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2.1.1 Hardy Cross Method
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2, msesmansmslag Weemasifigadeiidudus

3. messmLUaNmslag eSS ATMI NG (corrective flow rates) tudhus
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2.1.2 Newton-Raphson Method

3% Newton-Raphson ({{13FmsuA nonlinear system eqs. %ammmﬁmmﬁﬂmmﬁm
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2.1.3 Linear Theory Method
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AfdneN Brmsuitlygm
Jacoby (1968) Nonlinear Programming and Algorithm

Deb and Sakar (1971)

The equivalent diameter method

Cembrowioz and Harrington

(1973)

Nonlinear programming and Algorithm

Lam (1973)

NLP and Discrete Gradient Optimization

Algorithm

Watanatada (1973)

NLP and Secuential Minimization Algorithm

Alperovits and Shamir (1977)

Linear Programming Gradient Method

Cenedese and Mele (1978)

Nonlinear Programming and Algorithm

Bhave (1979)

Linear Programming and Critical Path Conocept

Bhave (1983)

LP and Classical Transportation Problem
Principles

Morgan and Goulter (1986)

Heuristio Linear Programming

Goulter Laranie (1986)

Modified Linear Programming Gradient Method

Fujiwara (1987)

Modified Linear Programming Gradient Method

Kessler and Shamir (1989)

Matrix Formulation and Modified LPG Method

Lansey and Mays (1989)

Nonlinear programrm‘ng and Algorithm

Fujiwara and Khang (1990)

Two-Phase Decomposition Method

Bhave and Sonak (1992)

AATISNT LPG

Eiger wavanie (1994)

Two-stage Decomposition Model

Loganathan Lacane (1995)

The outer flow search-inner optimization

procedure
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- Jacoby (May,1968) \Featlyn (formulate) lnssthemagaena@s (nydraulio network)
X “ A - 4
% WLy Non-linear Programming (NLP) 391 Constraints \MVULY equality WAt inequality

smiiliviniiom NLP wwufifl Constraints Wuuwulsill Constaints Tnumssan Constraints



Ay Cost funoton (objective function) (fin Ui33\H35 Penalty Function witlyn NLP

wsifl Conswaims e RNz iU AmneTitisaumst (Tnaula i)

. Deb and Sarkar (April,1871) \Alaua?ms Optimization Tumssanuuulassnema
gaenaes 11 lelLms Optimization (i 2 fumauda
1) optimization in the analysis
2) optimization in the design
- : : ¥ —~ . o A 3 A . :
TuamATeuiian léWemn1 pressure surface profiles SMILTM LS TuanFa M uuil
-~ - - nlﬂ L ) : dl o 4 -~ o 0 [-4 l:
wilRey suface WEMTien cost Tfign uavdlfleneiBmem  sufUeNNGBIEIAIAD
. - . A v : -; v
(height of reservior) Avien cost nT6000eH
huusion Optimization msAemniu nlél§% Equivalent Diameter thammig
1 -‘ L% o o “ U ': ‘ Az
yiaysenen mwmmwmamﬁww \laY pressure surface profile TG
: A B A . 3 A' A' v o | & -;
vanninsliemigumem Comrection factor Senaiudh lUfuednnmsinad
‘- - v A ‘lu v . c &
FaNFREUENING MINgMnauis U
lufusion Optimization Wmsaanun nifiauaTdm optimum presswe surface

o e Yo ‘l v .'lutu. . -
profile LY SYALYAINIANUMIIMANCEN M?J‘HadﬂﬂW‘N’Qm‘1 K lae cost GI‘WI’:iG\

- Cembrowicz and Harrington (March,1973) 16 formulate ﬁnm Optimization of
hydraulic network WMWY Non-linear programming f‘fmﬁ Objective Funoction iy
nonconvex cost function i Graph Theory Lﬁatujaﬂmmaamﬁundmaa nonlinear convex
funotion % Conswaints (ML linear function Waee) NN 39 linear function wemiuaglug
284 head losses Wia vaa mian ¥ Standard Nonlinear Programming Algorithms Tums

LLﬁﬂW’l Optimization

- Lam (June,1973) 1414 Disorete Gradient Optimization Algorithm ‘\umsuﬁﬂnm
Ovtimization of pipe network design ﬁﬁuzﬁﬁuuﬁyuﬁs&ﬁa

1) u%nm‘naac«hmauﬁ@u\hﬂﬁﬁaéﬁa (A feasible solution region exists)

2) s wrRITALYEgRiTIMA iU

Tums formulate Jamuiuy Non-linear Programming aulfen diameter 20via
discrete decision variables Waz Wi flow Wat head loss W continuous state variables dmsy

v fod 3 . A N . .
Objective Funotion mmmﬁmﬂoﬁ‘numﬂuplmae Diameter %4 Objeoctive Funotion Thiuuy
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disorete cost of objective funotion W3 Constraints Ty Equality Constraints &N

! . -
System Equations 1N titen Newton-Ralphson UAENMS System Equations Wi

- Watanatada (Sep.,1873) &3 A computer-based automatio design method L'ﬁ.a
wn psswessanlasehy (network configuration) , diameters Uaz pumping pressure Fleken
Cost sign  tnlél Formulate fapravsndhiny Non-linear Programming 398 Cost
Funodon TLSYNAUGY TiMzaMa war aldelumsdnh  Cost Funotion awagfluguves
diameters pressure head uardnmmsivaluvie lnufl Conswaints falsenoudny Equality sy
Inequality Constraints

andamemgenmaasiiamnasiagmevh Witlyn NLP WL Constraints Kt
Constains 1971938989 Box WM nequality Constraints Wwo¥ 35989 Haarhoff WavBuys
M3 Equality Constraints TRmeEa i Constaints Hoaesin sy Cost
Funotion AxnmedhiiailaitenGeny  Sequential Funotion wirmldl¥ Sequential

Minimizadon Algorithm Witigwn NLP wunbifl Constraints

- Alperovits and Shamir (Dec.,1977) ‘lﬁmuai‘ﬁ Linear Programming Gradient (LPG)
umsaEnLLLSL R TmEas L Biissmsutiopmeanidu 2 Fuman uazwitiovn udno
Y9 (teration) A

1) Gradient ShmammsaAtuasammsiva fnlilie Cost i

2) Linear Programming (LP) Wumsuitlym LP Aammahdanmsiva uda 1) an
formulate Jauwn

TnaTeaut nGuduetneiald P Wwmswiiymsaviausn (branching system)
Tl objective funotion WHHATINIBITAMS UAY Constraints ol

1. pressure constraints 4 constraints ﬁ’ﬂlﬂﬁm pressure ﬁ demand node aaj
sehaeiima

2. lenght constaints M consgaints sarulllenaezaviamnniemaenwe
FNANNENMTEVIN node (link)

3. non-negativity constwaints w‘v‘a‘tﬂﬁdwmmmwawia‘luﬁmavﬁwmzauuﬁuau

eSSy TemeennTs [PG 1 HiaMasms Gradient tRewnenGradient Veotor 989
flows Way formulate ﬁWLﬁuLu.nJ Nonlinear Programming Tnefl flows W decision variable

v § . 1% . .
WA H5Gradient Search hmsunﬂ:ww NLP Toel3 steepest descent direction Tumem
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[ a .
search direction Ll.a‘dh’}ﬁ fixed step size MMM step size ndsyn NLP auldenaudu
w ] ‘I Mve ) ° " 1 1
sarmseluie  dWelddnmmsvaudaiinly formulate T LP aMMINAUALANNENME

- | -~ v ' v My o
FnneauimauitiomeasfentnaTa Ynaw

. Cenedese and Mele (Feb.,1978) |¥aNms continuity WALANMS head loss i
formulate T EHSUNETIR objective funotion Toel¥ monomial formula umMeaMA unit
oost ¥aYia WMIENMS head loss %aaa'luﬂjmaa head loss,diameter,flow UWALATINENLAME W
viiviaglugusey diameter W uymeaslu objective funotion 1N1#35 Hardy Cross WiEnms
continuity Gien flow Wduviauay ciroulation flow U loop (@tfluguianms) i il
objective function 9 objective funotion Inien  andeulaiin Aievnems vaazdasdanadas
A etmayad head loss 1164 penalty function Whanlu objective function wndngLisnms sl

i@ weighting facter Sefienagisewing 0 fls 1 iy objective
funotion wihdaguminmeduliom Optimization wa /il Constraints

wndiana Algorithm %aﬁ%’mhmn Graph Theoryﬁ Cembrowioz Wt Harrington A8

. §) 2 [ .. . ~
i AN Optimization W

- Bhave (Aug.,1979) EaueTamsuitigmms ma lusiuviauen (branching system)
WU Optimization Toel¥ P lsvLiviauemis . daautestiynasinnavieies
wﬁm%aaaaﬂéuwmﬁam&u Tugrsemaensig ode favide Siuluzammin node 9
vmoq o unauwmwal.wuauﬂwmsaﬁaanammuu ‘nmcnﬂaauuﬁuﬁua (Livhan'd)

ﬁwnﬂnmuummmu namao‘zmmﬂammuuammmﬁ'ﬂuﬂmm i Tnefiaiaua s
Pt 2 Funoudie

1) ¥ Critical Path Concept ‘ﬁ'm'lumsm optimal sets of pipe sizes

2) W1 optimal sets of pipe sizes N%a 1) 3 formulate Yo LP

ﬂn'ilv’umaummﬁﬁnmLmﬁlavﬁﬂﬁmmﬁﬂn;m P luiumeudl 2) anamatiEnnasEn
Lwﬂu\hmaawm-smwmwaauq lignu

Tudin LP inlemaen i decision variables Wat objective funotion AaNaTIN
saymamiend ausl Constraints fa

1) HATINTAIAMNET VRV g VA IUATNENITTMTN node '&uq

2) e HGL qwdaawhriuvsasnnnhen HGL firman 71 demand node wﬁoq

3) emNgmzaviafasiaIDuLIN
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- Bhave (1983) \Glaua3sms Optimization wuulasiales#35 LP
“:-I - L3 z
?m’ﬁu“m?uﬂm
[ ] ° My o

1. fsessuulasiagnivMALiLG

2. famudiaamaifl demand nodes #M13¢)

3. 'éﬂ"l Hydraulic Gradient Level (HGL) ﬁG’l’lﬁE}ﬂﬁﬁadm‘i

4. ¢ diameters i continuous varibles

5. unit cost WAWIBAATNENAUSULY nontinear LA diameter

AENEUGIUMS derive W Design Feasibility Constaints (W@ check 71 network

. oL - - N My a4 M

design UaY network optimization NAINILTILU Widvda i

Design Feasibility Conswaints Usznauee "

1) network demand oconstraints

2) group demand conswaints

3) transportation constraints

= . . 4 o Ao
=mﬂu§1wnaa olassical transportation problem prndiples m'muuwmmnum?ﬁo
v -~ [ v ) . - ‘m”

fudanissnuludalndefudesgnm shanifumaianmouAfld  formulate T
Transportation Linear Programming Wan Design Path (37N source nodes WJJE‘J'\I demand
nodes) !tar31N design path W5 demand node WSAY node acldl design path Y189 i
e Sevhnsiniuarld design distribution grapn (@wiLlasiheviovne)  Waldl design

x4
distributuon graph WA formulate U LP Msiname Minimum Cost of Network

- Morgan and Goulter (May,1985) \IG’{Lﬁuaa% heurstio linear programming ?ﬂ%aan
s nemawitiyvneandu 2 dmde

1) Network Solver \ThmsunaNmMemN flows and heads distribution Toel¥35 Hardy
Cross

2) Linear Programming [FiumsLuAenmnaviaita bl cost idnign

umsuitimazduinuosyndnduundian Teratons) sewhabinaudt 1) uas 2)
hatldenauTianan ( cost fvign )

A NEIEMTWan Model MMSBBNULY pipe network \nil objective

function Tiaglugtasmenvia &L constaints ulFRs
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1. pressure oonstraints Lﬁa‘lﬁmaﬂ.mmdwﬁﬂﬁ pressure 9 demand nodes Lidnh
T . AL . ) R P v Cae
edaems \u constaints Sundlalaid weighting factor WWaLAEN path (UWAFUMIYiBINARIN
y o -e Y ML . X
source Wt demand node) 7N W WienaiaLzasiamE M
. . -‘i -~ 3 A ' (!
2. lenght constraints W constaints Mstiaaiubiliidenenuemesminhiena

ENNTEWIN node (link)
3. non-negativity constraints {4 constraints ¥h W fehaMaEnMaiuN

-Goulter ,Lussler, and Morgan (May,1986) wanm‘lﬁé’admmﬁ 928Ny pipe
network 1e/1#35 LPG Method 7| Shamir (1977) Lauaﬁv'mzmminﬂ%'wqa'mﬁ cost AenTuin
gvia s Tnumswaen paths 7¥lumsed pressure constraints

wanun vnmsuitigm v 1og formulate ﬂ:yméuw‘lmi 2 dgm Tnemswaen paths
14 pressure constraints FevAufien 3 meevaniomidauastiomivd 2 Jon wuh

paths 7 flows \lwamuqaﬁqmuiaﬁﬂﬂﬁ%ﬁa pressure constraints Qs cost fishvign

- Fujiwara (June,1987) \16‘1‘1]"5‘11115‘\13% Linear Programming Gradient (LPG) Method
299 Alperovits and Shamir (1977) NBNUGHEMSaRNEMS formulate UaNURLANMS
Gradient fiag/lu paper 783 Alperovits and Shamir (1977) v BAmara T Sums
Gradient 909 Alperovits and Shamir (1977) feligneas mﬁa\lﬁﬂinha‘lﬁgnﬁaoﬁaéu

| §eRnER Modified IPG Fvdnmatinad®® L[PG wwudadis uALAE M
search direction 31D Steepest descent U quasi-Newton search direction Lla.‘:L‘lJéi&m"TWW
step size 31N fixed step size method S backtracking line search L'In“LG‘\A L%ﬁdashﬂu paper
989 Alperovits and Shamir (1977) Hueags %awaaanmﬂﬂngfmamsmmm converge L11g

Jomi5ii A LPG LuusaLeN

. Ressier and Shamir (July,1889) 4MATIWis LPG 7iaualoy Alperovits and
) J M: 1 :: -~
Shamir (1877) Z35HuUaDu 2 umauda
1) uitlymn LP 91 formulate 97N flow distribution
2) gradient search TumeamaaTIms Ma 21N the gradient of objective function (GOF)
rndniie 6 Matrix Formulation Widsawisdas nefl Matrix Formulation 5w
SN Graph Theory Matrices WA IUEAIIFMSIAaN Loop and Path Constraints

y -~ Y - LB -~ . X . -
‘?ﬂ‘,ﬂu’ﬁﬁ [PG LULAAAN 121 IoWdUa75 formulate Head Constraints WJJW‘IH‘E]J?JEIQ Mamx W
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:: LB 1 . .3 Y ' . d.
IMNUULN Lﬁwqun'! GOF Expression Vluimnunamm Locp and Path Constraints Y1 formulate
3 . . g “ - 1 i -l .
S UMY search direction \INEIASEIBIANAR steepest descent UGIWALWITM step size

W projected gradient method

- Lansey and Mays (1989) \16’1' formulate ﬁnﬂi‘l Optimization of pipe network Ty
WL Nonfinear Programming 33 Simsuftiomidu 2 dwmda

1) Simulation Model “jm%uﬁﬁwmi pipe network

2) Optimization Model Fadhumsm cost fis7ign

mawAymasuAuaNLY Tterative favnaridunaunes ddrafivenzan unidu
Fems formulate Sy 398 objective function 8¢/lugU78S head WA diameter Fau deoision
variables

Constraints MNALTNALE

1. Conservation of flow oonstraints L‘f}u oonstraints ﬁﬂﬂﬁm@u‘lﬁmu

Conservadon of Mass Law

2. Energy equations (loop equation) WM oconstraints Pfadulvssuudulme
Conservadon of Energy Law

3. Head bounds constraints (oW head i demand nodes agTINATITIvUA

. . [~ . Ao v Gy [ v .

4 Design constraints W constaints fithdulisudulumadarvmalumsasnuuy

5. General conswaints LW constraint 7hWssuudwlmadarmuafideanuuysuy
AR dinandarinma ude 4.

1) St ; .. - ' . u

NIAF5 Generalized Gradient Method Lwaamﬂ11uqamnmaaﬁn;maﬂﬂstifmm
constaints Wi 1 way 2 Tneld Simulation Model Mmswilm pipe network MU
- . Cl . ‘ . o
UM pipe network (N L program ﬁ‘lL‘?’Q?J‘Ea KYPIPE dWmsum1 flow and pressure
distributions

R #3  augmented Lagrangian penalty funntion method WY A
constraints e 34 uars liswmatl objective funotion Yhblymnanaiu Unoonstrainted

Nonlinear Optimization 141 fiiéa Algorithm mswilgmi

- Fulwara and Khang (April,1990) iﬁlauaa‘ﬁ Two-Phase Decomposition Method
TumssanuuuTLTh  endumsuitigmuny Tteration Insusiae step mswitimazus

v v
i 2 Fusiau V38 2 phase (all
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1. First Phase ‘%\M‘lﬂ"l head losses INA1 flow WAL pumping head ﬁﬁ‘lWﬂ“Lﬁ

2. Second Phase WA head losses 9N first phase amen flow Way pumping
head WO UL cost TR

anduiudaems fomuate Jamienia Tnefl objeotive funotion agflupues
flow,pumping head W8thead loss Tuﬁr.ym&ﬁ ConStraints ﬁd&

1) Flow balance at each node

2) Head loss balance along each loop

3) The hydraulic head requirement at each node

4) Bounding constraints {4 constraints e s lumsdarmntumsaan
Wy

5) Hazen-Williams equations

Ty first phase unlfianads nonlinear programming gradient (NLPG) method ‘fN

131n/59310 LPG method fiualny Alperovits and Shamir (1977) 35 NLPG T fow uae
pumping head T deoisioﬁ variables wé'mml’:ur?‘t%aums gradient Lﬁam flow UaY pumping
head AT cost 9B9TALMAY 21N first phase fav\8eh head loss $en head loss S
¥4 second phase %o@u%umaumsﬂ%’uﬂs‘a Local Optimal Solution dolnlaeindduriy
Global Optimal Solution mn%u 48¥37N second phase Faelden flow wax pumping head m
flwuﬁ'm'lﬁ cost UANTYULANN WﬁdﬂWﬂ&uﬁﬁ‘\d‘l flow sy pumping head ‘ﬁ‘lﬂ‘l"ﬂu first phase

ANATIHI MMNTUNDUU LIUNE LA cost NENTA

-Bhave and Somak (June,1992) WWYAMSIATINIS LPG fiavalny Alperovits and
Shamir (1977) Tma‘lo’iﬁluéﬁaﬁow:'mﬁﬁnmﬁ‘ﬁmumsw'iﬂ?m water distribution system WatTIE
wBuafumnehafumessazen sasin limsdn looal optimum sohutions FRET iR
Srfariowniigedl Alperovits and Shamir (1977) ,Quindry (1979) Goulter (1986) [Fujiwara
(1987) g Kessler and Shamir (1989) Tnemundmiautas Kessler and Shamir ieh cost sniige
uauﬁu’:%v‘ﬁh\hlej local optimum solutions ‘h‘LLﬁ’«ﬁd
dornEiesiie G Tnuldehathafiu onedoop network daurmudi3s 1PG 1d
Vs AvEmmna enAenifieiy heuristio method 7 Bhave (1978) (aasn
v [ Ussnn1a933 LPG (Philossophy of LPG Method) waewu i lE
% PG ilomisaiassuaand mital soluton @uausazbidina biviris ol

- t e .—” A
afnsfsnmghinaurasTTinuagiy
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1) M9ENNE flows SHEU
2) M9 Gradient of Objective Function (GOF) direction

3) M GOF step size

-Eiger ,Shamir ,and Ben-Tal (Sep.,1994) ftauah Standard optimization model %
NUNTOWAL UYL optimal design vhlffleadudould  wanun3e formulate Sgmmduwn
two-stage decomposition model %&dﬁmmaz formulate ﬁnmmé’n (the master or outer
problem) \{% nonsmooth and nonconvex optimization HaY tLﬁﬁQM'ﬁa\‘l (the inner problem)
\U linear |

WINNGHIUGEMS formulate ﬁnmmuﬁ"m’i Kessler and Shamir (1989) MO TN
VEMMAYIMS formulate Dual problem ntlmiinlngl¥ lagrangian duality ¥ Wanaaa
gaenneasinmmas UaLAINTIM looal optimum solutions 1§ devmimonunificue Brance
and Bound Type Algorithm Freantashasriee local optimum UM global optimum %

t -: : ° My . v o . . ) d.
2R TR IASMABLT AT global optimum solutions ¥NTigA

-Loganathan ,Greene ,and Ahn (March,1995) \lﬁﬁmmwmmuﬁamw global

minimum cost §M3L water-diswibution system  Wanin WRMsRTMNITMULL two standard
< -

test probiem 73Dy nonoonvex 713l muitiple local minima LLa::\lG’\'Lﬁua the outer flow search-
. L. . - L. vl
inner optmization procedure Tumsidan local minima NN

T i . ¥ “

LG\E!‘].‘U. outer flow search W’JﬂL‘Hﬁm‘ﬁ’}ﬁmM feasible flows 2 35MauAe

1) Multistart local search

2) Simulated annealing

Fiold local optimum fows vaneFmaLLEIRREhA flows wehti formulate Tiom
Shausy LP I inner problem WAYNIWIAYE LAY hydraulio head AN cost ﬁﬁ/‘iqm

R E U R0 Fujiwara (1987) uat Loganathan (1990) wuhlddmeutia

AN (cost §N31)



