ∂2v

∂x2 = 0 ¼�pR~@d�{ , ¶ � y�÷ (13)
i Ãn }K~K¼ ,

∂p

∂y
= ν

∂2v

∂y2
(14)

¼¢p]~ . ÷ (14) y�b � �@ÿ i o�p è�y]¼ k , �Od��;y�y
ṽ ¼ª}]~ . ��y�q 5 � 0

i pR~c¶R¼�ý · ,ṽ = vi,1 ¼�½ �¶Z¼ª�@{ ± , ÷ (14) d+w3rzyZVC¸ MCä }K~K¼ ,
ϕi,0 = ϕi,1 −

2νv2
i,1

dy
(15)

� H ·Û� ~ .
÷ (15) ��sgt�k3X�Y]d	X�Y'I�Jc{OÅZ~ . ¶@¶¢{ ,ϕi,0 µ

X�Y C ÇOd"�� ,ϕi,1,vi,1 µ@� �1tg� ���c}K~ N ��[ ( èd�".��¼qà8�ed y COÂC¸R{ZÅR~ . 
 n X=YR{cµX�YCed
m 0 � 	Zd�".��q 5 y 0 ¼�½ � ¶c¼��O{ ± , X�Y@ed�m0 �8	cy n ¼Ø}K~K¼ , 
ld¢÷R{ "��Rd	X�Y'I�J´y�KKÝc~ .

∂ϕ

∂n
= 0 (16)


´ì�X=YK{Kµ , 
Ot]��u�(lp_Ó�>K{'
´ì_}e~l¼+�ZÝC���
�c}K~ N ��[ ( è i * å Àgà&� , "��ly�KKÝO� .
4.2.2 MAC B

MAC
� µVO¸ � { Navier-Stokes ��2@÷¡yb � � �

d 1
� {RÅR~ . í�� , ` © \�> n

i ½RÕR~�
���y vn, `© \0> n + 1
i ½eÕl~-c1d�d'
��=y vn+1 ¼ å � , ÷

(13) y��y i�� Àw��v-w3VC¸c{ MCä }K~K¼ f�6Od jc��i
pc~ .
vn+1 = v n + ∆t(−(vn · ∇)vn − ∇ϕn+1 + ν∇

2vn)

+ f (17)

÷ (17) ý · , ` © \%> n + 1 {Zd�
&�zyªþKÿc~���ÿ i `© \�> n + 1 {Rd�".�Z�_ºC»K{ZÅc~ . ` © \�> n + 1 {
d"��Rµ i ¾g}K~�x ¨1y Qq�32w÷lµ ,
∇

2ϕn+1 =∇ ·vn/∆t − ∇ · [(vn · ∇)vn] + ν∇
2[∇ · vn]

+ ∇ · f (18)

{s|¡� � ~ . w�reµ�}8<Z�C` © \�> n
i ½cÕZ~\z�d´d%


�]ý · �@ël{ ± ~@dw{ , ¶�dg�=2C÷¡y�b � ¶R¼�{�";�zy
þKÿc~Z¶Z¼ª�@{ ± ~ .
5 ���|{��~}|�
¶@¶ í {Zµ%��ë3�   N i ²@³R� >�� å p@Àg¬ U d�à]d

 � y687 å � ± �_� , ²@³R� >3� }K~�¬ U , àc�g²@³ i
�´y+KlÝc� k , ²O³lý · d�����y � ÕO� k å �wà��O¬l�
P.ZK}l~R¶K¼��.�ZÝ ·ª� ~ . ¶Z¶°{Rµsà=¼q²O³]���lÀ i�9� å U � � i�� Àw��687s}K~ .



5.1 �.��������i����
q 4 { ,w1, w2, w3, w4 yO� � tw� vO6 , w 6 , vlÇ ,

wKÇOd[ ( è]d�à&� ,S1 ý · S4 yª�£ , �Cè P � � ÕO~
à&�zy wp ¼Ø}K~K¼ ,wp µ	
ld¢÷R{�KKÝ ·Û� ~ .

wp =
w1S4 + w2S3 + w3S2 + w4S1

dxdy
(19)

5.2 ���%j�k���
����i��
�Oè P

i ýCýK~¢à���y fw ¼ª}]~]¼ , L 	 ± i −fwd�Y	Z8�c�wfCÁK}e~ . �Od�Y	Z8�´y���r i ÅR~[ ( è i
q 4 d jR�¢i ¸�R¡� � ��KlÝR~ . ¶C¶°{��wë å ��Y�Z;�
yª÷ (17) d����
	 i KKÝc~Z¶Z¼ª{ , àc��rcý · � ÕO~��
y+��� å �wà��¡y¢þlÿ]~R¶R¼¢�O{ ± ~ . ¶O¶g{ Kb µ�r�sà i KKÝc~��Rd%^wÜ@ôw�R{OÅZ~ .

PSfrag replacements

f1 = −
∆tfwS4Kb

mdxdy
f2 = −

∆tfwS3Kb

mdxdy

f3 = −
∆tfwS2Kb

mdxdy
f4 = −

∆tfwS1Kb

mdxdy

S1 S2

S3 S4
P

−fw fwdy

dx

}
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