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1- Gene Expression Programming
2- Artificial Neural Network

3- Genetic Algorithm

4- Genetic Programming
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1- Open reading frame
2- Expression tree

sl Conoz 5l lapgigag S oloml

v

Lopgig09,5 (e

v

v

S50 bl

(S ol
v

s sl sz slopgizes S sl ool

05 ol Grytebyp o)ylagld - JSi

ool &b =YY=y
Sap g Cowl (B3l @b Geend GEP 5 g 9150 51 (S
ojladl 4y 3l 8)lae olad (gly a5 cnl o oly 8L o
Ji iln el Bl 51aS Joe (093 4 Gare sl S

Pdee ol (V) alaly S0 40 1 oyl sl S

J M)

d.l,yuj L W) LS’""&)‘“"" Ju\&n Plj a@l}b.!‘ oé5~.\7uR Ui PO as

100 x

Piij
T.

J

fi=i(R

Jj=

Tj 5 (G5l 2y30 1t ko DT 5l 9590 sl T (g0l il el
ol & cl s gl soyo b LBl Gl a8 5l

'59""L5'° )_o.,a (1299 s..\.wl) P,]:]} )fl Mbg_g“ <8 ‘) U)L“'c



g0 Sdos wyp

VO oals ATAY a1 0yl FF s omns§ anxo § (51 ok (smickidpo 41 ik | YF

Lo ] (o]

[012345678 01234567 }

h -b*babbab L *abtabbba

I choromosom
1

L (b-(b*a))+(a*b) I / ° °
=== -

l Mathematical expression

GEP y0 5 90 b pjg09,5 SUET wjgo a3 5510w g (b iy p 8 4y (g,l050s -F JsCi

2 Oeized Cawl ool i85 s o 5 F Cole 50 pgige9,S
0SS J"”"" AS w‘ ub}a.) eLa ul;b.:‘ ‘f’)l'er> 4.19)4
G per Sloe (gaiod ol o cwlbas oy e bl
Oled b e )0 5) (LBl ()5 ¥ Sigm sl Wgm @b (lare
A s (b ET
3 eslagl £ 5 (S sle Shoe QB! ety al> 1o
itz Jed Sl Gl slo Ses S 5l oS5 0550
ouds oolaiwl oS gei w9 il g9 A (gleys,ls

Gos (e 50 o3liiwl 3590 Loyl polie Y Jgur
GEP 1 solisw! b Scmiis|

slade bl
4 (Head Size) ju ojlail
Y- (Chromosomes) lapg;ge4,5 slaas
VPR Wapgiges,S o 5o by slass
(Number of genes)
<+ FF (Mutation Rate) _ie> 75
<IN dnversion Rate) s3lucys)ls &5
e lahais S5 oS5 g5
(One-Point Recombination Rate)
o labads 93 oS 5 £ 5
(Two-Point Recombination Rate)
<1\ (Gene Recombination Rate) 5 .5 5 #
<IN dS Transposition Rate) s z,5 gl &5
oA (RIS Transposition Rate) z,s asu, Ll &5
<\ (Gene Transposition Rate) (5 il &5
b glas lso
RMSE (Fitness lim::gtion)]érror Type)
+) gox Linking Function) &gy o

05 ol sryrelin >k -0-1-Y
oolazwl GeneXproTools 4.0 ,l38ls 5 5l gudss cpl jo
osls (g3lw o glail sl s,15800 5 GeneXproTools .o
'Ml;)) )‘ oolawl Ll J.) 4.:[.) ‘;.MM.JT G 5)5")'2‘ ..\.;5) s

wdbioe p) ©ype 4 05 ol S
Geizs ! 5o el Gl al s Jolds (st al e
l.g ))‘).: 6)[79.1‘ 09 gde Js.lc
)‘J.M ‘J.J‘ ))l.u o od..:‘o; s.;l?u.;‘ (n:l()) U“’)‘)“‘ ) uLALu

Slacgazma 5 R=100) )+
u;‘ Co e .(fmaXZIOOO) O ..\Jb‘}? Voo l.s ).3‘).3 U’”)‘)" &b
o|) u] )‘ salawl b ..\;'9.:‘5.0 eweow L u-" u*‘)‘)‘ é’l-’ &9
&S l.).._\ Iy age J=>

acgazme o Lo Jlis s asgazme LSl Jold wpgs al> e
Oled bl 5 dcgome ool lapgigng S slnl lp @y
2 NS Gl glogelly Joli oS s (slo i
@y lise slaiags )3 5 S pasuin Yol 5 conlie
Slse ooles 5o Loyt Lol ol o b3 Lo s sl
iloss a3 5 15 a4y sle Lol gla Shoc

Olgie 4 e —oxe 7 Shee Yz 5 Gl onl 0
St Luls, Gozer 6,500 gloSles 5 Lol sl Slas
bl o8 sla Slee s 4 {Log} Sles 5 {SinCos}

18,5 5158 ol 055 p5 sl nl aw ulply sl
Fl:{ Fe —eXe =+ }
F2={ +¢ —«x¢+¢Sin¢ Cos}
F3={ +¢« —«x¢+¢ Sin¢ Cos¢ Log}

Sl =TV L ply pe Job ol (5 Slas 5 5 Jsbo

)@)Ou)aL)fnvw.aJUa?ﬁu}A)i‘ol;u‘L)ﬁoM



...QJ)SJ.M‘SN));

VO oaly ATAY sl oY 0yl FF il ey ) Laneo § (ol pos sikiten &1 5 | YO

e oluils Sdgyue g OVl S oKisle;l o
L V0] sl caws a4 wisls plaxl aia pole olKisls 4 JKo
lo el ((Faisl £ b selly plos 56 adsl (2300

WY w)f).L:..)o)J) é.gU Sygeo 4y 00 Lgxfo)‘l..b"
Ys:f.(p’#agaV’DaYaz'aDSOanaWcaSO) (Y)

o ol pyase pyr P oSyl Gos Vs ol o oS
CawdVb 50 by ety Vocipmny 85 Olis g ool (Selioo
SR O Tl cwsVl o plr e Vil L8 D by
oy lie Cp cyns cuds Sp olyd Lawgie o3lail Disp « s
el dolo =y eSOl doys Wi g amle = oy S 5 )0
Oy a g p D QB g solal Jlos 5l ool L

:M)L) 6)‘)S3 Lglaﬂ.i.‘;.o

. Y D .
YS=f(Frp,Rep,D,DSO,T,CP,WC,SOJ ")
¢ = Tz 4p)

pV
v
= ()}
F =
rp ,—gD
-2 @)

st O T gl s, sas Ryl 99,8 s T
Al oo d

-ol,8 5 olojlw a5 SZinLoﬂ o055 5l eosls peo (gazws
2 slalgiel Gl aoge (Siwinl ogas 0 1 0] slo
gy 0ld ploil CSU jo cwaige Olidsd 5 00 )0 gy yis
V] o ags

B Sgo b (Kits] (sl o Sl sl
o w1 ey € pally hads ol ad sl o (F) 5 (Y)
boadsl slodae plse @ il Cp ol > o
e () 5 () Jolozr @lhas Joo cdn alise slas)s
G sz S b clo iy 55 dmar 5 dm b gloosls

RO PR

@lise ol ,o byl 5 s ool oy5e byl )l
Ges w35 g GeneXproTools 4.0 ,l38ls 5 51 eolazal

4 (V) Jeoz 50 GEP i, 5l eoleal b b 4l Sl
ol 0058 5 8l )| a5 ol

IO RS LAV EPRE B ¢
Sysly Slp oaie ) 4o 5 25 Laly, 95t
alogys s CSU Luls, a5 el on &l by aly S
4oy CSU alal, s HEC- RAS4 il )3 (60,5 4o
5 4, IS &y Gl o y20 SY¥olas ol HEC-18 5310 5

ROW PSPUIN I 5 B PN o

Jal MT oo gl oY olro -Y Jgus

d.a;uﬁb a)l.o..fa

h:an,pZ o Fr (02
Shen 2] b
et.al

Ys 34w p 067 s Fr )02

b

0.2 0.13

Hancu [10] e 554 (Dij x (—j

b b b

0.65
CSU [11] YS=2><K1><K2><(7J ><Fr0'43
Y

Froehlich | [12] 0.08
b
[—] x Fr 0.2 +1

0.62 0.08
Ettema | [13] | Y= - (ij [ b J « 7 02
b b D 50

Breusers [14]

(V) Jgozr o 8, )15 a4 sla el )y

Olz 055 ausly ey Ko sl JS5 oo 0 il S5 oy K

bl
0.65
) i
Ko =| sin Op + —cos €p

a

b'=bcosb, +1sin 6, ab T agma g al Job b :p!

o g Byl gaosls -Y-Y
ooz S U ol pows —V-Y-Y

3 wosls Jol aiws iz S L gl s ly
Stiis] pgax o Chaudhari § Depnath a5 libs]

le =) oS5 i sl il laaly SLbI a5




...QJ)SJ.M‘SM:));

VO oaly ITAY liasli oY oyl (FF il ey ) Lao 9 (3l post (ckiteo & pid | Y7

b 5 Sosel syl plojls (3155 51 o ans

ey o South platte ailsog, 51 JS& Ldaie slaayly
SrSoll Siwinl Gos B a5 wb ags Masters
Al oo Groilald vgaz) gd /0 (5)F b oo
wd)F a5 j0 5 Ojge 4 odd (5 pSojluil sla il b [VA]

W)

YS:f(ps;l'l’gaVaD’D”Yaz-aDSO:O-) *)

&b 4l b bz 5wl 5b cos b f5e 22 D
ol ) Dyge a4 o Dl o Sy )] S5

Y D D
Y :f Fr,>Re 3_9_9_31230- (\’)
s PP’ p D5y D'

Joe can it slasos, b oadsl slaJow lae «
P dmg g dm b ogleesls sl B) 5 (0) Jslam Gillas

el s Sl sz o S L gl s

Wools (5310 g iy —F-Y

O osls Gl Xgy o) 3280 CJLq Qe sy
0 el Dy g D (6551 98 St s g g0 diwd g0
TSP Y NVA RIPICUW RGOV F Y NA YD JRPSCV I
o ol olal &g a4 bge]
Sz bools 7P g cud Cgz ools L Fe Dy (6651 =Y
o ol olas &g a4 bjge]

oot G S Jlosl go p0 l8le s (ajsal
59 3L als 63V (25 Wlgi oo Sam 5 laisoss 53, 2

ol 5 4 bools (3ls  ies (gl 0ads oolainl b,

(Xi B Xmin) (&l

max X min

X =0.05+0.95

X =01+09 ;= Xmin) (@

max ~ X min

aa b slagogy9 ol y il s Jue -Y Jgu

(o S L g (5l o0ID)

ol
Jse

(o it o b slaiss
A V.orep,.S. o) Model (I)
s % D,Y,r,DSo,G) Model (II)
P v.o.r.p.) Model (I1T)
5 (Y,r,D “ o) Model (IV)
5 (D,Y,D “ o) Model (V)
Y V.r,0) Model (VI)
£ ¥,D,Y) Model (VII)

Ay o el (639,59 il o Jue —F Jou

(0w S L g (gl o0IS)

Slaws

o i a2 slrsds)s Joe
e

A Fr ,Re , 5 J Model (I)
v Fro, 5 g ff} Model (II)
0 [Fr D a] Model (IIT)
¥ {%v " JJ Model (IV)
¥ (Fr ,Re ,-5) Model (V)
5 (Fr ,.?.0) Model (VI)
¥ D ,T,0

[ D . J Model (VII)

ol ol S L oy s -Y-Y-Y

ol 55 lojle a5 iolejl ()15 5l eesls gl aws
P Gl gl moge (Slsl pgas o Sl
2 e Slidd S ye 50 ediez é S Lo sle i
[IV] o ags g0 00l plesl CSU

W Ly ) @l O jge s end (6 S0l sla il )by

YS=f(p,ﬂ,g,V,D,Y,T,Dso,SO,cr) )

o sl yial)ly 5 conl s slae anails my5e5 0 ol o aS

ol g E

Y D
= — 3 A
YS f[Frp,Rep’D’DSO’T,SO’G\J ( )



e g9 ,Slos iy VO by IFAY Liasli ¥ oylods FF ol ) Lo g o) yos cwdkigeo &1 pid [ TV
( )2 b srsogy9 sy Al s Jow -0 Jou
Ym_Y
Risg = || g N Sl v (o o S Uy 512 aool)

| Ym-Y

MARE = —3x N | =L 100 QD!
Y

MAE = ;zizl Ym—Yp 0%

03 Lg)..fo)b.a‘ ;X..M..M.J/" : —| Gos : Ym
03 Lg)afo)l..u ’S....M.M.J/” W —| Gos Ja...q}...g :Ym
00l e (] Gos :Yp

od (Ghar sy (Sl Goe Lawgto V)

ey g mbs Y
ol s ol sl gy SUS ewin ez
g ok S L loyn Jold 03ls sy oz ) B
9 S b gaius g0 4 booly Ly 5 oolaiwl saiws 8
b 3t Dy D 68l 90 b gillas 5 o on
Vg it 6095 Joo ¥V LB o o psis glgil oren
plnil 8,5 158 oolinal 050 slite (sla Klos 5l oS 5
S 5 Sjpel al o )0 25l lslens dlio 5 (g5loars
G £55 ) 0315 sy y2 lp Fn Joe oo (oles (1
Joe Olsis 4 Jae oo o 5 IS b e el cess &
Slaye 5:Sbe 3z Gbjlre a5 ol oud Sl 5y
(MARE) s o lhs 05 5.5k (RMSE) lallas
a4 ke o5 3Sosy ol MAE) alas glas j08 S5l o
o e o0 5Sh05 ol R) (Saod cuyd g i
dsozr o Gt gladae giluad I Jol> 5 mls o)l
b s Gl (V) Jooz @ azg b ol oads ools olas (V)
st A Jolts a5 (D) Jow com b o o anle — () S 5
Sl Jae e Olye 4 dlioe (7) Jgozr Gillae 59959
Ao sl Joe onl b)) slasline Grizren Sl ons
RMSE=0.1218 R=0.909 MARE=28.3% ;s
MAE=0.1044
MARE=30.5%

Cad A Glpy s
3 RMSE=0.1961 R=0.909

Sloads (53l s O yg0 4y Joe (pl sl MAE=0.1474

olaws

iz sl slasos s Joe
y v.o.ve.p,.S,) Model (I)
c v.o.re.p o) Model (II)
¥ v.o.v.p,) Model (IIT)
P v.e.p,.0) Model (IV)
¥ .r.p o) Model (V)
Y ,c,0) Model (V)
v v,D,Y) Model (VII)

a2 el (63959 il b Jue —F Jgu

(6dsmz juf S L piwn gl boold)

Slaws
A Sas 5595 Jse
 yusio
v [Frp»Rep%»DD ,f,a] Model (I)
F [Fr,,%’ 5’ ¢ "J Model (1)
¥ [ Fr, = DD ’”J Model (IIT)
¥ [g, DD : a] Model (IV)
v [Fr ,"Re, %] Model (V)
Y (Fr,.%.0) Model (VI)
¥ [ 5’ i a] Model (VII)

Ll sylre —0-Y
slp ool eolaul s, @])15 s 9 bl ke @
2 bl Sl Gaios cul o (Stetal Gee (ess
JR) Stasod cups  RMSE) balas oluye ik
o 3llao 38 (5 Silo 5 (MAE) lallas- 3llas ,08 o Silee

el 00 o0lisl "((MARE) lallas

2N G b, 7,) o
Jzz I(Ym Ym)2 (Yp Yp)z

1- Root mean square error

2- Correlation coefficient

3- Mean absolute error

4- Mean absolute relative error



"'3‘>)S‘L°':&S“")J‘3

YO 2le ATAY Hlesl oF o)Ll FF ulo oy ) duxo g o) poe (oo 4y 3065 [ YA

JJ 4;[4 M" d,c.: d....wl?bo 6‘)4 o ool Lsa@l)) Jﬁ.c).‘)
30 ey s b ol jo colaiul oj5e slaoosls (sl
Sl 0als &5L1 (V) alaly 3l 55 am o <>

Y s 0.227 Cp*Frp
D D TErop T
cptwe .
2
TS2 x TV2—CprxFrp
pV pV

0.89 x Y
%)

ol (Soetal Bos oud St 5 Shalie polis
39 otz S L slo s gl p s dl> 0 ;0 GEP Laugs
ol oo ools Hlas (V) IS 50 o g o b 2> g

Bz opl o eoliiul 5,50 aisle;l slacsls gy
S L osleyw slp (VID Joao (V) Jgoz  Glle
o Conl ol (6 @S & e dm b Sl 0 edies 8
ce FD Y 55 55000 5 Dy s s 5 Ghils ot o
39,8 dae glayurie glyls (I Jow asy o > jo Ll il
Ok Bee o w3 Lawgie ojlail 4 4l a8 Cd by
b s lp 5n Joe g Slge aiails @95 9 b yhd @
Filpoin Sipe 4 Joe (nl ablee sdiz S
olas ol b Dy gl slls g 00gr (@) g5 51 0as
g dboo Lhigel Caz ools 1Y+ g cad g osls 7Y
oads oolatwl o1 jo Klae ¥ Jols «(F5) ¥ g5 5500 5 53
]

Al jokiie 4 ool Cawd 4 0L, sla g0, asilen
Slp sy S L Glayi sl (Sl Gos Ol
550 b loges 5l eolatwl b 55 cdins 58 S L iy
5 b polie ool I3 Ly of ol yaebin Sl Jels
Sl i e Sl Bas (a5 S 53k o3 o jeiie
s Ay Gaiod ol o eslaiul 550 G{b&.ﬁ.\.il.o)'] sosls

el 050,58 ST AVY) alayl,y )0 00l ool & g0 4 0y

. Y
Y><sm(—j D
stzsin __\bJ + cos | log | ——
D D x o D 50

+ X COS b + yant \
Fr p
r b 5o Dx(Frp+7.48)

. Y x D Y
+ cos | sin | —5—— - —-1.43
D XDSOXF}”p D

)

5 Sl S osls V¥ Dy gl a5 il o () g4
3he s bl Bolai & 50 4 Uoige] g aools 18
ol oo oolawl ]y Slee & Jols (F2) Y 9,951 0]
g Sl e anle ) S S L e ln peies
das @l 39,8 20 (639, e Jeli a5 (VD) Jow
9 Foe o cdusle —() S50 ey ke il jalsn,
e cnie Olye 4 bl dle — oy S 5 0 Ol sy
9 U"‘)}A—‘ 4.1?;4 6‘;.) ‘S’L’))‘ Lng)LJ.A aS Sl ooy ul;h.s‘
G 09 oz 4 Joe opl Sl (V) Joox Billae cus
TN g Cand gz bools Y Dy 668 a5 il oo o3l
S8lnl 5l g o Gl Bolas &jgo 4 hjgel Sy lassls
S0 logad ol oads oolainl Klae ¥ Juls «(F)) Y g4
ol sl (03 &350 25 0 Jold 05 Ol siyaabip 5l Jol>
Jges® o piiie g <ol polie ols 513 L aS sl cavs 4 Jow
mools (sl Jy il (Sl o ezt pslate 4 3L
Ao = oy oS 5 b s 5 o ol o colaul 0490 Sl
0030,5 &1 (V0) adal) ;0 00l ool & jg0 4wy o > (o

o

Ys (
—=\U38xw . .-C )X(F —W‘)‘*'
D x c P rp c
25 (- p)e ey e so)brov ey
Cp)2+WC*5-92><S0
Q1))

dar bl 50 gy e b laosls (sl (V) Jgoz illae
ST Seyd by e (63959 e T Sl (VID o
@ Joe opl aBbioe Fn Joe diged Cugh 5 B o ()
655 B ] )0 45 009y (©) g5 3l 0 B3lon ey D50
IV g s alo e (ol B0l & jpo 4 aools 1Y+ D
(F)Y g5 5500l 5l g o Obesl (bjeel gz ool
Jolis (D) Jow 55 9 ol o0 oolizal 1 o« Klae V ol
oo S g Ghn O o) o515 Sy e it
il @y ayly Hhad ol 99,8 sas @l Jhad 4 Ly
S b Wools (gl A5 ol 5 Cugby doj (0l)S lagte
el oy QL) 5 Jae plgie 4 dm o Sl 50 (o)
g 00 () &9 5l ond Abpin Djge 4 Jue
G g ool ¥+ dolas el b D 551 ol
(DY g5 5500l 5l 55 9 il oo Ghjgel Cap rosls 7Y+ g

polde pols JI3 L cwl oads colauwl ol jo Rl ¥ ol

05 Ol Gty 3l Jols (S350 jloged 10 b ysite 5 2ol



...3.3)110.:‘;«:))3

VO oaly ITAY (lasli oY oylads FF il et j aamo § (o pos ckigpo 41 5 | ¥4

oy gl g oy S b (6 s 30 00l Gl s S ¢y Sl (LT Jou -V Jgue

. 5 Lo al> 5o Jhygel al> s & s &
Frdee S .
R MARE R MARE  MAE  RMSE R MARE MAE  RMSE | W S
OIS IRY/S S I YA N BVA S0 B S-S VAR A0 VARV VA UL NS IR /%) G NEVARR o INRVAR S TN IRV Sy
VD Jse | <IAPA | YNA | <A | YSIY | SDEY | NAE | AR | YV | AYY | NS | s avle }
;J,; SRAOA | Ve | eary | s [0V | YA | cava | Yon [0 2 VS Y2 IS 3
VID () S
AD Jso | <485 | VOIE | /Y | AVND | /o8 | e85 | AA8 | VS [X8 | %0 | s
e
wi | TVY | TVA| Y L YA s | AY -4 YVA | YA | VAT | s slaesls .
el |
Al Joo | </AYS | YIE | IVEY | YeOA | /a8 | ciYes | -A Ty o0 | DOV | s 3
sloosls °
Mo | IVSE | YYN | GIAYS | sV WYY NAY | YYE | oAy | VDAY | s ]
e
0.8 7 Test 1.2 5 Test .
/':\ -
206 - o 2 1 . o /%
= S 08 - ° e
L:F) -
204 T oc ., s
= o R=0.9033 S v ®
2 02 | - RMSE=0.0663 -= 0 4 i R=0.8225
& MAE=0.047 g - RMSE=0.1835
MARE=11.15% A2 - ® s MAE=0.133
0 ' ' ' ' ' . MARE=32.7%
0 0.2 0.4 0.6 0.8 0 ' ' '
Observated(cm) 0 05 1 15
) Observated(cm)
Ja.wy St 4\.19)0 B IR per) JM{‘ 9 @‘ML&.& Ys-Y A S (&l
b dwlo - () yiown (A iodimes S L s gl 2 GEP 1.5 - Test
. .. . _ .. —_ -
Sl (g s (g s g Sl dulo — oy s (2 el 2 .
ary g Al oy i (S anly % 17 ‘e
- L]
= 1 ) R=0.7803
Vodels D) Jow wom b2l o Glae slaosls sl B 0 =5 N RMSE=0.1936
. 3 A o MAE=0.1625
g gt o (CowdVl 50 by Sy g Bos iy Ll e 0 MARE=26.2%
T T T T 1 1 1
G ol bwese oglasl ¢ VEEVOWIERY dodils 2563
PITOD S R O e T SOt By 0 02 04 06 08 1 1.2 14
a4 aS J 50 abbe Jde op i walise slasogys oylsie obsereatved(cm)
el iy Jaw dID Jaw bosls cpl 0,5 am o oK 2
by P ol o S50 laylaged leolainl b oty
. . 0.8 - Test
‘531._\#, sloosls 6‘)% e M' BoL el S = o6 -
= Ub L)
ool Sjge 4 a0 b o Gaisw ol o eolaiul 8 )ge 3 /
L ]
=1
e . o 0.4 - L
el 0030, SITOVA) alasly )0 00l 2 / -
= . R=0.931
02 - . RMSE=0.078
. b = MAE=0.057
y Y x sin [D . J (\/\) Ay MARE=13.4%
b“' = cos | cos bis + sin o + cos 0 T T T
0 0.2 04 0.6 0.8 1
2 X
{cos [’;- sin [cos [sin bZ(YDSO)]]N Observated(cim)
*'D 50
@

o-xYxDsox cos[ b ]4—5.34 - Fr p
D 50

+
o x b2




e g O ySdos wyy Yo 2l

g

AVAY el ¥ o)lods FF ol ccann ) buxo g oyl yoe (WO & g | Yo

Syl 3l ol (St Gos reds mls anglio b
4 Cos GEP 35, 550 (028 o¥ole mli 5 05 ol

b s sl CSU dsbes fpimman s ol o2 Ly,
aoles g 3z (pl 50 7 kae ediz 118 5 soinr (oS>

A S (6t el odins S L sl sy (6l Hancu
GEP clin o,Slee (£) 4 (0) Jol ailails &¥olee plo
S L b s sl i 5 o, SYoleo b anslie jo |,

083 g0 GHAS ol b g odbounz

3.5
+ Breusers(1965)
37 N - C5U(1975)
— 2.5 - & Ettema(1980)
=
g , ] « Froehlich
o - Hancu (1971)
=1
= 15 4§
= © Shen (1969)
0
14 ® GEP
0.5
o .
o 05 1 15
Observated(cim)
()
7
6
5
q
3
2
1
o
%‘29
(@)
25
+ Breusers(1565}
2 ° o o > CSU{1975)
g 5 ,C% E_‘;rg 0.2 % 2 Ettema(1980)
=2 x E
z B T « Froehlich({1987)
- 5 g0 o
=2 o - — Hancu (1971}
= S o o
s oruisRh T ie @ - © Shen (1969)
a r o ——® &
05 - as” i .cer
" o NPt
[ Y e
i} - - - )
o 0s 1 15 2

()
&lp 2 Yoo b awglio o GEP o )Sloc -0 JSi
o — () i (@ 9 Al oy S L piuny

)y e (D9 E

@ bl Sl S8 4 by Fee S (sloiie o5
s Slge ganaile m 365 9 Al 89,8 dae ()3 lawgie ojludl

0dl St 9 (Slelie polie .ol ouls sslaiul 4l o
Slp ced dope o GEP by aly (Sl oe
o o9 bl o 0 snis e S L le i

ol 00l o0ly ylis (F) S

25 4 Test
20 - —*

= . /
215 - "-/./.
b=
2 10 &
% [ .y R=0.9304
RMSE=1.92
g s e MAE=1.56
A MARE=20.8%
0] T T T T
0] 5 10 15 20 25
Observated(cin)
(h
1 Test
= 08
A
T 06
A=
?-_’ 04 R=0.7472
S g2 RMSE=0.2061
: MAE=0.0096
MARE=20.58
O T T T 1
0.5 1 1.5
Observated(cm)
(<)
80 4 Test
fe=y —
= 60 -
E . - ,/. ‘:/Q” L]
=1
=
b=
D | — R=0.024
& 20 RMSE=23.74
. MAE=12.7
MARE=GEC. 7%
O T T T 1
Q 20 4 60 a0
Obseﬁ-'a?ed(cm)
@
2 Test
-
/E\ L ] L ]
g 15 " i
o
g 1
by L ] R=0.5817
2 05 RMSE=0.5012
[=TH MAE=0.421
MARE=58.7%
0 T T
(0] 1 2 3
Obszervated(cim)
)

biwgi Cond Ao o 50 00l (s 9 (ol Vs -F Sl
ol gl S b s ol GEP
Al bl 00l (0wl el B LT ool (I
& A Sl 00ls (8wl eIl Sluww 0810 (g o 2

b



w9 95 es (o) VO il ITAY (Ll o oplod FF il o j buzmo 9 ()l jos (oo 1 305/ 1)

g anb S g0 0 S ladae lp (A) Jgax Gillae

+ Breusers{1965)
< CSU(1975)

JIRE RSP RN [UUNPIS RVRP PRI K K N SR VI
» Ettemai1980)

-aol o0 G‘»I)lf 9 Sl u,...aalf ) w.i‘)s‘ 59 ‘Las),';cl)l,l Q,.»J « Froehlich
el bl ol wd S I8 ey 990 0f Ole i)
ot 83y 2 1y 5l oyt G p S isls i sl
R 5 odr SB L oslaias Glp boal S

3 0k Bes a5 Slaw slaosls sly 32 4y o)ls coins

=Hancu (1971)
o Shen (1969}
® GEP

Predicted(cm)

Observated(cm)

el S e am (g b il 9o b

S b Sl 50 ) s 5 dle — () S Gl (eiares

250 s e deools 0,5 dw g ple 4 g Aigel Cugh, -
Slge ganaily &35 s g 9l (Siwinl Gos dcule jo oS VIARES
H AMSE
ol GlaS (gl (Sl Gae 0 o b | viac
.o)lo T N[~ B RMSE
G5z ¥
e T . . (<)
5 2P 5 o e bl Sl oo gileand
9 o SLL ‘SLQM ‘5‘)"’ Eyome 5o us)f )‘)é J"'L?j 7 - Breusers(1965)
Sl oli.i'...lLa)‘T 59 odel Cawd 4 glaosls 3ot uf . ¢ © CsU[1975)

_ _ _ T s a a & Ettema(1980}
r>51$ olKisls 9 Jliu (Ao olKisls &:J”q.;.m 9 UYL’:“AJ % 4 an « Froehlich
ool Cows @ alBislesl sleosls 5 5 ol eolaisl wie % 3 - Hancu(1571)

. . i _ ks % o © Shen (1969)
g0 (Simial (ogad ;3 105l (slaolS 55 lajle bawgs 7], Sasefl ¢ ocEp
“‘:"lﬁﬂ Be U‘S; )‘)5 oalazuwl 090 (W) g 5O 6‘&'9».&‘ A.aLa ! ?: % 4\' ;<>: e *
o 3 ‘ ‘ ‘ ,
2 K0l gyl paci lejlw a5 5L 5l Slae slassls 0 1 2 3 4
) Observated(cm)
a5 South platte wlsog, 5l Llaiww sboal b L 5,90
i @
@S col ol 5l Sl ls .cd,5 )13 colaiwl 5550 wgy 00,5
P e ks, 4 cens 0 Ole sl b, - oR
S0 95 el el (K] Boe (re3S = MARES
B RMSE
sole}deﬁMLg‘ﬁCSU dohwjooy B MAE
s 51y Hancu aoles g Guiows op) )0 7 ykae odinz RMSE
).lL..u D S 6)“J9‘3 J.g@ @L.a [JE SOV 2 L;LQJL‘& Lv
Slasls SYolee
Caz ools 1Y+ ] 10 a8 Dy o8 bl & axg L -
oads ol Bolal & jgo 4 bjgel gz ool 1V g cos O
SLE SRl czge laosls (ilon iy oS sk @ - (3 9 & @i loT 0013 (0 g Gl ooz yul S5 b yinmn
ol e eolaul 8)5e cdie S L s lp Jow I EVPRAN

ol o i



...QJ)SJ.M‘SM:));

YO aly ATAY Ll Y 0ylaid PPl o5 anmo § (3] ok (smikidpo 4y | 1Y

ol ilazals ol (Sratol e dlxe o 1, 30
S s e dosly 505 amy g e 4 a5 cuil Jl> o
Syl (S “'jé,o.c).gl) JU RN

Ll jo oniz e S L iy ¢l LS jeb @ -
Goe 5reS 3 1) il S S dlse gandle e any
Sl bl S{MM.J'I

90 50 CewdVh y0 ly> Bes Sl leosls gl -
FAse (Sl Gos (lie e 10 dnigr g o b S

0 B o a5 4 gle Slee 45l 4 axgi L -
| OMGEPWQJSLAC Ogu u}sAFg 5F] )9)|)J‘
b sloyi sl IS o 4 5 wimoie oS bt -
sae le e U D Jow sy o > j0 cnin 8 S
ot Camd o1y lagio ojlasl 4y il Hhad sl 0g,8
b Joe i dlge analls me g aly k8 4 L
Al e

0l S L s (0 oolatl 0,50 am b sloosls jo -

S Wged Casb; g ok Al SwdVl o Gl e

oz paé g oy S L (6l pus Comwlus 3IUT @l -A Jguo

SB gy oS ools g4 ol 4zl 1) 5b o miey o el b | o axsls | 3l o meS a5 el
Al eols (V) &y (W) diges Cagl,
dole -y
’ S 03l Wo) sigai cash, (S0) fm et
[ SeewWe g
) axb cols (V) ey (W) diges Cughs,
) Fee
RETERNIN () o o ohp S5 Sp) s s
b eols (V) &y ) by Gos
2Eilejl slaosls
A g ools (Fry) asly 55,8 sas (0) yiu Slgo (goy &ils x3395
Mo o
Al ools ) by Gos (Sp) s s
Slace slaools R
REPNE %’ b B8 & ohz Gos o (©) youm 3lgo sl @395

[71  Ferreira, C., "Gene Expression Programming:
A New Adaptive Algorithm for Solving
Problems", Complex Systems, 2005, 13 (2),
87-129.

[8] Lopes, H. S., Weinert, W. R., "EGIPSYS:
Anenhanced Gene Expression Programming
Approach  for  Symbolic  Regression
Problems", International Journal of Applied
Mathematics and Computer Science, 14 (3),
375-384.

[91 Ferreira, C., "Automaticlly = Defined
Functionsin Gene Expression Programming",
Genetic Systems Programming: Theory and

Experiences, Studies in Computational
Intelligence, Springer-Verlag, 2006, pp 21-
56.

[10] Hancu, S., "Sur Le Calcul Des

Affouillements Locaux Dans La Zone Des
Piles Des Ponts", The 14™ International
Association of Hydraulic Research Congress,
Paris, France, 1971, pp 299-313.

[11] US Department ~ of  Transportation,
"Evaluating Scour at Bridges", Federal
Highway Administration (FHWA),

&zlyp -0

Sgen e 5 5 Gl ep il sin )]
Olyer St olfzils wllenl (ol Gle " g Jli
AYAY al

[2] Shen, H. W., Schneider, V. R., Karaki, S. S.,
"Local Scour around Bridge Piers", ASCE
Journal of Hydraulic Division, 1969, 95 (11),
1919-1940.

[3] Jain, S. C., Fischer, E. E., "Scour around
Circular Bridge Pier at High Froude
Number", Report of Federal Highway
Administration, 1979a, FHWA-RD-79-104,
pp 308-317.

[4] Grade, R. J., Kothyari, U. C., "Scour Around
Bridge Pier", PINSA, 64 (4), 596-580.

[5] Aytek, A., Kisi, O., "A Genetic Approach
Programming to Suspended Sediment
Modeling", Journal of Hydrology, 2008, 351,
288-298.

[6] Aytek, A., Alp, M., "An Application of
Artificial Intelligence for Rainfall Runoff
Modeling", Journal of Earth System Science,
2008, 117 (2), 145-155.



...QJ)SJ.M@»));

VO orly ATAY Ll oY oylocs (FF il o) Laneo § o3l poss swniien g i | PV

[16]

[17]

[18]

Federal Highway Administration,
"Exprimenal Study of Scour around Circular
Pier in Cohesive Soils", FHWA- RD-99-186,
1999.

Federal Highway Administration, "Bridge
Scour in Nonuniform Sediment Mixtures and
in Cohesive Materials", FHWA-RD-03-083,
2003.

BSDMS Summary Report, "South Platte
River", http://water.usgs.gov/site-list.htm,
1984.

[13]

[14]

Washington DC, US, 1993.

Froehlich, D. C., "Local Scour at Bridge
Piers from Onsite Measurements", US
Geological Survey, Water Resources
Division, 1987.

Ettema, R. E., "Scour at Bridge Piers", Report
216, University of Auckland, Auckland, New
Zealand, 1980.

Breusers, H. N. C., "Scour around Drilling
Platforms", International Assocciation of
Hydraulic Reserches, 1965.

Depnath, K., Chaudhuri, S., "Laboratory
Experimental on Local Scour around
Cylinder for Clay-sand Mixed Beds",
Engineering Geology, 2010, 51 (61), 1-11.



Journal of Civil and Environmental Engineering
Volume 44, Issue 2, Summer 2014

EXTENDED ABSTRACT

The Efficiency of Gene Expression Programming Method to Estimate
the Scour Depth in Cohesive and Non-Cohesive Soil Beds at the Bridge
Piers

Kiyoumars Roushangar *, Mohammad Taghi Aalami, Shabnam Mirheidarian

Faculty of Civil Engineering, University of Tabriz, Tabriz 5166616471, Iran

Received: 28 November 2012; Accepted: 02 July 2013

Keywords:
Local scour, Bridge pier, Cohesive soils, Non-cohesive soils, Gene expression programming

1. Introduction

Bridge pier foundation scour depth prediction for safe and economic design of the bridge is essential. In fact, a
type of scour erosion around the pier which is complicated due to vortex flaws occurs and generally causes a trench
around the base of the bridge. So far, field and laboratory research of scour around bridge pier and foundations have
resulted in presenting the multiple equations for estimation of the maximum depth of scour. The results of the
mentioned equations are not generally and acceptable due to the uncertainty about the function.

Gene Expression Programming (GEP) method is the new evolutionary method which can be used in the majority
of natural phenomena due to high accuracy computational convergence and stimulation. In this research, GEP
method for estimating the bridge pier scouring for cohesive and non-cohesive soil beds has been used. Also,
sensitivity analysis has been conducted to prove the effect of various parameters for bridge pier estimating.

2. Methodology
2.1. Gene Expression Programming (GEP)

Generally, the procedure to model bridge pier scouring by using GEP is as follows:
Selection of fitness function,

Choosing the set of terminals T and the set of functions F to create the chromosomes,
Choosing the chromosomal architecture,

Choosing the linking function,

Choosing the genetic operators.

M

2.2. Semi empirical methods

Numerous empirical formulae have been presented to estimate equilibrium scour depth at bridge piers, including
Shen et al. [1], Hancu [2], US Department of Transportation [3], Froehlich [4], Ettema [5] and Breusers [6].

2.3. Laboratory and field data

a) Cohesive soils: for cohesive soil beds we used two sets of laboratory data from references. For clay soils, 38
data patterns derived from the experiments of Federal Highway Administration [7] in three different test flumes
were applied and for clay—sand mixtures, 56 data patterns captured from experimental studies of Debnath and
Chaudhuri [8] were used.

b) Non-cohesive soils: 105 data patterns collected from experimental studies of Federal Highway Administration
[9] in three different test flumes were applied, and 39 filed data patterns collected by U.S. Geological Survey were
applied (BSDMS Summary Report [10]).
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The scour around bridge piers is so complicated, because it depends on many variables such as characteristics of
the water flow, piers and bed materials; and studying the impact of all of them simultaneously is extremely difficult
and impossible. Hence, we organized 7 input models included off different parameters that represented in the
references. Then all of the datasets were divided to dimensional and dimensionless forms using dimensional
analysis.

In order to introduce the data inputs to models, a trial and error procedure was used to obtain the best percent of
data blocks for training and testing stages. In this paper two modes were considered that includes 30-70 (i.e. 30% of
data for validation and 70% of them for calibration) that was called D; and 40—-60 modes that was called D,.

3. Results and discussion

The performances of GEP model were assessed through using four statistical measures, namely, the correlation
coefficient (R), the root mean square error (RMSE), the mean absolute error (MAE) and the mean absolute relative
error (MARE). The results are presented in Table 1.

Table 1. Total schedule for the best selected models in the cohesive and non-cohesive soil beds

T Kind of Training phase Testing phase Total
ypes ind o Dataset ining p ing p

. Best model
of soil data RMSE MAE MARE R RMSE MAE MARE R MARE R

dimensional 0.121  0.104 283 0.909  0.196  0.147 305 0796 30.1 0.849  Model (D)

clay—sand
2 dimensionless  0.156  0.123 307  0.896  0.194  0.162 262 0.78 288  0.868 Model (VI)
[}
=
3 dimensional ~ 0.047  0.04 151 0975 0078  0.057 134 0931 146 0958  Model (V)
clay
dimensionless ~ 0.045  0.036 169 098 0066 0047  11.15  0.903 154 0966 Model (II)
dimensional 2.83 2.09 21.9 0.9 1.92 1.56 20.8 0.93 298 0907  Model (VIT)
Laboratory
2 data o
z dimensionless ~ 0.157 0.05 33 0.8 0.206  0.099 20.58 0.747 29.4 0.826  Model (III)
§ dimensional 1192 957 26 0713 237 12.7 66.7 0824 333 0764  Model (D)
field data

dimensionless 0.427 0.336 22.6 0.684 0.601 0.491 58.7 0.582 313 0.704  Model (III)

Comparing the results of estimating the scour depth with GEP and empirical equations confirms the superiority
of GEP method as shown in Fig. 1.
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Fig. 1. Compariing the results of GEP and empirical equations with measured data: (a) clay-sand Cohesive soil beds, (b) clay
sand cohesive soil beds, (c¢) Laboratory data for non-cohesive soil beds, (d) field data for non-cohesive soil beds
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Also the results of sensitivity analysis are shown in Table 2.

Table 2. Results of the sensitivity analysis for both cohesive and Non-cohesive soil beds

T f . . .
}22?10 Kind of data Dataset The most effective parameter Parameter with the least effect
dimensional depth averaged velocity (v) water content (W)
Clay-sand
dimensionless water content (W) bed slope (So)
cohesive
dimensional depth averaged velocity (v) water content (W, )
clay . .
dimensionless dimensionless tz:)d shear strength bed slope (So)
dimensional depth averaged velocity (v) approach flow depth (Y)
laboratory data . .
dimensionless Pier Froude number ( Fry) denotes the non-uniformity
non- parameter ()
cohesive dimensional approach flow depth (Y) bed slope (So)
field data dimensionless dimensionless approach flow denotes the non-uniformity
0 depth (Y/D) parameter (G)

4. Conclusions

In this research, GEP method for estimating the bridge pier scouring for cohesive and non-cohesive soil beds

was used. Stimulation results showed that the Gene Expression Programming (GEP) model in comparison with the
nonlinear equations was found to be more effective in estimating the scour depth at bridge piers in cohesive and
non-cohesive soil beds. Also, between the equations, the CSU equation led to better results for both cohesive and
non-cohesive soil beds and Hancu equation was in good agreement with cohesive soil beds data. Based on
sensitivity analysis, flow velocity in dimensional data had the most influence on scour depth for cohesive and non-
cohesive soil beds; however, flow depth was more influential on field data.
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