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Abstract

Introduction: C. elegans neural network is a good sample for neural networks studies, because its structural details
are completely determined. In this study, the virtual neural network of this worm that was proposed by Suzuki et al. for
control of movement was reconstructed by adding newly discovered synapses for each of these network neurons. These
synapses are newly discovered in the actual organism by laser ablation technique.

Methods: An input weight of each neuron in this network was obtained from wormweb site. Internal state of each
neuron and the whole network in this new situation were calculated after mathematical modeling. Then output of the
network in this new model was simulated and drawn by Simulink software in MATLAB environment and compared
with Suzuki model outputs.

Results: The results show that in spite of adding new synapses to the last model, its output shape does not change
and preserve its sinusoidal form, and only its frequency, phase and amplitude of internal state of whole network are
changed after modification. Also, adding of these new synapses to models change silent neurons in forward motion in
Suzuki model to sinusoidal internal state producing neurons in this new situation.

Conclusion: These findings not only show that this neural network has high capability for production of more
output patterns than previously supposed, but also illustrates the effect of addition of new synapses per each neuron and

rewiring on the whole network outputs as a simulation of situation that possibly happens after neural plasticity.

Key words: C. elegans, motor neural network, internal state

" Corresponding author e-mail: Hassanpour@shahed.ac.ir
Available online at: www.phypha.ir/ppj

1 \



J) Vo=V ) VT 5955k, 5 Ggdgnimd
1Y e

bl 3 (5 3lwe Sl w30 C8 > J S was A Joo 55l 3
oW § 992 30 SIE Wb

) AN, o v . oo
9 3| ¢ md) oy ¢ (S8 om e Ao ygale (LU |ya;
Ol b ol il pale 0uSild ( Sl 09,5 N

Ol wals ol b pole 0uSily ¢ wlid Cuwj 09,5 .Y

W 02398 T i U 2kl Yo 2edlyy

2SS

S i oyl 5 sl 0ad (ol JolS ooy o] ()l Lo Sl sl as slo aSid adlllas (sl o wiged S Gl 5 s 4SS 1o
b (S5 Lo i ol (gl 5l ol 4 st sl i 0029381 b 052 08 Sletiiy ()l5Sem g (Sgjom bawg &5 25 ol 8 08 55 (g jlone
Hlosd Slolid (H8ly 35290 13 )34 bawgi 19y i b,

b ol (298 US55 Lo 090 SIS el (0 Sl el sty WOTMWED ol ) (s oS ol 3 o 098 51 S 52 03935 slacjs 109,
5 &jlwdad dods Jie 3 48 29,5 MATLAB L > Simulink 181 s 5 51 eslizel b e w03 dewlme (5l (gilo Jdo 5 ey an byl > (nae
A5 duglie (Soisw bawgt ond Sl adsl Jus j) Jols (295 L 5

039581 5 1S o Ladn 1) 255 usgi JS5 iz o (295 (b onas b & b slo ulises (] b 03938 oMo &S i o (LS i HlRAEL
D9dise (8 Jho &y G (quas aSd S (S9y0 b aiald g 5B (iS5 53 e e Lad i (gla gl ol 00

Ol prizpon 4l ol (L (ool Jao b duglio ) (s 45 ol bagi (g 5ntin slagSIl g giallss onind (L b &5 Loadly (ol 35 S Aot
JSd el oanyy il gl and latis 4 (g3gas U ilgh oo oS Cnl O] I (93 y aSd ol s el Hlae 3l g 9595 5o 1l s ba puslicw olaw (Eol581 531 eniad
S JAe 3 gle gy S8 pln ) (D90l sl (19)98 e s (Sgig Je e (Sla i ol (05 039331 (pimen 9 43S LS )3 (Jgyg sy

WS (o g (F950 e Mg 4 £9pd lpd pl 3 o gy ol g 00

G923 A (S as S (uilSl e p5 155 S0l

o

9 «_:Lw[n)] d))..\) )1)5\? Cawl 005 QU]P CRVE %) L;Lm)t‘.é) VRV
o plosl Cliglojl 4y Cons lame bailyd 5585 J s

s e (o5lzme slaJde jl ookl b cllss g5, 5 sbagilo 4 5 (3L gladie bl 4 ojg sl

Lo Slos b 5 oy g ik Jio il sl Sl = 651yl B3 4 UL S8 g5l
Eogrgo 5 Lol SleMbl olul 1 b Jto sas cela i L LaojSlos ol BLS) 5 Lol 0, Sdos 0550 5 (oae
L) 393 Clas] i jd 9)88 (&30S da &S Jolw ) snahed.aci )
- assanpour@snaned.ac.ir 1L | Jgfame By
Caenorhabditis ) (ul S S o ol |y ) 5 porzshahed.ac.t e dyie sy
www.phypha.ir/ppj sl 0155

2 !


mailto:Hassanpour@shahed.ac.ir

s ¢ 1l LU

ol (s 4 (55l

=55 slaazzale (oLl alug 4 p )5 pl g Cosl (gines
Ol S (e g ) S ol i 0)lsd iy
S ey ol o (oS8 ik sbaale (AL
CS o caw 45 WS bl oS o 0 1) USG5 e
Ll (e S culobul gl oS 0 (08 g iy
aenle (olal ple 4 5 00 0S5 b sliate (65 ()b
oSy g il JLad e b iy ol anle (oS
L gl > e8> g9 cnl Gl il Joe 99 (198U
Mg Jgl Jae ol ouis a1yl Calisee (15,8 i 90
e jobo & O o 048 J S (Sg)95 dSud &S AS oo
LS o Mg ) b azmale (93,5 b (gl )Y plaie 555l
ge oyl 45 sl CPG L (central pattern generators)
5 NS o Mg b amale (gjle bl 1) 5l )90 (555!
obsl o 1) i sl ammle (i Sl Y (S >
015,58 3l oy CleMbl & ds g b g b Cumdg SleMb
JJ.A ldo L)"‘ 5 De]as ) ,\.Jy ON Camog (> sl
OhlSen o (Sgigw lawg 0ad L) (S9)98 Ve (s S
ol gl Cow @y ks S s (06l oS Dl Hlae (ol
S-Sy s CPG dgng wlol p Jao cpl i Qlbsal p 8
s &b lp 1y 098 Jde (Soiow Cunlond (il i
g cly b a (g Ritmggy Cledbl bl oS ol (S >
o=l 9 (Seisme Jie el 03,8 b V] i) K
YW 5 Ve gl Jlo po o &l cleMbl yolwl p dllis
ST sl i anliw SVl b Mol pl (b o
S (Bly oy A4S (S e (1l b )98 SO
by 0a a3l S pmas a8l Jae 4 Sl
4SS Cul cpl B pl )0 Lo and 8 0D 03938] Sg550w
5 4Sd ol sl (19)98 & e gl SYLAST (39381
o=l SO (Internal state) Sgys cls e 53 0
0905 M 83909 039 Oliwe 23 45 Sy olol 2 o )98

3

pole o Sty wlidss o el Jasls &S (elegans
90390 (glodlw amac jldLw gl oS ol .l Clac!
P g ySse Oliing SaS 4y p) S ol Clas!
s g CusByo gy Cal wB)S )15 olulid 5)50 (59 Sl
PS5 =l wlas! gl 6l 0g)s (S92 50 S el
(Laser ablation) ,;-J L pligs! sla yiolojl oS 4
2ok ol Glr S ol (ras pias Cunl 003 jasuie
ool 52 V3 Jlo 55 s 9 [VA] 45 3 yx0 VNS Lo
ol i S 0 (oSb mas (695 ras Bl ol
o=l le eS8 il glgl pSB IY] 08 glo olse
wjgyel [V AF N N ] sl odds z8ly (g5lw Jde dy50 oS
aSas 5 65 oS (il i 6ol la (2
2ol 15Tl 60,8 (o g0 pS ol (S o (opas
DAL )8 eolatwl el céle die;
ods JSt5 oo W0 1 B)late jslay il g
Lo 0955 231> 09399 ¥oY 350 ] (s s § S
9 03 Sy (s oddis dw 3 p)S (il (as i
o 2 p)5 (nl (oras a0 it (oSS U
o ol 045 e w2 | Jiae (cwas gl 93 4
LS (S (ras o 9 099 V0 b (> (onas
2 ep by 09y S Bkl ptass 93 ol 09098 VAY
Y ol p)S ol (S (was whese [V] M bLS)|
Ol 5 095 (oS gl A g (alon b i
L oMde —(ae Jlail 00+ 5o 5l (Sg)95 acgone
Clac] pimw j3 9390 b ygye i LUyl > wMae
095 WA au (Lo alls SS9 3)Shos (bl 2 ) (0l
D13 G9)95 WL (g 09)5 2 o g oo s i
S Y EY L p)S ool Clacl gl logyg)s | S5 o
Jol Bgy B9y (] &5 Wgd o ()15l (ST S5
Pl ogyg onl syl Cusdse oS dis (S LS
V Byl Jlie Gslp S (o (s )5 Sl s
2 0dd gly sl (y9)58 S)ISpL Sl i F 4R L D
PS5 ol Cloas] pm Cusly 5 Co (dy (oS 4l
e & 6es i Sl 9595 ol [VA] 258 00 o3lisl
Ll (Motor) S > (Sensory) s 09,3
(Multifunctional) (g5, Slas &> 4 (Interneuron)

v



\\“ﬁ\ )Léd ‘\ O)LQ.\:) ‘\;_\l?

5995 Loy6 g (g59)gn 5

Lbsye sl gy b g e 4l (9,9 SO (590
ol (gibxe mac &S5 G o2

b w9, g3l

035 M g CS > s e by (U]

sladsl Jso 1 Sg59m awgs sad iyl Jao (wlew!
pyS wleMbl wlawl p Olypuss Giagh cpl o &S gilbre
oas 4l Jae wmwloa s Jlaosl o] g9y y (—sdlg
JL» o &S ol L)“"‘)K"’b 9 L555)9"‘° {:l.» 4 dwlb ]a...uy
ool gilre Jao cpl Gliis [VWY] Cuol oas 1)1 Y- 40
5 o3 (>hb ly oS lasl g ol sla (S
S ol 2,5 ol s e 3L (0 25 250
=3 (158LS S (head ganglia) g ,—w (5dS0LS
(ventral cord) Sé was ol S 4 (tail ganglia)
(SENSONY) (cws 09,5 duws & i () sl (19,95 5 Cond]
(interneuron) (5,5 ,—xul o (MOtOrneuron) s’
o (Shl> (03 5 (G 9ISE 93 Ngd (o (M paedS
o=l sl pBhSes 5 (Soiow 90302 b Ge)95 (€95
ol oa S i dg o Ulg aac aS i I i oo
o=l Ly il eas 5B 1 (rhythmic pattern generator)

Solee bl gy &5 din slo (119)98 (sl (15aIS5E g
sblbe ly (ol (Shy o cnl Aidl (oo o2 L a3l 9
bl 2 DA 395 (o guine (3530 55NN 028 Wy
ke ple 0gy58 53 () JS) (Soige Jae > SleMbl

Jlail g5 48 il Sen 5 (Sjom solaiiiy slio =Y JSd
O 0)l9=d sLa wxale 4 (MotONEUrons) (8 » b 09,58
Ob oled ola douale Jue ol e o olis 1, C. elegans p 8
5 (head muscle) ¢y 4l sla asnle awd g2 a1y )8
w5 (DODy-wall muscle) ;s o)lsss (Slos ) Koo axale
9 Ay o olps sla aale achl 3 Jao (ul WS o0
2 S o (s pends (DTSl iy 5 (Ventral) oS oq)5
Central ) ¢35 50 95 Wge Jie RV g RA (5,55 53 Jso oy
VD VB (la (9,9 ¢ 1imd 0 JuSi5 |, (Pattern generator
SLe 0955 5 O (95D 4l sl el (23 cuas VA
D) ot oy 4ol sl aomple (25 ceas DA, DD DB
o (Excitatory connection) > <Ylasl glyl .15l eape
3= Laasealo ¢ b 9,9 o (INhibitory connection) ¢ )le

[Va] Wloas ooy i JSs 55

|

aSs opl Wl oy3 g9 i oo &, (INpUt Weight)
0=l 03 9 3 i lalpd g 03, i (S owae
sbassllobul plys 4 JS 55 5398 (o Juols (ouac 453
lo 2 e 298 (o0 03938l (slo ol (L5 oS (S >
ol 2 & (699)5 o (jg s @ 090 L bl
sl s i g b b gl ol o sl
[Pl v (y9)9 (590 Al e 35
o=l 3 b 0gyg I Se e el (9 sl jlate Ll
ool Ll sl Jomailiy (S50 Slliogs e Shmgy
lallas ) goly oolitel )90 porie Sy (J9y> Sl porde
2 g Lol o Lo axl b alitie (Jalyd g ol gae S
bwg 5 B o8 (o0 oy (90 Sl (gl 395 e
sl VerF Jlw 3 (LS g llo (298 ply (siteuiils
g S0 Lo () (s 4SS (295 Olise ()
IS pl ay Feyd clls pogie o [V] Cunl oas z8ly ool
sl aSd 2yl L bLs)) ) (g0 55 S5 (gl
2 o9y el 4 crwl pl K00 e 4S5l pas
S 0bul G (s 48D S 0w b iye gl 9)95
d_on 3y Slas ;3 (SYNChronize) s i -\lojen Cux sy
Jlee sl @’m‘ia O 29d (o0 (mas 4Sud sla 09,9
Pyl 9 [A] (559555 O] caSsen sl (19)95 5
lgaw (9 &S Cawl S5 & 3wl i ()5 ¢ odnlie
S8 4y 9 (655 il Jio SOl edlaiwl b g aoll o
9 S Sy (639)9 m S 453 Gl (il e
b sl ol gl oS (e Jole 09398 S 55

e Dorsal side
»
~" [ head muscle [ body-wall muscle
YT L XX T X Y Y Lj
Ri® DBI DD@® DA. I

VB@® \D? VA® ® 4

XA KA EAK AR AR LE

[ ody-wall musde |

' Rv@®
T 4
[ head muscle |

S Ventral side

~ Excitatory connection
< Inhibitory connection
@ Motoneurons




s ¢ 1l LU

ol (s 4 (55l

4{ Pattern Generator Circut %—-]

DS g 2 53 1 €S oS J S g9 e ) otoles -V S
3 39390 Jda SleMbl ool 5 So50mw bawgs o &1 adgl Jlae o 45 a8
b g ea s a5 (hitp://wormweb.org/neurolnet) col_

L idgis ol 53 ouis 03g38) co¥lasl .cawl s 15 Nikhil Bhatla
Lolad Ly (Sojome bawgs oud 1)) adsl Jlas g wlons ool ;Lis joy8 bglas
[V0] loss el u‘“l“ u_im

Oygmo (Sjlw dmd Jao pl oluly dobl )5 el o Jled
Sl ilome Jae oml (295 5l ol Ml g 485
9 0.5 duwlio Ablg p S Dodd c Ol LpS S
Bly o Lo (gl and jlae cpl sl (295 calid
i8S )8 4l 590

(s S Jio 1w gLl &1
Nikhil Bhatla sl saceisly 1 &l ow 0,5 &S5 >
Yl ol e s YWY g Vet sl JLw
by il (oo )5 (s s S (19)9 (ol
bl g ol opl pd oads Iyl leMbl & a5 b L[]
sla g 9 daiih ol bwgy ead a3l Las oYLl
e el xS 5 (Aly slo 595 ol 5 S 2 0395
03,5 asl)l (Sgjom oo ilwil b ]y e Jlae ((Soiom
Jie 4 Cous gy oYLl b was e ol el
Gl 0 03y i ¥ IS 10 g Canl () 9 (Sg5guw

W adl

Bhatla wleMbl juluwly (6355 sl 59 (gd zo>
P9 b 2y8 Gl bl Jao 1 o 955 51 S5 o sl
2 oggsl o b gy cYLall oS O s g zer
S ol o g (S Sl ALod 9> 4y (ABly g
oo ) &8 canl (ol b (Shg 5l (S a5l g Wgd e
sl ig mea b iy cpl ol i 48,8 Jlas > 50 L
(V o) 18 s o (290 039 09 2 5299

shol o G99 Olgis 4 Qo> e 055 >RV 5 Rd
Y 295 5 039 JSd Sy o Blie ()lee Il (gl
i L5 1y 655 0 6sS] 055l e Ky slomy) Ky (sl
b plog Wgi jolate 4 b 1g)98 (nl (S90 CYdlae e
Matsuoka’s neural oscillator bl » gl Lwgs wglize
internal ) gy cdb ol aebl 3 [F] cowl o ol
04 S e (gl yusiio S (i yai b 990 ol (StATES
Sley el SO 5l g aylue Jas cpl o g clls
ol (connection weight) Juasl ;e (time constants)
o=l (input constant) (¢3g,5 oL S0 S6 L 19,9 9
,» .(fatigue coefficient) Swsd coyo S g la oyg)9
b axale (23 cuas ¢lp RV (19,98 (29,5 0jg ol
O iy sl azale (25 cuae ¢l R (g9 5 (0S5
i adaly (Soio Jie )3 ploxlimw Nud i )5
2 cmas G955 b (03 9 e 58 Wge o )90
o0l &) oS amas Glb ) #dly b (sl domale ouliS
i (s amdle oS Wl odds di8,S a5 > p S pl WSS
S g plie gla (oLl 1y ol ]) o (0S5
VD 5 VA VB (o (y9)5 S (0 S0p28 (34 (owogioms
sl 09)95 9 o (oS sl amale S5 4 Jae ol
2 coas |y 0 iy sl aale DD 9 DA DB

|

/ e\,
N\ ¥ N\RLY

Head wave generation circuit
Tail wave generation circuit

r

L

Jace 53 39250 sl (909 bl 5l (sl 00 00l pasus i g =Y JSWO
S (S gl g)9 C. elegans o5 )5 oS o oaiS S s
loasd o3l (iolad pgmal )3 (g pied JSB 4 b (gyg5 0l g 0l
S 42l )3 (g ES > (6980 e lae 93 L lae (pl LS| (imen
Tail wave generation ) > 4 (Head wave generation circuit)

0] cal o o3ls ylis S, (circuit

I



WAL Sl o) ojleus VF s SiPS o)l 9 Sl

(A dolas) 2yl S5 Fgy0 o 5 (A 1Y Yolas) 4t 5 250 42 L g5 S oy (g0 Al Blite Elas s
b ol 525 2y &

(AVB y5)55 slys (559 <l s doles (1) doles)

o= {(Singat S , (ae{AVB(RIL), PVC(RIL)})

0 (e 40 5,8 a)
(AVA 9055 sl igys el b abolas (¥) dlac)

_ { 0 (s s,085) . (ac{AVA(RIL), AVD(R/L)})

(SinEut+T,) (e 42558 50)

il 5 g pd 4 (V dble) (S o (y9)95 (J9)0 s o U

dv
Tk d_tk ==V + Xm @rm - Vin (7) dslso

D9 o didg 5 Sge 4 B gy I Sy (g0 o 4y bgsye alblas gl e <VLail g o (g Jgie Sl edlisl b

VB (S 09)9 S9° <l

dVVB . . (\;) dslxo
TyB T =—Vyg + 40(sm§at + Ta) + ZZ(SIHEét + Té) + 28VVA + 6VVB + Vpa + 14VVD + Vbp

VA S 099 S9°

Tya T = —Vyy + 7(singat + T,) + 3(singst + T) + 16Vyp + 5Vpa + 28Vp (6) aboles
DB Sy 0pg e b
Tpp 2B = —Vpp + 16(singyt + T,) + 15(sinst + Ty) + 4Vya + 6Vyp + 4Vpy (F) dolas
DA 5 099 90 b
Tpa d‘;% = —Vpa + (sing,t + T,) + 4(sin&st + Ty) + 7Vya + Vyg + 6Vpg + 3Vpp (V) dolee
VD (S 09s9 9> >
Typ d\(/i% = —Vyp + 2(sing,t + T,) + 51Vyp + 79Vy,s + 132Vpp + 122Vp, + 10Vpp (A) dole
DD (5 09s9 9> >
Top S22 = —Vpp, + (singyt + T,) + 134Vyg + 164Vy, + 29Vpg + 8Vps + 10Vyp (1) dlolse



Oen 5 1j5le (LU

ool g (amas &S5 (g5l

72 SoSIls oloond slo mliow 62955 slo 09 (oS gez ell 2 Sl (o 057 (S5 e sl (y9)58 ST ST (29,5 O dmilone ) Jgur
S 2 g s 4SS b (9,58 51 S5 e ol [Y] WOrM Web coles o lags (sl oa &) slasl ol s g allie cnl Gl b (s a3 )0 (19,88

Ll 00 z® Jelaz 5l

VD |DD | VB | DB | VA | DA VD (DD | VB | DB | VA | DA
Weight of chemical connections 132 29| - - - 5 Weight of chemical connections 122 8 | - 3] - -
Weight of gap junction connections | - - 6| - - 1 Weight of gap junction connections | - - 1 I 5 -
Sum 1321 29]1 6 | - | - 6 Sum 122 81 | 4 5] -
DB (35,5 - DA (5,5 -l

VD [ DD | VB | DB| VA | DA o . VD| DD | VB | DB VA | DA
Weight of chemical connections 73] 164 15] 4] - 7 WEIng of Ch‘?mm?l connections 4 = 1 = = 3
Weight of gap junction connections | 6 E B|=[=]s= Weight of gap junction connections | 10 | - - - - -
Sum 791164 28] 4| -] 7 Sum 14 - 1 - - 3
VA g,6 -0 L
Sl DD y9,5 -2
VD | DD | VB | DB | VA | DA VD | DD | VB | DB | VA | DA
Weight of chemical connections = = [13] = | 2] = Weight of chemical connections 51| 134 - - 2| -
Weight of gap junction connections | - | 10 | - [ - 6| - Weight of gap junction connections | - - -6 13]1
Sum - 10 | 14| - | 28| - Sum 51| 134 | - 6 |15 1
VD (35,8 -5 VB (5,5 -
VD | DD | VB | DB | VA | DA VD | DD | VB | DB | VA | DA
Weight of chemical connections - - J19]25] -] 4 Weight of chemical connections L -]1]-15]1
Weight of gap junction connections | - - 3 = 3 = Weight of gap junction connections | 1 1 (39|16 2 -
Sum - - |122(25] 3 4 Sum 2 1 (40| 16| 7 1
PVC 05,6~ ¢ AVB (35,5 -;

Olyass o Jas 0 4SS dlde—ccas abl o oo
2 Ladmalo ol (25 cuas (S sl Gg)9 Jeily
0391 camlite (as JBU ile) Gliee b Logins 25290 (i
Ligas oo brazuals ;3 (BLail dlow) Cuw g

doe o Loty ol a8 b 5 ol cpl o
L pobal Gasd cuip opl g sl canliio diae g coas
ALl ©AS 053 g 4 33 (o b (S0 Al e
4SS Cuwl cuslisio pyS 0 )0 oad Dbl Saued aigli b 58
Cosl )57 G )3 o oo Sy (sl Syl Gass g oA
uyle S G g 0018y g CS > Dol ele oS
Canl £S5

&

(W]

.

i ols gl 4 caalus e dlis oyl 5 o slo asily
Cwsbly & 5 SOP )l (il dund ¢ Sojow HibgR

DL an o (Soigu 25li0 walid 1y 5l €8 (sl
a4 L Lyl e 48 aagy ool lis 295 Jde 4o

Loxal 3 (—2k) ez &l &1 5l (S 5l> cu
ool ead a5 K Lol OVolee 4 (e ek 4 Ladd
il e o Al 9 298 o o)Ll il (ig}y
L Ladble ol b bl o LeST Olws e 4565 o s
il dd Cole d apleyd asle dlie oyl Bsiuns g
5 (Simulink) 580 5,5 lwg Lo Jao bl p e8>
03 (Sjlw dud 3ylge b g 8,5 &y90 MATLAB Lo
(F JSs) 4 dugliie (S99
el e sismd L polal (pl 3 (g35es jo2e
Anly 186 CueS cpl andl &S cusl b g9 51 S5 Sgd
2 Ad 00 psgl dodds &S jelailad Cdids )d g Gl
o=l L 09a9= > 090 Wy Sl Glise il Jie 0]
Jde Lidg s Seyn el jlade 0gd o 03 L cueS
adal) (19195 oy 0l Ay (Sl sy @
B3y S S ity ] i 13 5 3> o
&y Ol dide g coas (Lo Gl ) 45 4zl
A SO as Ll Ladsale o (olasl sbul (gl e o
iy o) g ol s gL 86 b sy o5 o]



\\“‘\\ )LQd c\ D)LQ.A:J c\;.ﬂ?

SiPF )l g (S39dg

o -

oAy e
L T T T I S 2l R T N .

.M\/\/\/\
VY

\
\

8
J

h ] A

i'\ \ x\/

'-E\ \ \/' u/
DB::J}-"

J
»

AL

Sbédsazuyey b4

WY

1
o8
o8
o4
02
°
o2
o
Rl
! o
-
] ‘
3
2
'
L
*
3
L]
“
E
3
3 f/
f
3 J
\ f
|
f
' J
"
I\
! " f
ol
-
Eaad
d I
- f
- \ |
\ J
. \ [
- \ f
Kad I, "
— \ “
KEd \/
~. .

w ™
e
DA 055
” k)
-
VA 005
,“ “l ‘v"
ll" ‘)A
| \ |
(37}
l" lli "
f \ |
-
DD ¢y

e e

iggii.§§iiiag-t.:_=~

sme {3)

VB G505

-3

YU

VD U

VY

S 5SS 4 oad (g3l aned il g 05 3 (S5 e sl (9,88 5 Su e Sl &l 5 eelS il et S ol s -F S
Oipgs cnl j0 0ol &l)l Jow 5l ol glis el 5 (o5le i saips jlis Cuwond jo 0 YL slo e MATLAB e ,s (Simulink)

g Sl (19,55 12 (295 (g OAS et oS ]

Oliee oais ol o o plad ;0 (s8g0s jgmre .Cowl 00l

el 4l axly el s gley oaums lid 881 jemme g aBl oo 9y g



lSan 5 1ygale (b

DS g (mas &S5 (g5l

L¥] oyl U8 e 1y o opl 8 > glgil S sy
Jlasl (LSel 48 a5 ol ool ol b b cla sl 1)
0958 Ly ladb oy dte (S ) a8 cpl 03 (g g Olpes
&S u.,l db; AJ‘?JL;Q ol )J..\J OKA' ul 4 u,..ul...w L
JL2 b lgs oo (B3l )90 €8 > 9 4 i p)S &S AL,
e S e ol VLAl B 9,5 JUb e b
S GBS > S e (298 o e b (Sl
IR JN [PVR FINVR TS

S92 205 Ot (5 e L B3I > &8 1503 (S
oS 3l oolatwl & Wbl aiSS oyl 0uiS Ao Wlgi o g 3,00
b Cadly & S5 ik Je K Sl g b ol
alac—coas oo p0 4 Cul cpl gl world 58 ol )
O 032, 5> (l5ee 4 A (il BME s>
Uity Joe sty 57 & 5 (9 5 Alse —ume 4l
o ¢ (Qraded manner) ou,us &g uas J86
Loy (oas JBU (lje 9 48,5 © g0 (ygmlin) Vo> 05 L
[)—?.l Oy o}i)\/%D Ol b LsJa> O yguas lmbbb O:’.I )‘] o
IV ol caslizo iyl

ol 22 a8 Gtmoty cnl o ol 4B S IS, (53 i W
O by clite (S5 sla Gg)95 (950 b (e
b s aseale Lol s g alas —cuas dbl o0
CoBly b Baato § quono (0558 Ll Sl usl 0ad 485

25 Cewndly b cowliio (g5l and puindles o Jos 50
o) 3 Lo a3 1) S yig e S by ilas Jlo e
b ger jl Jools (g o lie lasiitus gl
a5 w2 18 il and sl (S 1) (63955 Lo
2 o9 edb jleslarwl glyy sl b s 5l eolacl
LS 1 6503 Bl Uy Wl o a4 Slaasleo
JA] 59 a8 )3

Adnon Lo yiagin pl ded 0 oS Cuwl S5 4y pjY Lol
w‘ Ll AP A>|9 09 &l aus ‘_gl).g 9> s Ol)’ﬁ.o
— ol (L8 Jie 4 Cuns &S0l @ a5 b icren e
Bl L as 8 oygo (gile Jao &S0l 4 a g b g
PSS 2 L bl (Seisw Jao 0 b i

9

el g Jlo)l o gl aomale 4 & ol uginw Sllog
Jlis)| (sginm glsal 2] 56 (52 9 Wb o gl LA
AL i (S0 (2SS g iy sl dmale (gl 00
s> G p)S (0 53 (rle S dbml il cuslie
P9 se ol b

WS dode Lo ol (0 Ll sy oo 5ol
Joe onl 4]y il ol Culy olul 2 (Sojgm (omae
olS 3 g 5L8 e L 4 dtuy Klgn 45 AdSu e (gl
i |y 295 S > onilS S e g9y cdls llug
D pyS gz CS > 53 i e B2)b cnl 5l g 03D
(0w 2 only Cod ¥ JSS) (A3 Jae @l (pomen
5 DA (Lo 019)55) A awd sla ()95 o5 W0y e LS
dloul i g atsh s cde 4 4y <S>y ks (VA
I (LB 28 cpl )3 sl G 4 28 >

= e do by ulaw (ol ab03938) 51 ax Lo ol Lol
9 Al llog gjloand 5l Jolbs glo abl & a2y
S win S5 ol bsS A sla G99 sl oad dpule
3 g Sl G 4 &S (b3 b 998 ) s
CS o by Bl (S9p3 joyi b Sy Ciis 3 9 039 b
Codlad 3l cpgoome )3 42)5 S o Cllbre gl Caoww &,
Lol i d3pdio gl Canns 4y Juols 2lg <S> o L]
90525 (58 295 S Cap i & prenadl (o> &5 Slo
h ol oo S o (655U oS W55 slo (1958 Culled
Ol 5 0us 039381 sl cllad yy s s 4y (S o Ao
g oo 043 Canpbs )3 4] wldie @ pw C8 o S oS
5 Piggott ply (sieiily 35b oo ool £, (sl
as jhee 3 RUIF Gz 4 58 Ve o o il S
LVF] 0045 03,8 o)Ll p )3 oyl

il bl pS ol eS8 o sl S5 4 R
a2y 390 pyS (] C8 00 (SIB 4 g 03 (6308
Gl 485 )13 by célo lp oKigh I o)l
o=l a9 oS Syl pimgk cnl gl 4l 13 [Y]
Sy pasl)lS Slyy Sy 2k 5 oS,

o 48 plge opl S iz £935 w8 )Mo (opinen
O (S 55 S 0 €S ol 3 25 & e il
S99 Me S badd 15 (SBly Ll )5 & e it

ﬂ



S5y 9 (s59)gn 5

&35l

2l ol 8 4l (L cl)lael o 1 pols sass 4 je

slpl o a8 ool 3l olod I dluoginy il oais by sl oKl

oS oo (10)08 4 S5 Wlansl (g)en Lo b dgdy HI8 opl

References

[1] Altun ZF and Hall DH, Nervous system, general
description worm atlas. 2011, Available from: URL:
http://wormatlas.org/hermaphrodite/nervous/neuroframe
set.htm.

[2] Bhatla N, C. elegans Neural Network details, 2011,
Auvailable from: URL : http://wormweb.org/neuralnet

[3] Beer RD, Chiel HJ, Quinn RD, Ritzmann RE,
Biorobotic approaches to the study of motor systems.
Curr Opin Neurobiol 8 (1998) 777-82.

[4] Berri S, Boyle JH, Tassieri M, Hope IA, Cohen N,
Forward locomotion of the nematode C. elegans is
achieved through modulation of a single gait. HFSP J 3
(2009) 186-93.

[5] Buzsaki G, Theta oscillations in the hippocampus.
Neuron 33 (2002) 325-340.

[6] Cash, S & Yuste, R, Linear summation of excitatory
inputs by CA1 pyramidal neurons. Neuron 22 (1999)
383-394.

[7] Fujisawa S, Matsuki N and Ikegaya Y, Single neurons
can induce phase transitions of cortical recurrent
networks with multiple internal states. Cerebral Cortex
16 (2006) 639-654.

[8] Hu X, Wu FX, Mining and state-space modeling and
verification of sub-networks from large-scale
biomolecular networks. BMC Bioinformatics 8 (2007)
324-342.

[9] lkegaya Y, Aaron G, Cossart R, Aronov D, Lampl I,
Ferster D, Yuste R, Synfire chains and cortical songs:
temporal modules of cortical activity. Science 304
(2004) 559-564.

[10] Karbowski J, Schindelman G, Cronin CJ, Seah A,
Sternberg PW, Systems level circuit model of C. elegans

10

So (S5 4 Wlgien anl 035 sual Cuibge (gilre o

P& IS Ghled 4 55 (Jeye sy JSE 5l (il
)lJ_a SO sla 0929 O @...;L....u Y as! ol Oi u_‘o

adgl g ol L b pes iy cal 4 g Bl Gl
ol 0445 03438 QT a e s ol Gl

undulatory locomotion: mathematical modeling and
molecular genetics. J Comput Neurosci 24 (2008) 253-
76.

[11] Liu Q, Hollopeter G, Jorgensen EM, Graded synaptic
transmission at the  Caenorhabditis  elegans
neuromuscular junction. Proc Natl Acad Sci U S A 106
(2009) 10823-8.

[12] Matsuoka K, Mechanisms of Frequency and Pattern
Control in the Neural Rhythm Generators. Biol Cybern
56 (1987) 345-53.

[13] Niebur E, Erdos P, Theory of the locomotion of
nematodes: Control of the somatic motor neurons by
interneurons. Math Biosci 118 (1993) 51-82.

[14] Piggott BJ, Liu J, Feng Z, Wescott SA, Xu XZ, The
neural circuits and synaptic mechanisms underlying
motor initiation in C. elegans. Cell 147 (2011) 922-33.

[15] Suzuki M., Goto T, Tsuji T, Ohtake H, A dynamic body
model of the nematode C. elegans with neural
oscillators. JRM 17 (2005a) 318-326.

[16] Suzuki M, Tsuji T, Ohtake H, A model of motor control
of the nematode C.elegans with neuronal circuits. Artif
Intell Med 35 (2005b) 75-86.

[17] Suzuki M., Goto T, Tsuji T, Ohtake H, A motor control
model of the nematode C. elegans. Proceeding of the
IEEE International Conference on Robotics and
Biomimetics, May 2004, Shenyang, China, P 299-304.

[18] Yuk H, Shin JH and Jo S, Crawling robot design
mimicking C. elegans, proceeding of the 7th
International Conference on Ubiquitous Robots and
Ambient Intelligence (URAI 2010) Busan, South Korea.

[19] White JG, Southgate E, Thomson JN, Brenner S, The
Structure of the Nervous System of Nematode
Caenorhabditis elegans, Phil. Trans. Royal Soc.
London 314 (1986) 1-340.



	ab-Nazem
	nazem_corrected_proof

