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Abstract

Dissolved oxygen in rivers is one of the most effective
parameters in determining water quality and its control is one
of the most important factors in development of water
resources in each region. For this reason, we investigated the
performance of wavelet neural network models, support vector
machines, and gene expression programming for estimating
the dissolved oxygen in Cumberland River in Tennessee. The
indicators of the Cumberland River, including DO, flow rate
and temperature during 10-year period (2006-2016), were
simulated in monthly time scale. Also for evaluation and
performance of the models, the correlation coefficient, root
mean square error and mean absolute magnitude error were
applied. The results showed that integrated input structures
into models in all three models offer better performance than
other structures. Also, the results of the evaluation criteria
showed that the wavelet neural network model showed the
highest correlation coefficient (0.960), lowest root mean
square error (0.668), and the lowest mean error magnitude
(519.0). In general, the results showed that due to the high
ability of the wavelet neural network and the elimination of
time series noise in the estimation of river water quality
parameters, this model could be a suitable and rapid solution
for water resource quality management.

Keywords:  Dissolved Oxygen, Gene Expression
Programming, Wavelet Neural Network, Water Quality,
Support Vector Machine.
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Fig. 2- The process of implementing gene expression
programming

Sej G2 ya0bp g1yl a8 -y IS

&y s by SeS @ olyie ]) (S3d @ly den IS el
D90 Gl pj ©C)pgods elde

0 ©
FO=H00+ D ) dusFank )
m=-00 k=-00
[09= ) ansBux (%)
k

SeS 4 Il (g oo |y (So3b @b p2 &8 B5)b e oo 398 kailg,
SaS A w935 Gy yho (pioly)y 5 wldle @l (s
3590 B> (e 1) s )] Gilisee (slaydiglys) 5 o @l

Sl aelsl a3

shls 92,5 0 S5 (F) 5 (V) Lsly) (slive 2 gy (e 4
Oigi—y > & Al 255 ogaste sl sl )5S
ol &S5 oy 3y90 JalS &y904 Shin et al. (2005)
5 Ay lacdgy olgls IS clb s cul §3 4 a3

Dgd o (e ) Oygods

B 1 t-b (a)
qja,b (= ﬁ g (?) a,beR
Dol o0 Amolne y 5 Ay diwgds gy @l glp gy o g

25 ol Sosot 0F Ole 300y P8 & 8 ol AT
S 5 e 90,8 ol &S I Jge 8 jl adg) Cupmer S g5 )
(b dge b )3 ool 3y90 (5L (slo Slos) @y asgorre (3las
Sy pn Y Wgd e Sl (ol dlael y las (sla i) by a5 g
5 i) 3y90 bl s 5l edlitd b jsSie Cames 313l ;]
Gly 5 ol o5 doJse )8 5l i Camar S g5 Y S 0

Dgd e JWd i Cumer S Wy

bl Jro Wi 5V s & IW (S slaJes I (Sl
g (SH55 slades (nnte ((SeB) Jos dw ) 95
Mol Jio (6,50 o Jos sl o B (65400 5 43 ol
& (LS o )8 okl Dyse yieST Jleisl b o oy g kSl
ol 2 &S Wil e SYlanl Cpgods jeShe Cazen I (g0l
{ENH lois 45 G e ol opl g Kad e 03 s
Mo gl oads Cbasl (S Jos 5l g (Wb o0 Bl gt ol
My (22 Jgei8) 858 > g oo odlital (e Jge3) )3
odliil b Jaisjse Jdo 0 5 298 0 d)ls Las Caumenr S5 > 0l
FShe 4 Jo U pgw 5 F 39800 Bl (2l 3)90 (B3l @b 5

i Anled 1,SE g slaes

3 g o 0del WCA—"%g &S Tedgg g e amas ((BaSLS
Slossl 35 & mas slaaSid 5 Ldpy 95 9 S5
SraSus sl Sy g Llje il on Lass ) (Vapnik, 1998)
by Sle g b pdidlasl g bewlio oo 5 3508 5 (ouas
lacigg 5> bl Ll 1y (wlida diz 3JUT 5 lacdgy @Sotine
oslazwl (scaling functions) wbie mly 9 gy ales diwd 9 5l
ey Cyged B0 whis ply jl edlgls S el e

g o

Dok x)=2"2¢(2™x-k) mkez (v)

Wk g 2™ 1olie o S Hlas ) jole wlide b <SS ) Bx) S
&y s plo lie gl JUsl g (5S4 baye iy
S slad delaite slaasl Juol )3 D, (1) M (ydglys) lide
S9l> Um )by glad S)le 4 Albe M dglgs ) Ui
0.0 &ly buwg g M dgys) LX) ol lace,d als
lize glaco,d g9l {Vn} )by lolad plply s .
lad l, wm 31 b sl e cilisee claydsls, 5 F(X) &b

IFAY 50l F o lond o3,k Jlo oyl ol O gobie coliying
Volume 14, No. 3, Fall 2018 (IR-WRR)



N
f(x)= Z & 0(x)T. 9()+b (\Y)
=1

B(%) dmolmo 15k o FLIY olyd uSilo T Y ahilea 5
ol oo sl cal (Sen )] dasie glab
2 Jsere Mgy ke pl J> slp (Yoon et al, 2011)
ol gy dlasly @900 Ji)S @l Sy QB (90 )55 SVM e
K(X; ,X)=0(X)TV b*-dac (\¥)
£ “SVM il glyil cilu (sl by dilisee alg 5 olgiee
g Sy SYM s 5 eslitl L5 5, el glsil 55 oolit
F5 5 (RBF) " elas 4l ilgs bS5 Wislaloaaiy b5)8" Jols
SO 8535 oo dlone V7 510 A Lasly) 3o a5 4y o as
3 o 3 bl p oluis by cpile Sluolre AT 5 col

5 o Gk 31 S ol Sl 5 plo] MATLAB Lacs

D)3 dp s
k(x,xj)=(t+xi.xj)d (\¥)
x: |2
K(x,x;)=exp (-%) (Vo)
k(x,xj):xi. Xj (\;)

byl sl jylxe —0-Y

slals jldaJae oI g < oLl jslateds Bdd ol )
5 (RMSE) U3 QLa.g),o O&LA ).\? ¢(R) M g
.m)f o3 lésw! ) hgb) d’*‘" (MAE) s d,Ua.n 58 Ji’LA
Sl e o g pho Sy a5 A jle aw ol sl Hlde e

TN (%) (v,Y)

R%= - -I<R<1 (\V)
\/ Zﬁl (x;-X)? Z?il (yi_y)
(YA)
1
MAEZEZ|xi—yi| (%)

Pl 5> (Slwlns o Slalin jlie cuiy & Vig Xi Y Ly
plie (1o i & 8 T X o Sloj slapls s N gl T Sl
slylges 5l 398 (sla)luns oMo AL o (Sluwlons g (Slanlie
Oloj 4 Gl Jloslomem Glunlie plie loj (g 5 S5

Cou g b -V

Il oS 5 Sl (gilodse 3 ol cp e Sl (S

; L[ b
Was(D-Fan=Hua 010> . [ 0w (D)a )

0B L cwlite g S )l lyier @ el el
Vb lS 3 b jhlie S8 b el 100 ojle ) w3l oo
b el 5 (18bie by lS53 b blize S 3Tyl

8lse loj b calie g JUl el lgicay

Olwialy 4152 cilo —F-¥

55 Glie p 3l 30l piane S Gy Yo oedle
slbs loaies gl Jol jl &8 cul de (giludige
20,5 0 IS aup Gl S 4 e g 005 eoldtul (g)ldle
Jeito b Ladpe ol SVM e, Jde 55 .(Vapnik, 1995)
39""@ .))91).3 ) X J.O.».w.o e A )‘ u.sul) .)9> SY dﬁ.ma‘s
Slosite olos dlal 3930 (55 sy s sl alie
:(Vapnik, 1995) 545 jasuin ((€) bre slkas)

f)=W T.9(x)+b (v)

y=f(x)+noise (A)
6;1.: L;me wb b 9 wl)..o )I.))g obLQél))' wT doob
U p b 358 My B olSST sl 58 &b 35 @ 9 (g S,
5l slasgomme lawgi SVM Jae u:})'}oi b o ol T(X) sl
&y (Misraetal., 2009) 345 o 3ixe (y5jg0] 4 gaxe) aodl>
L E-SVM e 5 (% dsleo) lad b col p3¥ b g W dusle
29 diaS (W) 9 (V1) ablas )3 (39:5) gytie Ll (8,5 Jlai )
:(Hamel, 2009)

1 N N

EWT W+C Z‘c’i +CZ & @)
i=1 i=1

W' 9 (X)+b-y, <etgf (V+)

yi—WT. 0 (Xi)-b<etg g, (")
g >0 , i=1,2,....N
Aoy > o Jole &S sl Cuto g guons (342 C YL &Yoleo 4o

s N ¢ )8 @b @ .ol Jro ojgel (slas ool &) pl&in
S oo pasdie |y € Slme slbs e b lasye bjgel slbs ol
055 )38 (gjym 03k (195> cbmodly &S 298 0 (S Sluwe
JJ[M dUa_& ASJ N us)f )])5 € o)'l.g )| G)B dlo)lb )f] JL’>

)5 gl pj e

IFAY 50l F o lond o3,k Jlo oyl ol O gobie coliying
Volume 14, No. 3, Fall 2018 (IR-WRR)



Xi-Xmin (¥)
X,=0.1+0.8 ———
! 0 0 8Xmax'Xmin

290 mas &S gl -V-Y

s &b Joo 5l ol Jalre (p3mST (gilo e pslaten,
sadodlitel wslite glagygys Sl b g olaiy sloa¥ b (Sage
Sl (Cdos) canlio g0 il o S0 (e Jao )> ol
i 5 sl culps dmodlbdigy) has Jlael b g 035
SSe oM Soge @b dluwgay Wodly § w25 sl LmOT
b5 0dg wsS @b pgd e & Gilu]ld @y plyea
53 53 4 Jo55 ol wye e (b0l Car o0
sl w5 sl jlide (gilo Bl g mas gloasis
Y Jodz 0 aS jeblen b a8 IS 04 e odlitul aSus
5 [ Sied o b ¥ o)lad lsle 3550 ssnlis
23S 5 5 5 e PPN e lagye i Silin iy 3 iaS
doye 5 iy ke N s gl 5 oSl
Fowle gilode cap bldls plo 4 s (riwcow
sodlsy gl oud o> Jde oy siag 40500 ¥ S5 10 g dmlgs
JSG 51 &S jbplan b 03l Lt (rions 5 (bigel Lisy
iz bty Flinli e olio ity Gl s (0-Y)
Sply &I el (ol g 485 )13 (Y=X) Sluos s (59 dlaid
lie il 3 (A-Y) S5 5ol Slawlxe g (Slialie yolds
ol &S gyebay i odly s loj 4 s Slialie 5 (Slusls
ol & laisSay anals Jod B e85 polie i1 ass 5 Je
ol 03} ezt L #Blg Jlade 4y o351y polds

265l B aile cunle 35gel jolaiods oty 53 438,50 5 cuslio
Ol ilwsS o plply b sl 5 Slas sy el oy
O U005 w8 ailpels wldag) 3 Jsloee (58]
Obis ¥ Jgdor > o8 39 Qb b Jue (g0l cur lajielil

;» (Nourani et al., 2016¢ Satari et al., 2016) cusl sadosl>
S alesg; Gl 3 Jslome ()5S lipe (a5 pslatods Smgy ol
YA L YeeF g)bol oy9d Jobo 50 did paS ol dilale (slodls
odbodld L oolatwldyge (slaodly yolde V Jgdo p> oS A ool
» (M)W 5 (Q) pbr 2 slaysll siludie con ol
2 Jobe 03T Olise 9 93909 Olgisr T1 ot Sloj slapls
2 Oren b 03y )5 o ae (295 el plsiess (DO) o
ao pi¥ i edb Ll 639y ilitke slacS 5 Y Joaa
ool gl Lmodls o3 Ae (g5l Joo caa cunl 4S5
4 S Bolal Gjaody s e 0d Sl Bl aoy Ve g
L ol a2 i by |y bedly gle Sl xwg 0 S
=l 4l > (Nagy et al., 2002 «Kisi and Karahan, 2006)

205 o &l oolaiwld g0 (sl Juo

Silodloy oo cloaSid Shjeel ) pre 45 Sy e ol
ol By bogad Jes pl ddl o Jdo 50 eolaiwl 51 LS ool
S 5 e gl 4 Sld SaS L3l 2l 399 s
oaals el B ygods ooy (0,8 3y Vel 05 0 e
il sl (Zhu et al., 2007) 3 0 4K 85 ¢ sy

b odlatwl Yoo gdlaly 51 aeols

Table 1- The statistical properties of the parameters for the statistical period (2006-2016)

Parameter _ Training _ _ Testing _
Minimum Mean Maximum Minimum Mean Maximum
Q(m?/s) 1.203 25.692 156.139 4.295 32.347 70.593
T(°C) 5.33 17.204 28.41 5.62 16.272 26.18
DO(mg/l) 5.53 9.588 14.96 6.03 9.424 13.02

Table 2- Selected compositions of input parameters for the wavelet neural network, support vector machine
and gene expression programming models

05 oW 832Uy g olutdy oy Cmile «Sago (omas dSw (S0 (6399 (Wb el )by LS SBGS 5 T Jgua

Number Input Output
1 Q) DO(t)
2 Q). T(®) DO(t)
3 Q(1),T(1),Q(t-1) DO(t)
4 Q(t), T(1),Q(t-1), T(t-1) DO(t)
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Table 3- The analysis of wavelet neural network model results for different input structures
($09,39 Hiteo (5L Ud L (] Srgo (omas dSewd Judo gl Jolod -V Jgaa

Training Testing
Number Structure Hidden layer RMSE MAE RMSE MAE
R? (mg/1) (mg/1) R? (mg/1) (mg/1)
1 1-5-1 Mexican hat 0.877 0.844 0.756 0.891 0.784 0.692
2 2-4-1 Mexican hat 0.914 0.765 0.621 0.923 0.736 0.607
3 3-6-1 Mexican hat 0.938 0.712 0.564 0.948 0.701 0.563
4 4-8-1 Mexican hat 0.952 0.681 0.506 0.96 0.668 0.519
16
14 -
= 12 4
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Fig. 3- Observed and predicted values of the wavelet neural network model in training and testing period
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Table 4- The analysis of support vector machine model results for different input structures
(50959 SliSwe gl Ll (g ylwiely 132 (il Jobo gl Jolows —F Jgoa

Training Testing
Number  Kernel RMSE MAE RMSE MAE
R? (mg/l) (mg/l) R? (mg/l)  (mg/l)
RBF 0.735 1.502 1.141 0.718 1.78 1.268
1 Poly 0.734 1.503 1.143 0.716 1.782 1.281
lin 0.628 1.903 1.601 0.715 1.786 1.36
RBF 0.91 0.916 0.695 0.907 0.936 0.733
2 poly 0.908 0.92 0.698 0.874 1.141 0.907
lin 0.889 1.014 0.779 0.9 1.017 0.845
RBF 0.921 0.864 0.639 0.908 1.008 0.827
3 poly 0.92 0.868 0.642 0.905 1.009 0.828
lin 0.895 0.988 0.738 0.9 1.015 0.834
RBF 0.948 0.703 0.527 0.933 0.821 0.645
4 poly 0.936 0.776 0.574 0.924 0.863 0.701
lin 0.936 0.776 0.574 0.923 0.863 0.701
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Fig. 4- Observed and predicted values of the support vector machine model in training and testing
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Table 5- The analysis of gene expression programming model results for different input structures
(39,9 Wlideo (b UaLw (gl (5 ol (S50 2 S gl JWlod -0 Jgaa

DO (mg/l)

Training Testing
Number  operator RMSE MAE RMSE MAE
R? (mg/l) (mg/l) R? (mg/l)  (mg/l)
1 F1 0.715 1552 1.210 0.718 1682 1.331
F2 0.710 1562 1.203 0.752 1.613 1.237
2 F1 0.714 1553 1.220 0.737 1676 1.318
F2 0.757 1450 1128 0.684 1780 1.344
3 F1 0.870 1104 0.854 0913 1.062 0.879
F2 0.895 0.992 0.740 0.923 0.936 0.781
4 F1 0875 1.077 0.864 0.909 1.165 0.893
F2 0.915 0.896 0.709 0.911 0.906 0.694
16 a 16
14 _9 ----@--- Observation —e— Predict 14 -
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Fig. 5- Observed and predicted values of the gene expression programming model in training and testing
period
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Table 6- The statistical analysis of wavelet neural network, support vector machine and gene expression
programming results for different input structures
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Training Testing
Models RMSE MAE RMSE MAE
R? (mg/l) (mg/l) R? (mg/l) (mg/l)
WNN 0.952 0.681 0.506 0.96 0.668 0.519
SVM 0.948 0.703 0.527 0.933 0.821 0.645
GEP 0.915 0.896 0.709 0.911 0.906 0.694
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Fig. 6- Observed and predicted values of the WNN, SVM and GEP models in training and testing period
Ol 85280051 9 lwinly 151 enilo €S g0 omas dSwd G Jo I Jools (oo g (Fladlin i3l Hlages —F S
(FnCono g g 590] A po 13 (0

9009

GEP SVM WNN

Fig. 7- Violion plot observed and predicted values of the WNN, SVM and GEP models in training and testing
period
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Fig. 8- The graph of optimal error for three models as a percentage of mean observed values
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