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Abstract

Stepped spillways are affective structures for energy dissipation. In this study, to mathematical expression of effect of
involved parameters on energy dissipation, a genetic programing (GP) technique was used. The GP categorized in smart
function fitting methods that automatically define the most effective parameters and assigned them more weight in final
model derived. Involved parameters on energy dissipation of flow are drop number, number of steps, ration of critical
depth to height of steps, longitudinal slop of weir, and Froude number of flow at toe of spillways. To compare the
performance of GP with other type of soft computing techniques, the multilayer perceptron neural network was developed
as well. Results indicated that derived model from GP model has suitable to performance to mathematical expression of
involved parameters on energy dissipation. Reviewing the structure of derived model from GP indicated that drop number
and ratio of critical depth to the height of steps are the most effective parameters on energy dissipation. Comparison the
performance of MLP model with GP showed that the accuracy of MLP is a bit more than the GP. Sensitivity analysis of
MLP upheld the results of GP in term of effective parameters.

Keywords: Critical depth, Drop Number, Energy dissipation, Function fitting.

*Corresponding Author Email: Parsaie@scu.ac.ir


https://doi.org/10.22034/arwe.2024.2039932.1023

oo
‘\“J Ol (owige (63725 G idg3 dollladed “
(\\'—RV ub&w) VF.Y ul...m)l) 9 )L@d A Z)Lo..:) ‘F?b 3)9.)

Lorestan University ARWE

sy Alie
Se3 § el jlesliwl b (S oy ) 59, 5l Srgee oL SWT (3L 5lw ]
"ol ol gl ol
Oyl laal Glanl e sipd olSisls s dases g Ol cwiige 0aSitils (o] (oo o5l cwdige 09,5 )
Olnl el aall il (51,08 9Ty (53,15 5 sole SRS ¢ gige g (538 0SS () yae (sige 09,8 T
VE-Y olo yo YT 1 g0 pady [VF Y olo o0 YY 1Ol Mol V¥ Y ol yg0 505 <A 1Bl 43

https://doi.org/10.22034/arwe.2024.2039932.1023

oS

95 3 Sr98 by 551 B (L8l G5l ae sl Wlio cpl 53 aidud (55 Sl 50 ojlw o Tl )5 51 (o (S sla gy
Al Jow oo i il s hg syl b SOl (315400 1 Joo 0 ;5o dun Uil jglisiody ol oolisw! SGuid§ (g3 yaolyr Juho 31 (S 39 5 uw
0Lz 6551 ST 50 Sy 35y 005 8591 1 30 a3 o (61 yol)l .00 )5 A Jud (L gian Ghgp Joo o F Jgere (lgieds Yy omas
Sl lis gl ol baly Job 4 gl )] Comud daly Sluai 3y )y ol bdaly el a1 (Gl oy Gos Comd (150 due 15l Wil le (5590
3 oo ol slas g)lel (gl aslis 0,10 (5551 ST 5o SISy (gl j sy 05 Khas 0591 2 g (il (2 UlgF S5 (532 )00b 2 b3y 45
S yiolly 45 B3 o (L S5 (530 140l 1 gy Sl o] i (0l 5 Joko LSl (i el RP=0.95 51 05l (20w o al> o
T L yolyly o) &5 09 oo a1 e L yolyly plw ay o (g il (339 010 Laly eyl 4 (Sl o ok o 9 l)0 e
S Sdas 45w oo pLis wYuin mac Al Juo b S5 g2 540l Joo 9 Ses duslio .aiy1s (551 BT 55 o5l o Shas 55 (g yiden
by Jo Ul po aYwr oras aSd Comlus 3IUT LS (RP20.95) Coul yigy (o5 (S 3258005 4 S (omas aSods
Ay laigo a1y St (32,5400 52 51 o0id g yPiame

Sy Gos (2o due (S (g 3y (S 03] 65 ] SDw] 1 guls Oleds

*Corresponding Author Email: Parsaie@scu.ac.ir


https://doi.org/10.22034/arwe.2024.2039932.1023

A S5 ppaeby jledlatal b SL (clag) o g9y j syme by SWT pob)y gl re s olo)b wle

doddo
S8 eslils 5o O by lile (65,51 SVl jslateds el a8 aiinn  Sg aee slapleaislo glgl 5 S S slag o
55131 comaie iy Bl cgo 0o sl (T ooy B 5 i oy 2 (5205 5145 Jlsie (sloaly 575 05,5 o
Dah-Mardeh et al., 2023; Afaridegan et ) 55,5 oo Cewd b ;0 &8ly el )] dzog> olul 2alS 55 5 65 b (cdi>
425 g5 ,5 (Chanson, 2002; Chen, 2015) 50,5 o z b jo0d golaidl g by o sloas o als Cogo 095l a5 «(al, 2024
G aa gl el a8 )T 118 ax 650 150 Jlawn (ileans jo Sl 0 mlas 0,5 L bbaw Sl (6590655 51 solail 5
Abu-Khashaba et ) cusl 00,5 i |y 1oy £98 ol s az i ((Se 30 wllan) 65805555 cpl b S sy pw ol caline
plslyl>1, (Sorenson, 1985) ygudjgm Slalllas oo .l o950 col> Saomn 31 SL slag ) Sdg 00 .(al., 2014
plaie ol w3y &9 4w S Gloy, e 59, » Oby> yeee Wuld o (Chanson, 1994) jsuil> 4 (Rajaratnam, 1990)
Dah-)ogs oo 515 bl ay paise jsbay aslol )3 a5 (lin Ol w25, (@ 5 #2348 w25, (0 ¢ B2y ) (Gl g oo oanline
Sl 098 0 dlo] S5 sloaly elas | g o5 sbo 2o 0 b,z g8 ! s, ol w5, (Wl .(Mardeh et al. 2023; 2024
03,5 oo Jol aly o 5, (ABU b b5 (Sgpaee oy JSAS g aly 52 (59, S B 5 lgmgol lyz cor ela Sl (551
el Aol a8 Q3 yiy iy 50w (o oo e o bt T L OIS, bz g5 cnl o ietile Dl wis (0
555 on 5351 omaie i Sl g 85 555 o ST 5,5 slagl 2 S on bt K00Ss 1, Jlste (slogSL
9 I8 Ghlo Gl wandg (nl )3 g oog (L2lE 5 (LA, m)) £ 90 baly 9> Gl ) Sl el sl Obr @) (&
S owyp & 2rialesl sl L (Chafi et al,, 2010) o, Sen ¢ Sl .(Boes et al., 2000) S 3, (53, 2 oadtin Sl
IS a5 wisls las bagtalojl jo (otile 5 (G55, 0loz medy 39 0005 B b oltal wiis sy S slaga ) 0 Glyr (S s
Ol (o) (gl idges (w2 1) (6551 S8l Jlade ((ViT) Jawgio ok § CB1iS 28 g S 19iSh laaly b (GBS 5 e SO
yskaieds (Guenther et al., 2013) )|, Ken g ;058 .conl LSS Lu]ns CHeiSG ud g S eSSy cdl> o (65, BT F )5 A ols
sloaly (ol alize > oz (58,5 S5 50 b (Sosd Joe S5 sy, 2 |y @lagiales] G slag) i 5o (550 2l s
4 Flow 3D (goae Jow 3l eolazul b (Karami et al,, 2014) |,Sen ¢ (0,5 ol plowl a0 YE/# ol g load g plaus
Roushangar etal.,) ;|,en g Kidg, ails o SO S 5, 50 GomwllS 80uay gy s by Sgyaue gluas
Sy 5,3 AWl s5lwJos ;o 1, (GEP) s 5 o 55,400 5 9 (ANN) egias gmac 4l slap ;o3 oI5 (2014
GEP 3 ANN Jow g3 5l 1)lg5 o a5 el (ol 51 Sl al&islos] ol b la o 5l Jool> bt anglie .aiols |8 w1050 SISL
glcul pwcew 5l oslaul b (Salmasi and Ozger, 2014) 551 lbobo 0505 oolaswl SISy (sla gy 5o (65,3 Gl oyt o
PRl @l b Joe 5l ol gl avglio asloy 22l ol oy b G loge, i 5 65581 S iy @ 58
3l eslawl b (Parsaie et al., 2016) S g Sl )by el jlo 65 0 (65,8l BT oo jien j0 oYL il 51 Jow a5 ols las
953 Sz Oz 56l B oy 4 (ANN) (egran (orae a0t Joo 55 9 (MARS) alfaiz (olss (g0 5 Joo
b yial)ly oy 3 50 aly gl )l 4y glion Ges Cand a5 ol lis Joe g0 Jawgy a8 Selouil coulis LT Sy S8 slag e
50 YL Cds Jaw g0y a5 el ol 51 Sl ANN g MARS sla Jow 5l ol zoli anolie pizmes auws (55,50 O o
Olis anidS Dladod cwyp Cowl 00905 Joe ANN 51 oy oS MARS oo Ll &jlo by jo £65 0l 50 (65,80 B com i
Ol yo il on )8 Gglass 095 4 1) g 0 oo i 4> g5 o 5 Slawbe sla g, 5l eolaiwl po! sl Jlo o aS was oo
95 3 65 BT e 5o o byl 58U (Gl Ole eizmen 5 G sl 0 Shes 05l pslatedy i
b gy Crl 59 055 (o0 ganainns sinldisn (oo A5l lahs; <52 ) s paelin (he) 95 e odliiul S5 (s yaeli
Rl & S o] @0 (5o (339 9 0abiglolid G0 1) 3l o i o plastall 5395 jgbar (s3laie anlp Jsb o

D9l oo 03l olais! s sl L



VF-Y UL.M.\JL 9 )LQ‘J. A 5)lm§3 P9 3)9.3 L‘Ji ‘;AA)W d.ﬁ)—f)ls d‘.ﬁw&’f %M’D ‘ *e

gy g 0lge

o o S o, 595 2 Ol lapes) w8 o)lal &S jsbiles el odazmn jlew SL Glan)re 50 Gl Sgyaee
Sl 390000 (b 5 (2355 Ol w235 99 50 S5 Sl 990 )3 Slalllan 358 co (GpadS el 9 (AT ((SA 5 4w
Pl 4S5 cpl il el 0ald3S pete (3E w3 S5 2 i S Slan e Sgiaee 59y p eadelnl Slillas i
e dnlns glp 055 o0 Dy i3le Ol ) Sl 3 (b oo Sl Gl G Glan) e (Ab &S Sl Conl
S5 53 a8 jsbpled fy e Cews il 9 SVl sln Joip Aol 62T (S e 59, 2 o Ol 5 A S
sl (65 50 el odliools Lis (V)

[

Ol 6351 Sy g0 (Sgyuad 9 (owisd sla ol ) JSB
Fig 1. Geometrical and hydraulic parameters affecting flow energy loss

eyl e s I 9 h Gy EWL1 Hy ) Sy 2 0l Gee Vo ey SVl j0 by 6551 JS Eo K& cpl yo
g SVl 50 (b2 (65 5l dolae el (STgpaue By lam 0Lz Bas Yo g ) Cewdml 5o Gb oz Ges Yy deddy Job g
el 005l Y 9 ) glaadoles 10 3w Cawd sl

v "
Eg=H, +Yg+—2>=H, +yg+——— )
0 w tYo 29 w tYo 29(Hw+y0) M)
V.2 q2
Ej=yi+-=y;+ )
1=Y1t o 1 20y

Lol Gy QLD @ e 9y )0 (029G ey Sewd ol 9 SV o Gl Sy i 4 Vi 5 Vo laaloles ol o
.\Jso Cewd 4 (F) dolas 3l oolaiwl b 5, 55, 0 bz 65,50 SN 4l 5ue
AE _Eo-Ey 4, B
Eo Eo Eo
Sogots |y 65,3 BNl g5 oo (6551 BT ey SISy )y (i 5 Ol (Sl poen ol b Slasia ol
o 0951 (F) aloles 1o (6531 Szl 13 J5o (Selgyium g (i loyall ol (cwsin 5 (Sl poee layally 5l (b

\p)

E:f(q,l,h,HW,g,N) ®

Eo
Dolao yo i slo ol o gl il aar g sloyially solasl 5IUT (65 )54 b ol )5 sloaly olasi Nl o

el oo 03,91 ()



Vo) K5 el ol ool b S (slogy i 59y 5l ygme by O oL (il Jse ol wle

,%,FqJ

S dolae (pl )0 STl 5500 $95 2 Gl Smw Goe Yo g o Candimb 10 by 99,8 sae Fry aolas (! o

2

gHvslIl

Sy 1y 0) doleo @ Qi3 S b1, W Eod cprizman 5 955 00l (i DN olas b 5 055 sasals ol 30 q°/(gH,? )

Dol (mgil (7) dole &0

AE ¢

0
aloles Conly Canns slo el el Dl yo G sl 0 Shas 051 cazr 4 py (L lados jl esliul sl
S5 ine Jow (255 olsieas (EDR =100 (AE/Ey)) (6551 SVl ¢ 5 39500 48,5 i o (5399 Olyisas ()
sooee o3l DloMhol 0,5 o 8 (iomie J3jln diedn (slagtg) s ;3 oS glae Logass o (bl sloJoe aswgs
bl i35 IS S il g5 650 Sl 3 i5e warier sla el bl o3l (o sl alie nl s s
(V) JS& 05,5 5,9lae> (Salmasi and Ozger, 2014) ,ine mls 51 (F) o loyiol,b b Lo o 00ls VOF jolate o

(DN SN ,%,Frlj )

Ao oo oyl |, oméﬂié@ slaosls .nl)fw

@ o
60 — 90 — 140 —
| 80 120 —
50
70 | 1
) 1 100 —|
40 60 ]
1 50 | 80 |
o, 50— .
2 30 o oD
= = 40— = 60
YA Mo Y 1
20 30 0]
1 20 ]
10 — i | |
0] 20
| ‘ (a) i [—‘—V—V—\ s
0 ~——————— = 0 : ———F 01— : ; ; —
01 2 3 4 5 6 7 8 9 10 0 2 6 8 10 12 14 0 002 004 006 008 01 012
Ly 0313 03 gudoes La 6215 63 gdoes s 0305 03 3d>en
Is] EDR
40 4 100 — 30 -
35 |
) ] %0 25
30 —
— 1 2(]_
= 60 — ]
N N - e
= 20 2 s
Y5 - M 40 ™
. 107
10 — 4
20
5 5
0 T T T LI 0 L I LA T 0 T T L T
05 1015 20 25 30 35 40 4550 1216 20 24 28 32 36 40 44 48 10 20 30 40 S0 60 70 s0 90 100

Ls o505 05 gudoee

Ls 313 03 sulses

[EEIEE PN

S 32w 595 2 Gl S35 Sl 53 Fge Loyl )l ol 5 g ¥ JSS
Fig 2. Histogram of effective parameters in flow energy consumption on stepped spillway

S5 g el )
Sl p g, o b &Il (Koza, 1992) 1555 lawgi a5 cewl oz diadign slapiy 65Ul 5l glasls G5 (650,40l o,
o Slas dcgazms 5 ((695,9 o piie) Al acgozme S 31 5ud ale o 090 oo ooliwl glasli | 550 pieeew 51 255
iy ya3 el T saim bLs | ali g Bos b (699,9 (sl prie Jolis a5 slacSeh lol jelaie pos 098 co JoSiS (6 puz oo



VF-Y UL.M.\JL 9 )LQ‘J. A 5)lm§3 P9 3)9.3 b‘-’i ‘;AA)W ‘_5.:).3)5 d‘hw&’f QAM” ‘ "’

LS)")ML’)" ui"ﬁj)‘b GL.MJL’?LA 6L435£5._‘>)0)L_'>L~u)‘ 6‘00@ Jl...ov Jiu)é QQ;LSAUMQ] w‘foj WL.A)LOL...: O 9
Y o X b psine o ol o, Slas g milgs dcgoze sqrt @xp «€0s sin o ot = o gla Sloc ¢ Jlo opl jo .l cadas] )| Lol
Ll Slee bLjlc oles Joo b @b jo amo oo plis |y allbl G j0 1,0 5V VoV i coll slacewS 55 9 (29,5 9 sog)9
Sygond Jae (295 &l ax STcal zl gl LB 5 Ol o2l pid S col ool o5 0 Sl SO O ygod b iie
alllans g0 oy 5l (oremy 50 Gl (29 l WSS ok Sl (o sl Soje shilo Lol sy SIS 4 ooz Sl (Sees
o5 0dd s Sl doe @y 3l adsl Comen G olml b S5 isael e 0 Siledoe pBapl a8 g walsS erani LB
Nz Sorer S Jeadsi pa b oS o0 518 Sl 990 (Biln @l Sl eslitul b HeSde Cumer B3N 51 SG 8 e 95800
ol,8l 51 cwlin Slaey Ol o oS g i eee o Slee 51 SO bl 3 51 soly Sl e plosl b Q] b ogds oo bl
ksl"bg)"’)‘)’ )| oolazwl L»J.]a.:\bjs.o JJA ‘;L))‘ g o> oo g_i: L A:)J.B ‘éﬁ)a.o sA:)J.B J..Js.: 6‘;: @L@b.:‘ LSLQ)ﬂ‘": )‘ oolazwl ‘)..oL>
oMAJyW&‘JB‘)‘ &)QU“’)‘)J‘MW(SQ)‘JK) J.J}:..)L)Jurf‘» JW‘DWO}SL}"waQJ)QQ)jGQU)WM

(Azamathulla and Ghani, 2011; Azamathulla, 2012) <ol Sbj,1 LB 55 akal; 5
2

1 N
f, :W;\xj—vj\ )

p33305,5 Sl S y5m Jlaie by o (6 eT03l e Y o (35l adl g5l & pspes,S sl oodidmmlins Slie Xj wdan g fas

J ohile sl e
Function_Set = [+, -, *, %, sin, cos, exp, sqrtp]
Arity_Set=(2,2,2 2,1, 1,1, 1]
Terminal_Set =[X, Y, pi, 1, 2, 3, 4, 5]

D
® r= exp(,, cos(X)+ sm(x)}

cos(Y)

/Q function z = example(X,Y)
‘T¢
z = exp(pi*cos(X)+(sin(x)/cos(y)));
X X o

(exp (+ (* pi (cos X)) (% (sin X) (cos Y))))

Wi 2ok alaly 5 9 SIS 3250l p gy 50 b puike 9 b ) Klos L)l (550 sl ¥ S
Fig 3. The tree structure of the relationship between operators and variables in the genetic programming method and also the final
mathematical relationship

) b 5 odum e Ko la 29, 5 Was09)9 e ) Wlgs e o5 Sl (5L, wbyiny (e Joe S oas 4SS
D9l oo e ez 3 Joloe (o LLI)I (Bl Cuz sz Vol (> 4 &5 baggiluancd I leas jo S g5luans
smac 4 o] o508 s a8 a5l 2B Elgil anac GoaSiil sl ilae (350l 4TS laieds wilgh oo mas 4
3 aS jebolen e oo plad 1) aVais ceac a0 Jow SOl Sl oles (F) S (Seyedian et al. 2024) el ay¥ o
o Ngd oo goz Sl e S b G g 0B 028 ((39) (mlrS 50 (sras 4D Joe ladg )y Sl i SO ()l
Caledy a5 JEI Jlab ol iy e o 55 (95 3ast syt Y ol (S o s 4 Jald Joo sloey



V¥ K5 jptely ol ool b S (slogy i 59y 5l Sygme by AW oL (il Jse i pbo)l wle

Bz 3 yd 83959 3 85 Cenl 2ol 5 Loy polie et smas aSS (Big0l 5 ek prae A (bjgel (og, Sl
S g SlsSsle a9, e salS LS sla by wiile sl sudolyiing mas aSd Sijael sl Bl sl by, 99 g0 0us
Gl U Sl G 5 008 (258 il bt S lstear (orae 4SS (Bjs0l Loy (nl o 45 St jsalie slagts, b s
Parsaie and Haghiabi ) 5,5 s 1,3 colaswls g0 o g 505 5 ploosl « S5 v, 68l 0l (500 (g 5lwaige lopss 65 alivcs

.2015; Parsaie and Haghiabi 2015; Parsaie et al. 2016

Hidden Layer Output Layer

al =y

IWi1 \ i W21 \ P

3x1

4x2 n 7C 3x4 n 74
4x1 3 x1
b j 19 b» —/

G U ) U )

al = tansig (IW1ipt +b1) az =purelin (LW21a1 +b2)

aYiy e Aa Sy L Sileh o F S

Fig 4. Schematic view of the structure of a multilayer neural network

osls ‘S}Lwo.bl.oi

S slaosls (slivo s (Sl un slaosuy e 5 3l splanens g5 il (sl e s o 0,51 o sbolon

a5 iulejl (sloosls 5 Jow drwss (gl a5 (o3g0] (slaosls 09,5 95 4y b 0ul g 5lae (sloosls a5 sl Lo (ylas oyl sl 00

5 ooygel lrools 5log5 o ayools plaisl 5 Cltl 05 oo i g, oo HIG oabodls drwgs Jao o,Slas  wions glp
welais Giolejl 0,5 4 (oaile Bl oy Yo) ady g (ybigel lp bodls aops Ar 5,5 o &jgo Solal &g iules]
s 00 OQJQT (\) Jj..\> ) d.\.’LA)] 9 uu)}‘;‘ LgLQo?)f ey ool uoLa.\}‘ 6[&0&‘& IR RO IPRWIRIRS

quo)T 9 ‘ja),.oi sWog ¥ 4 oubiosls plais! sosls ooguzo ) Jaus

Table 1. Range of data assigned to training and testing groups

EDR s N DN ye/h Fri RS al>
15.136 15 3 0.000 0.094 0.234 u.’)...af
96.580 45 50 0.104 13.781 9.339 Oy 3 L
529.292 33.943 18.309 0.012 2.556 4,128 u,«.faLm e UM”A‘
23.133 13.456 13.456 0.022 2.566 1.401 )L,-.a Jl)pdl
13.145 15 3 0.000 0.223 0.307 uJ)-».oS
96.441 45 50 0.109 6.327 6.883 Oy i 3 ) ~
56.412 34.032 17.839 0.014 2.334 4.438 u,..f)L.,a T Se s &ujl
23.534 14.226 15.232 0.028 1.799 1.500 )L,-.a Jl)pdl

S5 (6 3 yaol s bgy o o LS

sove Ghilp slashgy 00,5 e (gubailes (Somie b5l diedign sla by s i S Syl Ghgy o )lil aS j5b Lo
2l Gl slp ams o polais] L“’Q] @ ilwdoe ;o 1y i 39 9 2lelid 1) poe oyl )b 095 jgboas aieign

50 eabasl)l Colay aaxgil gy (0l 95 2 Syme Bl 5 Iy G Glag e o Sdee 10 F5e la il ST



VF-Y UL.M.\JL 9 )LQ‘J. A 5)lm§3 P9 3)9.3 L‘Ji ‘;AA)W d.ﬁ)—!)ls d‘hw&’f QAM” ‘ ’i

S abas S s Jae Ghgel sl (V) Jgaz lel 5 aS slaools a5 & goipas cé )5 (18 Laine eesls (g5lweslel i
sals plaisd! riwious 4 wisg eabais 5 L o Jow ilesl gl a8 slasols fyuzren g 03,5 soliiwl Joe drwgs al> e
Olyea Dy S NG YL /N FL la el (oo s a8 )5 s 5 (F) alolas asam gt Sy 530 )0l 0 Joe (slasogg i
S5 g rreliy Jae po (Slerkas ;o J5e sla )l LU 0l Gl gl ol i85 L5 5o (295 plsieas EDR g (599
Ol el Y g e 5 sl Cumez Slaad il Jae 393 4 bg e Sleclas 5 (5L sle Shee osliials s ails aiile

Gl 00l 5,155 (V) Jgaz jo Sleudass

S %0 Jue g slayelyly Y Jgu
Table 2. The final parameters of the genetic programming model

&9 | polie bl
times, minus, plus, square, tanh, exp @155
Olgs ke —exe/ ol 00, )54 ol sl Klas
200 D
0.044 S TS

0.1 u_ii”b cs

0.3 slahss S W Fp

0.3 Slaaiigs D6 # 5

0.1 s S &

0.1 boj plal 25

Joe (pl 0sd oo cdalice (pl jo a5 jeb len .ol salosls lis () S jo Sy o3 ,a0b 5l eadiz ] meial Lol Jaw
olns 3 K55 5524l 5l ol il 5l e b ol 2L el el s ol Jolo s ST o il 358 sl
Twino g dxwg Jlye 50 0159y 5l 65508 0Lz 6551 W o S sl e o Shes (53l Jae b el sulasl I (A)
aly, 9§ R?) s oy dile Lo diwlre slo a3 Jow cds obj)l sl .l oadosls Hlis (V) 5 (F) sl JSis o
w2y dae aS s o ol S 65,46l 5l eadizl Bl Jaw LSl obl el sadasle (RMSE) Uas Slay o (0 Kke
ol il Jas b5 s 0515 ol (5551 Sl 15 il plo ay o 5 ol naly gl & 50 ok o
3518 0l 56 B o (GBh lan ) pw 0 Shes (il e 50 (olin (Sl Jo (nl &5 ams o lis S35 54l 0 ]

-49.14 (tann ) (<867 » Gauad)
o1 Janh ) ) square)
Gene-3 -[ T
vdn) (+)
(.} Gene2 = —
o/ Gene-1
() 106
(31) fym) (31) ) (tann
. L. _ . _[/
Gene-5 L.? / -‘\D_I\L_\ (Fry) "fc’h:‘ (Fri)

Gene-4 =

S 340l 3l ezl il (L85 Joe B S
Fig 5. Mathematical model extracted from genetic programming



Ve0

S35 syl jloslatal b S clag) o g9 5 6y by ST by (gl e s olu)l wle

AE

0

=87.75+3.095%+3.095N —0.02761square (N +9.532)...

—49.14tanh [3:1—°j+3.095DN xS —8.666Fr,DN xsquare (Fr,)...

~1.963Fr, =

Ye tanh

(Fr,)

Ui sal dls s
—o— Slalla gl sala

100 — — O Sl
7 <
80 —
2 2]
j 60 —|
% N
J 40—
%
-"\ -
5]
20 —
J
T L]
0 T T T T T T T | T T T T T | T T T T T | T T
0 10 20 30 40 50 60 70 80 90 100 110 120
L 2202 2laxd
Fit Results
100 — 'I'I)"pc:gl%]ixtlcar 50 — Fit Results
Equation Y = 0.947 X + 2.936 Type: Normal
7| Residual sum of squares = 2526.78 “| Location Parameter = -0.330927
30 — Regression sum of squares = 59258.9 40 — Shape Parameter = 11.825
Coef of determination, R-squared = 0.96 Goodness of fit = -1.93063 /
_| Residual mean square, sigma-hat-sq'd = 21.23 _
b 60 230
5 A
3 a
o 40 — 20 —
% 3
9 5 -
) ] _|
j 20 .,.’ 10
= ' o
T | ] T T T | T | 0 LI I T T T T LI N R I
0 20 40 60 80 100 -50 -40 -30 20 -10 O 10 20 30 40 50
silalia sl ool (3a)alhad o3 g2aa

oY)

drwgi alo yo 0 SUG5 (53 ya0b 3l Zl sl (Lol y Juw o ySlee F IS
Fig 6. The performance of the mathematical model of extraction from genetic programming in the development phase
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Fig 7. The performance of the mathematical model of extraction from genetic programming in the validation phase
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Fig 8. Selected structure for the developed multilayer neural network .
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Table 3. Summary of multilayer neural network model design

@3, N-H-L NN&TF R RMSE * R2* RMSE ™
1 1 5-Purelin 0.63 8.47 0.57 10.85
2 1 5-radbas 0.84 6.58 0.81 7.36
3 1 5-logsig 0.93 4.83 0.92 5.25
4 1 5-tansig 0.987 2.65 0.95 3.98
5 1 9-tansig 0.99 2.52 096 3.68
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Fig 9. Performance of the developed neural network in the development (training) phase.
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Fig 10. The performance of the developed neural network in the validation phase
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Table 4. The results of the sensitivity analysis of the developed neural network model

@, wle sl 5599 s R? LU
1 - DN,S,N,y./h,Fn AE/E, 0.96 3.98
2 DN S,N,y./h,Fr AEJE, 0.768 9.45
3 S DN ,N,y./h,Fn AE/E, 0.952 5.86
4 N DN,S,y./h,Fn AE/E, 0.846 7.76
5 y./h DN,S,N,Fr, AE/E, 0.813 8.21
6 Fr, DN,S,N,y./h AE/E, 0.948 6.34
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