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Abstract

The nonlinear Muskingum model has a significant advantage
as compared to the linear model due to the nonlinear
relationship between the storage and the flow dishcrage. In this
model, the correct estimation of the parameters is necessary to
achieve the proper precision. Previous studies indicated that
there are five nonlinear corrected models which, with different
optimization algorithms, tried to increase the prediction
accuracy of output hydrographs. Due to the error in the output
hydrograph of the previous models, in this study, a new
structure of nonlinear Muskingum model was developed based
on hybrid PSO and DSO algorithms. In this eight-parameter
model (NL6 model), the improvement coefficient y was used
which held values less or more than one according to the
number of peak discharges in the output hydrograph. By
applying the proposed approach to the three types of input
hydrographs and determining the optimal values of the
parameters for the NL6 model, this research showed that the
proposed model has a high accuracy in estimating the
discharge values of the output hydrograph. The error reduction
rate of the NL6 model based on SSQ and SAD indicators for
multi-peak hydrographs were 53 and 35.6 percent compared to
the last proposed model, respectively. So, this model have a
high performance in estimating flood routing hydrograph.

Keywords: Flood Routing, Nonlinear Muskingum Method,
Parameter Estimation, Hybrid Evolutionary Algorithms.

Received: July 14, 2017
Accepted: September 8, 2017

IVAY Sl o) o ylowd (o3 o Jlw
Volume 14, No. 1, Spring 2018 (IR-WRR)

T,III

FIETEY

fl|||
e
H Y

o

A g 51 00w b oSl s il Jo drwgs
R RPINCI

Tc\o.u&%o: wbl&cwsmdﬁb)%h&)mbw

LXVLEN

pRSwwle Jao > ol (23 9 0033 (o (bS8 LS 3g2g a axgi b
M p s Jle & cund VL clacoje Sl Jae opl (oS
Cuolio €8 4 oliwd Cpa (Jde (pl gl ol )b usus (pesd bl oo
ol (ad e a0 0 3529 Sily (S8 Slillas (s 0 ol (55900
CE b Naged (aw (gilwaine calite sl o b aST cul ond
2o slad @ dog bias (BIEH) (293 GBS o) oy
allas ol 3 (A3 ladse bug oad (obg) (298 SlSg)an
S )sS Ly sl plRSle (Jad i Jao ) > jl3 Lo
(NLE Juo) oyl )l A Jso (p] 53 .05 0315 drwgs DSO 4 PSO  isglsTy3
Bl S a5 ZBly zol (00 Sl 4y dagi b S (Y o) Dgudy o
Jlesl 15,8 oolitul 0,5 0395 &1y SO 5l sty 5 08 polie (>gy5
e Mo (s 9 (63909 BT 9)0n £95 dw (59) 2 Sl 250,
O35y oYL cds jl Jao opl &S e o L NLE Jae (ol yial )y
oo slbad ials olym il oo J1o)0 0 (29 SIS (23 p3lie
& dg) 3> GBS g,0m (sl SAD § SSQ (sl asli Lulul ; NLB
A oo (oolidn Je )3 4 Cans 2o )3 YOIF 5 OV b ply iy
ok _okigy B gptd wess 1 oV 2,Skee 5l Mg e e ool 11

A8l oy e

3)5]).3 ct;la>)...c IDKUS.«.JL:: ut9) oM tffli"\sﬁ) :J-&L( olals

(B9 slata oSl pas el by

AS/EIYY e il G,
AFIENY llie b pdy Fo,b

1- Associate Professor in Civil Engineering, Deptartment of Engineering,
Shahrekord University, Shahrekord, Iran. Email: mrtabari@eng.sku.ac.ir

2- M.Sc. Student in Civil Engineering - Hydraulic Structures, Shahrekord
University, Shahrekord, Iran.

*- Corresponding Author

23S s oKD ¢ i g (58 0K ¢yl pas awdins 05,5 Hluisly )
(i g (b oSl ¢ Sgysun slaojlo 5 Ol wlie L)l wlis )8 ggmutils ¥
28 o olSuiily

Juwe o3ty =%
ool p3slSel WAY ks (bbb Wlie ) 3590 ,3 (Discussion) ojbslie g oo

it



O%es sllad yyiaS 4y oliwd ol jd 5 pRGSwle (sl oyl
bl gy il s lagadls (g galiwga
g oyl 59l als o g0 Jols plESiile oo 5 ool cgs
35152 Jgl p5 (Das, 2004) il o s B1,55)0 b
635y 1,55 0m (cloosls jl ookl b plSSusle Je (sla il
P> P Ngdiee ol Wilhdgy Sl odd c (Su)b (295
SS9 S (298 S5y ol M iy
Dgd 0 03y 5 4 plBSle bsgy WYlae jl edlainl b (529,
LS wle o e Jio g9 gy i 0l plool wladss )
Chow, 1959; Gavilan and Houck, 1985; ) cul ead 5,55
L, .(Bozorg Haddad et al., 2015; Easa, 2013; Gill, 1978
e Slaczgd 9 @99 b aled sbayiell oS 5 5l el
Gows 9 PSSl Jio (Jad gasuis 0 (gilwo 3D dblre
Jol el o )3 a5 4y s e pS2Ssle o JINL2 4 'NL1
J3e) pow asas pled slayial)l (6358 4 b ol cowdas pgd 4
Gilooysd dolee s by b hd et Sl Jao (NL3
s i pESsle o j) d5es (pmoylan jlo0liel b .yd S Lo yo
S5 wp LNL2 Jio g NLL Juo (gloopsd doles (NL4)
PESle woy a5ws NLA Juo oMol 1 oslizul b x50
Gan a5 3,8 o)lsl Easa (2013) .xel cuwts NLS iny Jos e
alsy gl NLA Juo o cuib )bl uzen ol il o0 Jae
5 el das it pBLSle cla Jio 305 4 S (6 yidiy (6315]
9 ol & Cund 8005 Uil (IS b 4 w9y
Bozorg Haddad et al. (2015) 1] o Cowds odd (5 pSojl]
NLA (il ysd Joo sl a5 Llad i pliSule Juo
shls Jae ol 58" (3320 NLS laie 4y 1y ccanl 038" Moo
yohb Vg il o 5 lnkl NLA & s (g i (o3l5] @ls
Col (ot it RSl (B9) (636558 4 sl Cuenl (i
6l zol )l 35l s el ilizes ela_s, (Chow et al., 1988)
L odp S a4 Jlie bwy s e Sl o,
pSwle (Jad o slare jel)l (e (sl 39290 sba by,
J5| 09; .(Barati, 2011) J)f (SR dwd 09; dw u‘yuﬁ ‘)
Febly e3S slaghey I pgd 095 (oSl slasbyy Jold
5 55 Py 09)5 9 uli—ony osSl Jols s yd pIRSle
slagbyy cnl Ml (22b) slagsbyy 5 ol i)l ]
—oddy o oSl (Slainge 9 93 Sblse g o9 (oS 5 (oo )ol
S oo Ol 35 1) gy 99 cnl calee (3L oy, 9 B
Je odds obiig, g 0 SSo3ll sl b > as oo sl

doddo -
ol b glmesay bl B S e
sl | g8y cas (Garcia and Loaiciga, 2013)
MLl oslaul Ly (293 S5 9)an (gl (e I (30
d—d Gmote 38 Ojpe a4l (Blop
» Jww ol 1y (Tewolde and Smithers, 2006)
3980 03l (S059l9)0 9 (Slgyen (JS g 93 5l eailesy,
w3 > oly ol (SJsyan s, (Chow et al., 1988)
ol by Ciw gdm S Yol b dgai— S8 e Yolre
Mloge b gl U » 2oy coluSis Wby
Dgs iy e >y Slas 51 by, 53— (Cunge et al., 1980)
Caol (15K Olawlre g 00uid Gl eMbl (glyls Lol 035
oolel  (SS39ley00m g, (Samani and Shamsipour, 2004)
Sl i (0 5 03 o bl eslisal 5 p e (sl o
Cadgdore (390 Byb ¢l . (Chowetal., 1988) wle o Jos
Sy (S sbghyy o9 nob) 9 S
@ o pliSile (2blg) (aine) ) D9 ge okl (Syjglsyien
Gp 2l oles wdd yme VYA oy )5 Ko (gl
295 9 P99 LSS g)a jlassecme Sl eslatl b oo
O 0lile Bl s oy oS &lB0g; (505l Sl odds (65450 51]
Ol slilag; soil > Sl slaldl S5 onm bkig, (sl
Uhgy odyS 3 pylS cle &y (Das, 2009) s o 03li!
2 ASB L aildgy Jow obig) bulpd ) (ilaw 5 plSuSle
b9y ol ebd e g s SISl (el (b ol slo el 3591
pluél Fotuhi and Maghrebi (2011) .l 48,5 ,1,8 )y 590
L 3ss pllaSwle g (Seolis (oblg) slagby) awclie 4
aS by LS bt 0500 Jaw (2bdg) 53 yusiio g cull (gla ol )y
009y b 93L) ST s o5 slaced )3 FoS plRSwle b

g0 bl o 51 oozl 5l Y g ol (Seoliys

4 pladl 565 pRLSwle g, I ealawwl b Akbari et al. (2011)
Jod BB Sile @l o905 (sneb sloanll )3 s (2big,
Fba 53 )0 Slamliie olae b Sluslrs o slo2g 3 (992
Om o3 bbby ) (dadpd Ol & b el
Silwand gl Jde S il cumlo yipSs Casd il 5 Causd Yl
ot Sldlhae 4 dv i b ol ollas s e Jow sl )b
5 b PSSy & Gbdig) sy p 4B e
b o pSole o du00 adlllas ol B ) (g el S
OO s e ildinge Mady08 slapt)sSIl L ol S

IFAY Lo o) o ylownd (o3, Jlur oyl o O @lie Coliydines
Volume 14, No. 1, Spring 2018 (IR-WRR)

it



G iy (B S Swlo Joo —Y-Y

o (2L gy )3 (amg 208 plESle JAa (Jad s S
Oygo pRSwle Jao o e elgil 5)50 50 (0oL Cladss oyl
ey Jdo oyl 51 (slosds Mol IS s () )d cCanwl 428 S
&9 PSSl s e Juo lgie 4 dalllas pl jd &S Cowl o
Gl pRLSule Jao wlol 555 0 oael (NLB) ouis
D9 oo o i NLE o &y ol Mgy cald] jd cuwl  Siwsgn
20,5 o 03wl y5 Yoleo I jolaio pl 4
()

")

23 Ges daly Clasuio b b je syl g gay ol o oS

. n
Sin = b()™

o.
Sout = b(;)nz

2 Ges sl ShoNy gay (S o lo |y wldgy candYl ol
Sl &8 Sout 9 Sin KL b S o oo |y candgpmly i
les 3V 5 ) dblas il (295 5 5399 053 o>

1y waplgd o] 53,5 ool 9 S = [XSin + (1 — X)Soucl P

S = Y K[X(C,I*Y) + (1 —X)(C,0%%)] B (NL6) (V)
K =DbP (¥)
o = E (®)
oz = nﬂz )
€= ()™ v)
C = ()™ ®

ol K (m®/s) (295 5 639)9 (2 i 420 g1 o &S
Sl &5 a4 (g cups K Sl 5555 jho 5l 45 0D
@l ol o ol 0385 5 (2955 5 83939 (2 (e S
g 2blon Vg yao (m alg) Gl g o105 Hho o ()
Cy 5 G Y )85 sho 3l & loi ol By
cupd &ly Y bl X555 ho jl 4 A (U sl el
S Sl (2o SBlSo)un (9 (bt g (b (0AS e
5 So | 58 dagl S5 5 gl slactlSoyun sl ] ke
S il Sl b dgl dix 00 b el Sg 0 oy

bl oo 035 woe Sl

Y oyl (Byxe -V
Febly (lad e plSle b9y €83 (il caa adllae (pl )
e &S 15,5 d8ls] (g5luwo p3d (cdbblre &Y ol pU &y (g0
(st b g (b (oS e el ol sl 55 5 5l 0
Wl eSS Y e 51wl (298 SlSgiam oy
st S 1 13l iy Ko J S5 et gt Sy

(Geem, 2014) 51> ;L (¢ i sl oyl 4y los g pSLSlo
NL4 o xias &yl 1 ol dw wimaslss bylos NL4 51 L5 sla Joe
J%e JINLS Jue a5 caol Jbs jo cpl by &1l 1) el jles s
Jio e o &l 1y pBSsle yiol)ly can las e plRSwle
bl yiol)l cutn gy (NLE Jao) yols saios 4o (golpdudin
logase alidgy Sy Jodd by wly &l & 4y
Mol (6 iy Syl 4 &S dagl dix 03 sl laailesy,
Opba loadie plod p lidn Jio o e«
Jo bl jiulia 5 o ) Sbpd pSESls
Sl sl 0303, ot Juade ©jg0 4V A5 5> (ool
Sl Bly 2 5 0sd (Bpme ¥ (150 0 Gedod pl P Y N
as o)) slp ol (293 BlS gy (390 (bt b (oS
0055 Ay S 43S 03wl DPO 3 SAD SSQ jadLis aw |
DSO 5 PSO wie5,48 2,61 93 31 (golpiainy Joo (gl il )by
U0 3 Jeols gl .13,90 5 4 oolkae goli a5 13,5 oolitul
L 5 Blob dagl SO Blo dngl SO Ul,Sg,0um £ dw (glp ¥

ol 033,85 by dsol

Ly, 9 2lge ¥

2l Se Mo £585 5l (8L lao)lus Sl 5 i
k) Jlo g Sl chlud pal bl ol 6)908 )b
ol 0313 Fy ) youiS alan 5L yulyu 33 CMaw £489 31 5L
I xSsle 5 ot o 2l el o O (s,
3ok (hdis) 3,509y «2bilsy ly A 5 @ Sl
4 (albg) ol plSle ) (b cnl sl 1 (S e
& )8 e g sl atly bjell (gilodine 4 pBESwle i)
P38 o g8y it Nsd ilwding s byl
slogbyy 4 Cad 4 (b Ghg) onl e el dmlgs Cusney
Jo o231 pal adllas )33, (S (5lodiagg 215,05 5 (59
9 L,’.glg..\}9) (5])4. ‘j )l 9 63 C)'Lol L;lab).a& Pm‘.ﬁ u’.glg...\l9)
Jte (Siunly S .ol onds odldin! (6350 daxlllas du (gjlwdishs
paiime (goiime (Sl p (gilwdin Liedy a8 Jhgy 50 ¢ Jdo oyl
3330 Syt Sy 4 T(PSO) b s3] sibusige 7(DSO)
it Jdo Hd b oy a dobl > il a8 )3 1,8 eolatwl
Do o dinldy 0l 00l dawgd (604t 3,05y (sline

IFAY Lo o) o ylownd (o3, Jlur oyl o O @lie Coliydines
Volume 14, No. 1, Spring 2018 (IR-WRR)

\EY



ol 38 Slgld 4 4vg5 L 'DPO 5 "SAD £SSQ bua &b
ol 1 e 4ol avg BB aS 08 ool L3 @il
S o )8 i)l 2y90 Al Hobo 4 B g
SSQ = Minimize ¥\,(0; —0)? , i=0,1,2,..,N
(°%)
,i=012,..,N
(V%)
DPO = minimize|0, —0,| , i=01,2,..,N (1)

SAD = Minimize ¥X,|0; — Oy

ol (6503ll (295 00 MBS Cilaypo £ 90500 SSQ OT DS
...\.w‘.:uﬁ i u_»‘.o) do)b » (61) 04ud M‘.?LO L5'>37> P9 (01)
o 2 BB Gllhe ;08 ggeome SAD adli s
DPO ua)luu Lol 04 t.S"b“\"9) ‘_5_'>5).'> P9 [ d)jb)‘.h]
T @ om SMS! lasyid (pyieS gambre Cap g
odlaiwl )90 (6]3) o b, 551 w9 (Op) 0 dﬁfa)‘].\.ﬂ

D50 )3

s polie 1 )3 PSO (o8g818 o )o0] qamg 3 )8 4295 L
ol 3l 58 adles ) )3 ol plle Slegdge 53 3o slayell
bt Jio b lasye (sl el )l dinge polie Guend S o sN!
piysdl cpl &S el Gl S eolatul pBLSwle (oolgiin
alis wylaie a1 1, ANGS) LIS angy & Suvp clalss
65503 h9l815 w268 0)lg oSl 5l el ey g
sbad DSO w65l o &dly 0 )8 DSO  leie cov
o yide CB b gy Sl e SLbL ) eries
Jeis Tl glsicoe Jos ol pbsl b 355 o 1y ity e il
oler sl Cundts ai Olos 4 S dgei by oYU e
DSO 4 PSO (clapis sl 4yt skl casl IS aty o
Loy o olo; o g0 alasMo V S5 30 Hlg 5 o |y (golpiuiiy
ey 4y |, DSO 4 PSO p 5 S 5, Shas a9 Ly
s Chu and Chang (2009) ol dlee ;45 o

.8, Mohammad Rezapour Tabari (2016)

b &1, -y

Mo sl pY Sl el ) Sy g 100,00 b
ol Glp elae (> oly e (Dbdgy 255 )18 (i 3)se
Lol yglaio

Cuwl Cilazio b5y NLB Jao &5 cunl S p5Y il o (Jos e
a8 Gl 0 S plp Yl ST abl e el cuta (gl o

i Ol o il ek & ol Jaled Cuwdy NLS  Jao 2440
23l sty NLE Jao 52 )b 511 plSissols sloJs

NL6 _hs s oluSiwle Joo (65 wdums 092 —Y-Y

ol sdie odlatul nj Jolye SINLE Juo (giluand cox
Soxd g ok dusbre (298 by wad (pSojll (6399
S 33bn St 504 di sy o pll Slej csojls 5 0 dumlca
Sl o (gilwand Jloj 8 e 41 =10,1,2,...,N bl o

5l 5,lke NL6 (b9 Jolye

(295 9 2909 S BlS g ke glaex (V P

XK (So5edgyhd yrel)ly cudn (gl (g 0lhe (1903 (5,8 (Y p5
Y 5Cp €1 By g

2 oY & alal 5 03kt b Sg adgl gopsd s duaslea (¥ 15
3959 (2 1o L o Ao (295 (23 )lade (gl Cunl )95
(00 = 1o) 30 23 w2 02 (5503l

w218
So = YK[X(C:I,™) + (1 = X)(C,0,)]  ini=0
()

21 Gloy soib yd 0pdd pr i Sloj Fy dulxe (F p5

i) by bl
1
ASi _ oy _ 1 Si\B _
At I {[Cz(l—X) (K)

1
o a2 N
[ CTD)| SNNEE RN

8 a5 yho b ply i =0 5 T ks o cal Sy pyY

D9 50
AS;_
Si = Si—1 + At (A_tl) (")

1 Jloj 5ol 3 (293 (23 delxe (P 6

0= {[c2(11-x>] (%)E - [Cz(i—x)] [X(C Ig}l)]}az )

D9 50

Sl BALE slapls g b o Sl 8l doly ST asLs (VB
Db o )51 =N o

Lyt 5l ookl b pgd pl8 (sl ol )l dips e gl sl (A g8
Gin 15 dus 1 dl yo ol 3 DSO 5 PSO glsT5 (gl )5S

IFAY Lo o) o ylownd (o3, Jlur oyl o O @lie Coliydines
Volume 14, No. 1, Spring 2018 (IR-WRR)

VY



Define the parameters of the PSO
model

v
Generate random values for the
position and velocity of the N
particle and evaluate the objective
function for each particle
T

Define optimization model parameter
such as: coefficients of expansion
and contraction and maximum
number of iteration (I), i=1

»| Determine feasible search space

Extracting the bes'l position of each
>l particle and its objective function
(pbest) and best position and
objective function of the known
particle (gbest)

|
A}
Update position and particle
velocity according to pbest and
gbest values

T

Y

Applying the updated position and [ Is
velocity values to each particle and ‘ 2 the criteria for
calculating the objective function stopping
for each of them ‘ satisfied?

ijs

1

Extract near to global optimum
solution

Enter the optimal solution of PSO as
the initial value of the DSO

T '

Determine search method type for
create new search network

algorithm - T

A i v
Generate solution around the
| initial point using selected search
method

Determine the value of the
objective function for all poins
and compare them

\d

Is
specified the
better solution than
the initial
solution?

Define new network using | No
contraction coefficient
(decrease network size)

Yes

\J
Store the best solution found as
optimal solution and consider it as an
initial point

v
Define new network using expansion
coefficient (increase network size)

Y

=i+l

Xes:

No
\J
Extract best solution as near to
global optimum solution

Fig. 1- The proposed structure of hybrid PSO and DSO 'algorithms
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Fig. 2- Comparison of the measured and calculated hydrographs obtained with the proposed NL6 model
(first case study)
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Table 2- Comparison of the optimal parameter values of the proposed model with other nonlinear
Muskingum models (second case study)
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Model Optimization Optimized hydrologic parameter in nonlinear Muskingum models Objective Functions
Algorithm K X a @ o, B GG y SSQ SAD  DPO
NL3 GRG 0.076  0.415 - - - 1.59 - - - 34789.4 739 90
NL4 GA-GRG 0.437 0.404 1.197 - - 1.33 - - - 32299.2 7433 76
NL5  SFLA-NMS 0.6 0.609 - 106 116 139 096 1.02 - 30894.4 7317 72
NL6 PSO-DSO 0.6 0.496 - 106 116 139 123 0.774 095 308121 72579 72.33
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Fig. 3- Comparison of the measured and calculated hydrographs obtained with the proposed NL6 model
(second case study)
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Table 3- Comparison of the optimal parameter values of the proposed model with other Muskingum models
(third case study)
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Model  Optimization Optimized hydrologic parameter in nonlinear Muskingum models Objective Functions
Algorithm
K X a a a, B G C; Y SSQ SAD  DPO
NL3 SFLA 0.1466 02449 15 - - - - - - 130928.65 1835.63 14.6
NL6 PSO-DSO 0.6804 0.7643 - 0.0045 0.0959 4.88 9.78 4.289 1.0047 61390.2 1182.6 9.3
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Fig. 4- Comparison of the measured and calculated hydrographs obtained with the proposed NL6 model
(third case study)
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