
Incorporating Input Data lJncertainty in Water Quality Management

lVloclels: Examples for l{on-Seasonai ancl Seasonal Wasteloacl Allocation

Prosrams

Anclrews l(wabena Takyi

A Tlicsis

Presentccl 1,o the Univcrsity of lVI¿rrritob¿r

in Partial Fuifihnent of

the Recluilernents for the Deglee of

Doctol of Philosopþ

in the Department of Civil ancl Geological Engineeling

Winnipeg, iVianitoba, Canada 1995

@Andrews Kwabena Takyi 1995



t*n N,{onalLibrav

Acouisitions and
Bibliog raphic Services Branch

395 Wellinqton Street
Ottawa. OÑano
K1A ON4

The author has granted an
irrevocable non-exclus¡ve licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell cop¡es of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownershiP of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

Bibliothèque nationale
du Canada

Direction des acquisitions et
des services bibliog raphiques

395, rue Wellington
Ottawa (Ontar¡o)
K1A ON4

ISBN 0-612-16322-9

l-'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

You hle VotÍe rc¡é(ence

Ou líle Notre élérence

Canadä



Nomg--**--'
DisseÃííîiÃbrË.,, ,rË;;tä;iüñ;tJ-by b-Jã;;;il*bi*r;þs;.i"i. pl"or" selecilhe one subiecr which mosi

neorly describes the content of your dissertotion. Enter the corresponding four-digit code in the spoces provided.

c, î t/ [l--. ÞIsTT'g-l KJ'&/å'å
SUBJECT TERM

Subiec$ CoÞgories

KWffi ffiWffiA&88tr9æ6 &ru@ S@66&& S€8&&g€æ6
(OHffiUNI(ATIO${S AND ÏHE ARTS
Archilecture ....... -. -...... -. -........... 0729
Art Historv .......... -'.'.'.'....... -..' -.. 0377
Lrnemo .................................... uyulJ
Donce ............-.........................0378
Fine 4rfs .................................. 0357
lnformotion Science.............. ..... 07 23
Journolism ......039ì
Librory ft ience ......................... 0399
Moss Communicotions............... 0708
Music ....................................... 0¿l 3
Soeech Communicotion ............. 0459
Theoter ................. ...............0¿ó5

EDU(AIIO8{

Psvcholoqv .....0525
Rædino ................................... 0535
Relioioüs ........0527
Scie-nces ............. ......................071 4
Secondory ......................-......... 0533
Sociol Scíences ......................... 0534
Socioloqy of ............................. 0340
Joælol .....................,..,.-,...-.-.-.9J¿Y
Tixcher Troìninq ....................... 0530
Technoloqv ......1........................ 07.l 0
Tesls ondlvleosurements ............ 0288
Vocotionol .......... ...................... 07 47

IANGUAGE, 1ITERAIURE AND
UNGUtSTICS
LOnOUOQe

öen"erof ............. .................0679
Ancient .............. ................. 0289
[inouistics ........................... 0290
MoTern .............................. 029ì

Lileroture
Generol .............................. 0¿0,l
Clossicol ............ ................. 029 4
Comoorotive ....................... 0295
Medíevol ............................ 0297
Modern .............................. 0298
Africon ............................... 03 I ó
4mericon............................ 059ì
Asion ................................. 0305
Conodìon {Enolishì .............. 0352
Conodion (French) .............. 0355
Enolish ............................... 0593
(jermonic .............-.-,.......... 03 I I
Lotin Americon .................... 031 2
Middle Eostern .................... 03 I 5
Romonce ............................ 031 3
Slovic ond Eost Europæn .....0314

æru@88effiffiffiB8s@

Geodesv ........0370
Geolooú ............. ...................... 037 2
(jeoohvsrcs .............................. 0373
Hvdiolóqv ......0388
Min.rolo'ár............................... 04 ì ì
Polæbotoîv ............................. 03¿5
Poleoecoloóv ............................ 0426
Poleontoloõú ............................. 04 

.| I
Poleozooloov...... ..............0985
Po lvnof oov]l....... ...................... 0 427
^!, |x
Phvsicol Gæoroohv .................. 03ó8.
Phisicol Oceõnoþrôphy ............ 0al 5

HTAI.IH AI.ID ENVIRO¡IMEI{TAI.
SCIINffS
Environnrenlol Sciences ............. 07ó8
Heolth Sciences

Generol .............................. 05óó
Audio|oqv........................... 0300
Chemotlióropy ................... 0992
Dentistry ............ ... -........ -... - 0567
Educolion ........................... 0350
Hosoilol Monooemen¡ .......... 07 69
Humon Develoõmenl ........... 0258
lmmunolow ........................ 0982
Medicine ähd Suroerv .........05ó4
Mentol Heolth ....:....'............0347
Nursino .............................. 05ó9
Nukitio"n ............................. 0520
Obstetrics ond Gvnecoloov ..0380
Occuootionol Heôlth ond'

Theiropv .... ...................... 035¿
Ophtholmoloqv ................... 0381
Pcitholoqv ....:...................... 0571
PhormoZãlæv ..................... 0¿ ì 9
Phormory ... -............ -.......... 0572
Physicol fheropy ................. 0382
Public Heolth .:.:................... 0573
Rodioloqv.. .. ... . .0574
RecreoÌi-on .......................... 0 57 5

PHtt0s0PHY, Rfl.tGl0r{ A${D

ÏHEOI.OGY
Phi|osophv.......... ...................... 0Á22
Relioion

öenero| .............................. 03 ì I
órblrcol Jtudres .................... uJz I

Ancienf ...............................0579
Medievol ............................ 058 ì
Modern ..............................0582
Block .................................. 0328
Africon ............................... 033 ]
Asìo, Auslrolio ond Oceonio 0332
Conodion .......................-... 033¿
Europeon ............................ 0335
Lotìn Americon ...............,.... 033ó
Middle Eoslern .................... 0333
Un¡ted Stotes ....................... 0337

History of Science ..................... 0585
low..........................................0398
Polìticol Science

Generol ..............................0ó1 5
lnternolionol Low ond

Relotions .......................... 0ó I ó
Public Admini$rorion ...,.-..... 0ó1 7

Recreolion ......081¿
Sociol Work ............................. 0A 52
Socioloov

cenerol ............. ................. 0 626
Criminolooy ond Penoloqv ... 0ó27ÃY'
Demooroohv ....................... 0938¡ . r^. r.
tthnic ond Rociol Sludies .....0ó31
lndíviduol ond Fomily

Srud¡es ...............:............ 0ó28
lndustriol ond Lobor

Relotions ............ ..............O629
Public ond Sociol Welfore ....0ó30
Sociol Structure ond

Development ..........0700
Theory oird Methods ............ 0344

Tronsoortôlion .......................... 0709
Urbon ond Keoronol Plonnrno ....0999
Women's Sfudies ...................... 0¿53

SUBJECT CODE

Enoineerinq
beneTol .........-...-
Aerospoce ........,.
Aqricú1turo1 .........
Aùtomotive .........
Biomedicol ..........
Chemicol ............

0282

051 9

....0520

....0278

....0521

....0279

....0280

.,..0522

....0998

....0523

Kffi& 6€8ffiru€K$ &&8@
BIOTOGI(AT SCIENffS
Aqriculture- Generol .............................. 0 47 3

Aoronomv .......................... 0285
Añimol Ci¡lture ond

Nufrition ............ ..............O47 5
Animol Potho|oqv ................047 6
Food Science oñåJ

Technoloqy ...................... 0359
Foresrry onðWildlife ...........0478
Plont Culture ..,.................... 0479
Plont Potholoqy ................... 0480
Plont Phvsiolo=óv ..................08 I 7
Ronoe Monooemenl . -.... -. -. -. 0777

^.,woõd 
Technð|ogy ............... 07 46

ótotæv
Generol .............................. 030ó
Anotomy ..........................,. 0287
Biofotisiics ......................... 0308
Bolonv ................................ 0309
Cell ................... ................. 0379
Ecoloqy .............................. 0329
Entomõ|oov........................ 0353
Genetics ............................. 03ó9
Limnolooy ........................... 0793
Microbiõloqv ...................... 0¿l 0
Molæulor ::........................ 0307
Neuroscience ...................... 03'i 7
Oceonooroohv.................... 04ì ó
Phvsioloäv :...1..................... 0433
Ro'diorioñ'............................ 082 I
Velerinory Science............... 0778
Zooloqv ............. ................. 047 2

Bioohvsici'
Generol ............. .............-...0786
Medico|............. . ............O760

EARTH S(IENCES
Biooeochemistrv.. ...................... O 425
Geæhemistry ........................... O99 6

fPeec\ Pothology .

toxrcotoqy .............
Home Econoióics .........

PHYSICAT S(IENCTS

Pure Sciences
Chemistry

Genérol ....,.........,-.
Civil ................................... 05¿3
Electronics ond Electricol ...... 0544
Heol ond Thermodynomics ... 0348
Hydroulic ............................ 05¿5
Industrio1 ............................ 054ó
Morìne ...............................0547
Moteriols Science ................ 0794
Mechonico1 ......................... 0548
Metoìlurqy ... -............ -.........O7 43
Mininq I1,............,..............0551
Nucleõr .............................. 0552
Pockooinq .......................... 0549
Petroleum ...........................07 65
Sonitorv ond Municiooi .......0554
System Scrence .................... 0790

Geotéchnoloov ......................... 0428
OÞerotions Reseorch ................. O79 6
Plostics læhnofoov .-.................079 5
Texti le ïechnologl ..................... Og I 4

PSYCHOIOGY
Generol ............ ....................... Oó21
Behovioroì ......0384
C1inico1,............. ......................0622
Deve|opmento1 ..............,........,.. 0ó20
Experimento1 ............................ 0ó23
lndustriol ........0ó2A
PersonoliV .,...,.......................... 0ó25
Physio|ogico| ............................ 0989
Psvchobio1oov .......................... 03¿9
Psv.hômêfr.s .0632
Sociol ......................................0451

@

............0¿ó0

............0383

............038ó

.,..........0485

................0537
, ..0538

...... ..0539

....,...........0540

................0541

................o542

Aqriculturol ......................... 07 49
Aãolvticol .... -...........,.......... 048ó
BiocÉemistry .......................O487
Inorqonic ...................... -...,. 0488
Nucleor.............. .....0738
Oroonic .............................. 0490
Pho"rmoceutìcol ....-............... 049'l
Physicol ............. ................. 0 49 A
Polymer ...,......... ................. 0 Aq 5
Roðiotion ............................ 07 5 A

Mothemotics ............................. 0¿05
rnysrcs' Generol .............................. 0ó05

Acoustics ...,........................ 098ó
Astronomy ond

Astrophysics..................... 0ó0ó
Atmosphe'ric Science............ 0ó08
Atomiè .............. ................, 07 Ag
Electronics ond ElectriciV .....0607
Elementory Porticles ond

Hioh Enerov....... ..............0798
flurd ond l'losmo .-............... U/Jy
Moleculor ........................... 0ó09
Nucleor .............................. 0ó I 0
Optics ...,............................07 52
Kodtolton .. -.. -. -.. -. -.... -.......... u/ J0
Solid Srore ...............-.......... 0ól I

Stot¡stics ...................................0463

Applied Sciences
Aöòlied Mechonics ................... 034ó
Cåinnr¡ter Science .0984



INCORPORATING II{PUT DATA IINGERTAINTY IN HATER QUAIITY

I,ÍANAGEHENT MODELS:

E,KAHPLES FOR NON-SEASONAI. ÄND SEASONÁI I.IASTELOAI)
ÁI¿OCATION PROGRAMS

BY

ANDREI{S KTÙABENA TAKYI

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba
in partial fulfillment of the requirements of the degree of

DOCTOR OF PEILOSOPEY

@ L995

Per¡dssion has been granted to the LIBRARY OF TI{E UNMRSITY OF MANITOBA
to lend or sell copies of this thesis, to the NATIONAL LIBRARY OF CANADA to
mic¡ofilm this thesis and to lend or sell copies of the film, and LIBRARY
MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or other-wise reproduced without the authofs written
pennission.



To my dear wi,fe Peace and dar"r,gh,ter Emmanuella



I hereby cleclare that I alrr the sole authol of this thesis.

I autholiz<: thc Univcrsity of iVl¿rnitob¿r to lcrrcl this thcsis to othcl irstitrltions or'

inrlivicluais fol the J)ut'l)ose of' schoi¿rrh' Lescalch.

I filrthcl a,tttltot'izcr tltcl Uttivct'sity of i\4anitob¿r to lcplocirl<:c this thr:sis l>1' 1>hoto-

<:otrtyittg ol by other luc¿uìs. irr total ot'iu pzrlt. at thc lclqucst of othel ilrstitutir.nrs ol

in<livith.r¿lls fol tirc put'poso of schol¿rrly resealcrh.

ill



Abstract

Input ittf'olrn¿l,tiou turceltaillty (Typc II rruccltaì11¡1') is inc<trporirtccl irr w¿ltcl quality rntl,rr-

ilgcrucrrt rnoclcls irr olrlcl to idcutify efficicrrt ut¿ul¿lgentctrt optiors rurclcl stoch¿rstic stLc¿uu cotr-

rlitious. Difl'crcut applotrchcs ru¿rv bc rrscd to irrcolpolntc Tvpc II iurcct't¿¡intl¡ iu rrorr-scasol¿ll

¿ttt<l sc¿tsorr¿rl rrttutrrgcrrtortt trroclels. bcc¿rusc clifl'clcllt lovcls of irnpolta,rrcc ¿urrl cotrcclrrs ¿ll;orrt

thc soruccs of T1'pc II rrucclta,itlt1r 1¡¡¿¡1r lrc i<lctrtificrl fol thcsc rno<lcls.

Fol tr<-¡n.-sctl^son¿rl ru¿ur¿lgcrucrrt rrioclcls. thc \drrltiplc Rc¿lliz¿ltiou (NIR.) a.ptr;r'onch. rvhich

irtcolpolar.tcs scvcr'¿ri scLs of p<-rssil;1c clcsigrr stlc¿ulr corrditiorrs sirurlt¿Llcortsly in a siuglc c-ipti-

uiz¿r,titttt rttorlcl. is ttsctl to gcrrcltrtc 'tnrc' r'cli¿rltilitl-iv¿rstc tlc¿rtlrcrrt cost tr'¿rde-off lcl¿r,tior¡

ships fbl livcl systctrs r,vith rnorc th¿l,n oue clitic¿rl scctiol. Lzrlgc cornputzrtion¿rl lcsoulces ¿uc

oficn lcqttilccl to solvc tlie NIR rnoclcl. To lechrco the cornput¿l,tiorr¿l,l eflblt, rrclv algolithrrrs ¿r,r'c

clcvelopecl to lecltrcc thc sizc of the optirnization noclcl. Thc IVIR. lnodel ¿urcl the uew solutiou

tllgor.'ithms ¿r,rc clernorrstr'¿r.tecl f'or' ßOD lvastclo¿rcl ¿lloc¿rtion ltasecl olr tilc \,Villarnette Rivcl ilr

Ot'egori. Rcsults sltow that all the zrlgolithtrs ploclucc cffìcient solutions th¿rt ale siurila,r'to the

solutions ltasecl on ar existirrg Ìrenlistic methocl. However, these new algolithms ch'astically

lecluce the CPU tirne t'equilecl by the existing rnethocl to solve the iVIR. moclel. One of the

algorithrns, that utilizes the geueralizatiorr capability of altificial neulal networks, appeals

to be the most computationally efficient, if sever¿r,l thor,rsancl r'ealizations of possible clesign

str*earn conclitions ale lequirecl to represent the stochastic water quality system.

Fol seasonal management rnoclels, a non-stationaly iVlalkov Chain apploach for clesigning

se¿ì,sonal uniform treatment wasteloacl allocations that a"r'e robust with lespect to the length of

lecot'ctecl clesign flow ciata is developecl. Unlike mary existing models fol cleterrnining seasonal

wasteloact allocation, the Nlarkov Chain approach consiclers a wicler range of possible low flow

conclitions than those in the recorcled clata. It also incorporates explicitly the probabilistic



lelatiolships bctr,vectt low flow data at aclj¿rcent gagirrg stations. The se¿rsorral Nlalkov Ch¿l,in

rnoclcl is also cletnottstr'¿tecl f'ol titc rnzura,gcurclrt of BOD rvastc orr tlrc lVill¿urrettc R,ivcr'. Thc

lcsults of tiris ztpplica,tiou inclic¿rtc th¿rt thc uì¿ìn¿rgeuìcut riecisiols clelivocl fbl thc Nl¿rlkov

Chaiu zrpplozrclt ¿,n'e less scllsitivc to shcn't :rrrrl sprrrsc lcc<tlclecl flou' rl¿rta th¿ru tliosc f'or' ¿rrr

cxistirrg trpplotrclt tlt¿rt c¿rlcttl¿rtcs tirc ploìraìrilitv of w¿rtcl c¡rzrlitv viol¿r,tiolr ¿rs thc r'¿rt,io of tþc

rmurbcl of yc¿rls rvith rv¿r,tcl c|r¿litv f¿r,iìruc to thc tot¿ll uiulrltcr.of yc¿u's of lecolrlcd stlc¿un

rl¿lt¿r,.

Vi
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Chapten l-

lsrtroCarctåora

1" 1- Motivation

W¿ltel quality nl¿ì,n¿ìgcnìclrt rnoclclling is tv¡ric;ally a rnulti-objcctivc ploblcur. Thc c:orrr-

rnon objectivcs ol goals :rre to rninirnizc polltition contlol cost. nraxirtrize r,v¿rtcl quzrlitv,

rnaximize reliability, ancl maximize equity. Other objectives may include rninimizing

regret, minimizing tire numbel of lvatel quality violations, minimize the duration of the

longest water quality violation episocle, minirnizing the maximum water quality viola-

tion, and rnaximizing robustness. The management problem is often formulatecl as a

rnathematical prograrnming model that optimizes one of the above objectives subject

to limits on one) or more, of the other goals.

tne -aitrematical programming moclel is generally usecl to generate information

about management options f'or a river system under a set of non-seasonal or seasonal

steady state conclitions. The alternative management strategies identified with this

model may be analyzed further using rnore sophisticated dynamic water quality models



to lefinc tho choicrc of rnalagcnrent decisiors. Hor,vever', m¿ì,ny r,vater quzrlity systems a¡e

poor'ly clcfiLrecl r,r,itli r'cspc<rt to tho pollntant tlzrnspolt nrodel (Tvpe I unccrt¿l,intv) and

thc: iuput iufblnr¿rtiorr (Tvpc II un<relt,¿iintv). Thi:r'ef'ole, the inf'olrnatiou gener'¿rtecl bl,

cithcl clyrra,rni<' ol steacll' statc rn¿lthcrnatic¿1l plogr¿ulllling rnoclels ulay bc unrcli¿ibb.

Thcsc nr<iclcls rnay f¿ril to iclcntif\, thc cfficicrrt lrztuzlgcnr<rrrt altcln¿rtivcs tli¿rt har¡c to Jrc

¿rrr¿rlyzr:<l furl,lulr'. Also. 1lur ¡;ollution ¿rir¿rtr:ulelt <lc<risiorrs b¿lscrl orì pool iufil'rrr¿rtiou

rur¿ry r'csult iu f¿rilulc to uurct tlur nrirriirgcllulut goals.

Cklul'¿illv. 1,lur hc<lu<lx:\¡. (hu'¿ìtior. ?ìrì(1 tunguil,rulr: of rriolaliotts of ti girr<lu r,v¿rtcl

r¡r:rlit1' st¿rriclar'<l ¿rrc inrli<rcrs of pollutiou <roritlol 1lr:r'fì>r'rtt¿rrr:c th¡r1, t'eÌ>r'csent the t'r:lia-

biiil,y. r'r:silierrr:y. aricl rruhlela,bility. r'cslxlctivch,. of r'v¿rtcl qr-rality ul¿ìrì¿lgclrertt o1>tiotts

unrlel Trlxr I ¿urcl II nut:r:r't¿riuty. For' ¿r giveu Jrolhrtion <rolltlol option, thr: vali¿rbilil,y

ol scnsitivitv of thcsc indices to irrput ol clcsigri infblrn¿rtiorr lcflcxrts thc lobustrress of

this option to clesigu inputs (i.cl.. hor,v s¿rtisfacrtolt'thc optiou p<:r'folrns uucler'¿r i,vid<:

r.'¿ìrìge of possible firturc pollution clischzuges zrncl bercrkglouncl 'uvatel qtiality conclitions).

The reliability criterion clesclibes irow likely the water quality goals may be achievecl,

while the resiliency ancl vulnerability criterizr give indications of the ease with which

the water quality system recovers from a failure aild the severity of the consequences of

r,vater quality violations, i'espectively.

This rese¿rrch presents two different methods that may be used to address problems

with Type II uncertainty in non-seasonal and seasonal water quality management mod-

els. For non-seasonal ìnanâgement models, the Multiple Realization (MR) approach,

which incorporates several sets of possible clesign stream conditions simultaneously in

a single optimization rnodel, is used to generate 'true' reliability-waste treatment cost

trade-off relationships. In the case of seasonal models, a Markov Chain approach is



clovclopccl to clcsign rn¿ìu¿lgcrrlcnt clecisions that ¿lle lobust to lirnitecl lecorclecl lor,v flor,v

clata,, siucc tirc availabilil,r' of thesr: clata. espcciaily clulirrg non-clitic¿rl r,v¿rtel' c¡rzrlitv

se¿rsons, nt¿rv be onc of thc irnporta,nt c:onc:ellrs of unceltailrty iu seasonal r,v¿rter' <¡ralitv

nroclelling.

R.<;s<r¿r,r'r:h rlilcc't<xl tor,v¿r,r'cl inr:olpola,ting rurccltainty i1¡ 'ur¡¿rt(:l' <lrirrlitv rnanagcrn<:n1,

rlrorktls l,\,lliir¿r1h' r'<tn<:cutr'at()s ou T.,r1;c II un<rclt¿riutv. With tlu' r'xccptiorr <;f tlu:

s1,o<:h¿rs1,i<'rlyua,urir: l)r'ogr'¿ìnìurirrg (SDP) lnr>clcls utilizrxl by l-,ohalli a,rr<l l-k:c (1983) autl

Cl¿rlrh,vcll ¿ur<l Ellis (1993), tltct'c ¿rt'c tlvo lvi<li:h'rrscrl nrcl,horls lil irr<rolpor':rtiug Tr,pr'

II utrr'ctt¿riuty i1¡ rlolr-sc¿lsort¿rl r,v¿i1,<:r' <1ualit1' ìì.ì.¿ìrì¿ìgcnr.crrt, ulr><lcls. lfhc:sc ¿rlc:

1. Cornbinerrl sirnulation ¿rncl optinrization (SIOP) uro<lclling: ancl

2. Chancer constLa,inecl optirnizatiorr (CCP) rn<ldcllirrg.

Gerrcrally, an SIOP lnoclel is utilizecl to allor,v casy rnathelnatical ¿rucl st¿rtistical rc¡>

lesentation of complex w¿rter clualitv nanagement systems ancl to extlact important in-

form¿rtion f'or plurnniiìg or nlânaging sr-rch systems. Cumulative clistributions of objective

fhnctiorr values (e.g., waste treatment cost) ol clecision variables (e.g., waste tleatrnent

levels of polluters) are some of the important results proclucecl by a traditional SiOP

model. Often, information derived from these cumulative distributions include trade-

offs between the objectives or decisions and the reliability of these solutions. However,

for a multi-dimensional clecision space, the trade-off information obtainecl may represent

an inefficient solution set, because most of the solutions procluced by the traditional

SIOP model are often inf'erior to the nondominated solutions for the objective function,

or decision variables. and reliabilitv.

ð



Rl' thc CCP :rpproâch, {:onstlaiuts th¿rt ensule ¿rc<:eptable r,v¿rtel qrialitv ¿ue fblrnn-

latccl il :i 1l'o1;zrbilisti<' forrrr. T<i tr'¿rnsf'olrn thc plobabilistic rnoclel into ¿r ck;tellninisti<r

one. r,vhich is ¿rrnen¿rbk: to soliltiorr r,vith cxisting optirrriz¿rtiorr zrlgolithrns. scvcr'¿rl siln-

plifving assutnptions ¿rbout thc Irhysical sysl¡;1¡¡. thc unc:cltztiu input irrfblrnatiou a,ncl

thcil rlistlill.itions. ¿lnrl thc nì¿ì,n¿ìgcnlcut uroclcl alc ofîcu r'<:<1uilccl. Thclc:for'<:. thc lc-

sults fì'our such ¿r nur<lt:l 1lr¿ì\¡ rrot llc rlcpcrrrl¿rbl<r fol rìr¿ìu\¡ llla<:ti<':r1 appli<':rtious.

Tlatlitioual r,v¡rt<l' r|ralit-r, ul¿ìn¿ìgonlcu1, ploglä,rns. a,lso kuor,r'u as <lilcr:t l'cgrrli1,ion.

clctr,'r'ruittr: tlt<r t'crltiit'ctl 1>olltttitttt t'i:tnor'¿1l lcwrls at 1toittl, sour'(ros so tlt¿t1 s1l<rr:ifi<lrl \\¡¿ì1cr'

<lualitl, st¿utclat'tls ar'<: ntaiut¿tiucci zrlrttrg tlu: r't:<'civitrg stlczuu. Tlrc optiuriz¿rtiou rnoclt:ls.

.,r'hicli ¿rlr; uscd to <lersigu tlx:sc plogr'¿lûrs. selc:ct the s¿llrn r,v¿lste tle¿rtrrreut stlzrtcgics fol

all peliods of the vcar'(i.<1., l,lie r,v¿rstclo¿r<l ¿rlloc¿rtions ¿u'e lron-se¿ìsonal) basccl on stLc¿rrrr

backglourrcl corrclitiorrs chu'ing the clitic¿rl r,v¿rtel qualitl' 1;r:iiocls of thc; vc¿rr'. Thc;sc rìou.-

scl¿lson¿rl r,v¿rsterlo¿rcl alloc¿rtions tvpicallv rnav be classifieci as le¿lst r:ost (LC) ¿rlloc,a,tions.

unifolrn tre¿rtnrent (UT) alloca,tions, ol sorne combin¿rtiou of LC ¿rncl UT alloc¿rtic¡ns.

For the LC programs, the lesulting mana{ìernent solution rninimizes the total waste

treatment cost fbr all polluters, while maiutaining acceptable r,vatel quality standards

at pre-selected locatiorìs) or checkpoints, in the stream. Uncler this prograrn, clischargels

.r,vho have lower rnarginal waste treatrnent costs per unit water quâlity improvement at

the critical checkpoint(s) of the stream typically reûrove a higher percentage of the

waste they procluce than those that face higher rnarginal waste treatment costs. UT

programs determine the same level of waste rernoval for all poliuters in the interest of

equity, and the management solution for these programs normally minimizes the uniform

waste treatment level subject to constraints that ensure acceptable water qauility at

the stream checkpoints.



Due to tlte inclc¿lsing publicr cìoncern about the cleteriolation of thc ciualitv of nany

fì'csh r,v¿itcl' lesolllces. thc lalgc arnourits of nroney spcrrt ou r,v¿:rst<t trcatrnenl, f¿rcilitics.

¿rrr<l tho iricreasiug couriticxitv of r,v¿rtel qualitv systenrs. r'clcclrrt resetat'ch c¡u lv¿rtcll pollu-

f,iort contloi lt¿rs focrttssecl on iunov¿ltir¡c plogr'¿ulìs f'ol rnanaging the qualit1, of fi'esh r,v¿lt<:r'

l'csottt'ccs. Tltcsc intl<tr¡ativct ptogr¿lnls includc sc¿rs<ln¿li i)r'oglallrs ¿urd ilrcentivt-lt¿rs<t<l

J)t'ogt'¿ìIns. strr'h as cfHu<:ttl r'ltäl'¡:,^c (EC) plogr'¿ulrs. tr'¿uisfi:r'¿rl;lc discharg<: p<l'rnil (TDP)

Ì)r'ogr'¿ìuui. an<l srrìtsicl1, 1;r'<tglarus.

Sct¿rsott¿rl tttotlcls ¿ìl)l)oat 1,o llc thc uurst rvirlclv allltlicrl iuu<tr'¡r1,irrr: lr¡¿ì1c)f (lit¿ìlit\r

Itì¿ìn¿lgonlcttt 1>togt'¿tn in ptrtr:ti<,c. Thcsr,. sr,.¿lsolra,lruorkrls rrr¿1, l;1- LC. UT. ol inr:cn1,ir¡c-

lt¿tst:<l. A sillv<:,,, in 1983 irr<ìicr¿rtccl that 45 st¿it<;s in thc Uniterl St¿rtt:s usccl soutc loltn

of sc¿rsoual itroglanr (LarrrÌ> au<l Hull. 1985). Gencr'¿rlly. so¿rsolal plogt'¿ìuìs ¿ìr'c tìlot'c

<rctst offi<:i<:ttt tlt¿ltt c<luivitlent non-so¿ìsolral ploglzrrns. bcc¿irisc sc¿rsonal progr'¿lûts utilizct

th<: rr¿rt'\'ittg assirnilzrtivc c¿tp¿rcity of a livcrl cllring <liff'clent pcliilcls of the yct¿rr'. Scvcr'¿rl

stuclies h¿rvc clernonstlateci the cost cfficienç1' of season¿r,l r,vatel quality ploglerms (sec:.

e.g., O'Ncil, 1980 and Eheatt et al., 1937). However, rnost of these studies, do not

aclclress the concerns of the inct'eased input information lecluilernent ancl the limitecl

historical clata nolmally available for these seasonal programs.

Although seasonal programs take aclvantage of the ternporal variability of the assirn-

ilative capacity of water bodies, the management models used to analyze these seasonal

programs are often complex and the historical input information available is often short

or sparse. Furthermore, the traditional methocls for incorporating uncertainty into sim-

ple non-seasonal water quality management models may not be adequately and easily

applied to such complex management models. One way to address the uncertainty in

complex water quality systems is to develop management models that produce solutions



that ¿rrc robust to lirnitecl recolclecl stle¿rrn clata.

L.2 Research objectives and scope of work

Tltis lt:sr:¿u'di iutlocht(:os ¿tppt'oa<ùc:s l,hat ura¡, l;it rrsi:<l t,o ¿ickh'c:ss T'1r1lc II uri<:cr.t¿ritf,\'

ir uou-sc¿rsorr¿rl aurl sc¿rsonal rva,tcl r1ualit1, ut¿ìÌì¿ìgour.cut 1>r'oglärrrs. Th<r olt.j<r<'l,ir<ts of

1lur lcsca.r'ch ¡rlc:

1. to ttcvt:ltp gt:tt<;rii,Ì trulthocis thzrt irnlllorrc thc SIOP altJ>r'o:rch fi>r' iu<:or'¡tolatiitg

t.tli<:clt¿t,itt ittput itrfot'ln¿itiou in uou-se¿rson¿rl r,v¿Ltrtl c¡rzilitv nl.¿ìrìâgenrcnt 1>loglarns;

1,o <lttvolo¡> ¿r sc¿tsorral w¿rtel quality ilì¿lr.¿ìgcur(:rrt uro<lcl tliitt rk:signs ¿rlloc¿rtious

th¿rt ¿rt<: t'obust to lirnitocl ltistolic¿rl iuprlt infolr¡r¿rtiol: ¿rnc1

3. t<.¡ clerrnonstt'¿rte (1) arxl (2) foL thc-: contlol of biocherrric¿rl oxygen clerrrzrncliug

(BOD) r,vaste cliscliarges in an exarrnple rivel basiu.

In this thesis, dift'erent approaches âre pÌesented f'or aclclressing Type II unceltainty

in non-seasonal and seasonal programs, because difl'erent levels of importance ancl con-

cern about the sources of input information uncertainty may be identified f'or these

pt'ogrâms. These clifferences result fi'om dift'erent mathematical fornulations of the

most commonly irnplementecl non-seasonal ancl seasonal dilect regulation programs.

For example, while UT is often impiemented f'or seasonal programs, LC as well as UT

moclels are often analysed for non-seasonal programs.

The first research objective is to improve the SIOP approach so that accurate trade-

off relationships can be developed for the water quality management objectives, oï



clccisiorts. ancl rcliabilitl'. ol probabilitv of r,vatel qiizrlitv violation. This irnprovecl SIOP

zrpproaclt. tho N4R. atr>1>roa,<:li. is <lcmonstlatccl f'ol somc tlaclitional watcl quaÌitv utarr-

a,gerricutt progr'¿urìs ancl fol an ex:rttt¡rle livet' b¿isiri. The zrpll'oa<rh c¿rsily ¿rllo,,vs in<rollto-

t'¿i1,ion of ttttcrct't¿rinty filrrrt all stle¿un 1>a<'kglouncl infblrrration ancl thc iuter'-r'clationships

¿ì,uloug thcsc ittfoi'tttation. Thc lzilgcr r,ourputation¿rl lcsour(:cs lcrluirr:<l lry 11,,, N,IR. iuocicl

atc <lt'astir'¿lli-r' t'crltu:<:cl by usiug tc<:iuriqncs that iclt:rrtifv arrrl inr:orpor':rtc otrl¡' 1>o1,r:rr-

tiall-r' irtipoltatit sct,s of'rlcsign stLca,ur r'ourlitioirs iu tli<: NiR nurdcl.

Thtl 1>oot u¡¿tt<tt'<itlalitf irtltttt ittf<ttttt¿ttitttt fot tttaltt, t'ir<:t i¡asiirs rtr¿tcct'lr¿itc 1lt<>ì>ì<tttts

of Tvpc II trtt<:ct't¿t,irrtt, fol sc¿tsoti¿ll nì¿ììr¿ìgonrcttt 1;t'ogt'¿tus Jlr:<r¿r,usr: hist<¡r'i<:al iufìtlural,iitu

fbr :r,vr:r'agc flo¡,v pr:r'iorls of the ve¿l,r is ofteu un¿rv¿l,ilable. Although such ¿lvcr'¿rgc: floi,v

t'c>n<liti<ttts ¿lt'c uon-c:r'il,ic¿r1f'ol nolr-se¿ìsorr¿rlr,v¿rtclr c¡ralitv I)togt¿tms. thcr,, 1¡1¿4' c:onstil,r.it<t

dc:sigu inf<>r'rrr¿rtion of sornc pelio<ls of the yerar fbr ¿r, s<:ason¿rl l)t'ogt'aût. Th<: la<rk of

histolicr¿ll infolrrr¿ttion clulirig non-clitic¿rl r,v¿rtcl qu:rlitv per-iocls rnav be attril>utccl t<r

the inability to ilteasulc these cl¿¡ta clur: to ¿rclvclse hvdrologiczrl, rneteolologiczrl. ol

physical conditions. Sparse or limitecl histolical clata f'or non-clitical periods may also

be due to the failure to measure this information because of iheir irrelevance in the

clesign of marry non-seasonal management proglams which often lequire clata for only

the clitical watet' quality period of the year. Therefole, there is a potential for a higher

risk of watel quality violation for solutions of seasonal progrâms than that specified

by the threshold risk value includecl in a rnodel. This higher risk of not meeting the

water quality goal may be reduced by risk-equivalent modelling apploaches that clesign

management strategies that are robust to limited recorded data. Since low flow and high

temperature values for different periods of the yeâr are the most important stochastic

clesign stream conditions for seasonal programs, and since temperature data can often



ltc obtainecl ot' cstirnatecl f'or' il.any locations. the seasonal rnoclel clevelopecl in tiris

loscalch (Oltìectivc 2) corrsiclet's orltprlt pelfblma,ucc lol>ustucss lvith lctsper:t to sholt

iutcl s1t:r,r'se lor,v flolv cl¿lt¿r only.

hr Chapt<tt'2. ¿r I't:tticr,v of t'c:se¿lt'r'll th¿rt incol¡rola1,cs Tytrle II rill<r<tlt¿rintv in (1)

tìon-sc¿ìsollal dir'cct tcgiilati<lrt sulfäcc r,v¿ltcl clualitl' nl¿ltì¿lgculent uroclcìs. (2) ail arrrl

gt'otrttrh'vatct' <¡iitli1,1' ut¿ln¿rgoulcttl, ltto<k;ls. auri (3) s<rascrual'ul¡¿rtcl qualitv rrraLitgctruunt

ttttl<lt:ls. is lttt:st:tf,crl. I)ctt:t'tuiuisl,i<' sut'f¿tr't: rv¿rtcl nrork:is ¿ilc alsrt lrlrrir;r,v<trl iu Challtct

'2. Il Ch:i1tt<:t'3. ¿t u<lr:i¡ <'ontl>itic<l silurl¿rtiou anrl t;1>tirnizatiorr rrroclrilliug ?ìl)J)t'oa,(rh i,.;

1>r'esclrrl,crl ¿utt1 cl<lutoustlatcrl f<il BOD r'v¿rstc nr¿ìu¿l,goìncnt l>asi:<l on irrfÌtlul¿rtion fol thc

\\/illarncttc R.ivclt b¿rsin iu Oregon. This uer,v :rpplozrt:h. <'allt:cl th<: N,irlltiplc Rcl¿lliz¿rtiotr

(i\4R) rnetltocl. iricluclcs scvct'¿ll stre¿r,rn backg-r'ourrcl r:orrrlitions in a, singlc optirnizi:r,tion

tno<lel to obt¿rin ¿rrt effici<¡nt solution zrt a giveu lr:lia.bility lc;vel. Flowevclr'. tlie \4R

appt'oacrh rnay create lzrlge optirniz¿rtion ploÌ:lerns thzrt recluilc lzrlge cornputation¿rl lc>

soutces fol cven slrra,ll r,vater qrialitv systems. Tholcf'ore, ne',v erlgolithnrs ¿rre clevelopecl

in Chapter 4 to lecluce the size and computational resource rec¡uirements of the iVIR

model. In Chapter 5, a neural network tool is developed to enhance the computa-

tional efficiency of one of the algorithms presentecl in Chapter 4. In Chapter' 6, a

uon-stationary Markov chain moclel for a seasonal water quality mânagement program

is developecl and demonstrated for BOD waste discharges into the Willamete River. The

Markov chain model is usecl to design robust mânagement decisions by incorporatirrg

uncertainty in low flow data due to limited historical records. Summary, conciusions,

and recommendations for future research are inclucled in Chapter 7.
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Chapten 2

Låteratune ïtevåew

2"'1, Introduction

This crha,ptcL revier,vs tirc liter¿rtule in thlce bload ¿rlc:as of rrroclellirrg, nzrrnely: (1) <le

tct'rninistic ancl stochastic surfäce watcl qualitv llì¿ì,n¿ì,gerrìcrrt moclclling of non-season¿t,l

clirect regulation ptograûrs; (2) incorporation of uncertainty in gloundwatel qualitv

and ait' quality nr.ânagem.ent rnoclels; and (3) seasonal watel quality management rnod-

elling. Grounclwater clualitv ancl air quality management modelling under unceltain

envilontnental conditions have been inclucled in this review because the mathematical

formulations of these problerns are similar to those of stochastic surface water quality

nanagenìent models. Also, the MR approach, which is introduced and modified irr this

thesis, has been applied often to groundwater quality manâgement problems, but not

to surface water quality tnanagement ploblems.

The main goal of water quality management in rivers is to prevent or minimize

degradation of the quality of surface water bodies, such as streams, estuaries, reser-



voirs arìd lal<es fi'ortr polhrtion, so that beneficial r.rses (c.g.. clonlestic. inclustrial. arrcl

:rgt'icultut'ztl r'vatct' suppl1'. r'ect't:¿rtion. and fishiug) aucl thc aquatic r-rcosystern alc no1,

sigrrifì<rzur1,i), irnp¿rit'eci. Holvever', this gozrl lrrust bc achicvccl without .icopär'clizing tc>

gionzrl s<.r<'ir)-c:r:ottotnir' rlcveloptncttt. Thclcf'olc. siu'f¿rcc r,v¿rt<:r' qualitv nì¿ìn¿tgeurent is ¿r

t:hallcugc th¿rt irlroh¡cii ur¿tlrt¡ stakeholclr:t's. incluclirig tltc 1>ultli<:. <:uvilolrrnctrt:r,l gloirps.

itulustt'ics. t'cgiouzrl atttlult'itics. trutl govclruncnl,s. Thc: ur¿iu¿lgcnrcnt rl<rr'isious <tl p<lli-

t:i<rs uscrl 1rl att¿titt 1,lt<: rv¿ttr:r'cpalitl, goitl dc1>crxl ol lrrltat tlu: ura.jol stak<:holrlcls tvolilcl

liÌcc to olrt¿riu ft'ilnt thc r,r¡â,tct' J>orl-r'. l,h<r socio-<:r'oucuui<' c<tst of tlut clcr'isiotis. ¿rucl l,hc

tttu't:r't¿littty ztttcl tisk tlf ilrlt ¿ttt¿tilirrg thc rlcsit'r:<1 goal lvith st:k:r'1,ccl nr¿ur¿ìgorncut rklr'i-

sions.

Gertel¿iliy. thc <lualitv of sulfac<: 'uv¿ltcl bo<lics ¿lr'c rìì¿ì,n¿rgert Ìrasecl ori guiclclincs aucl

policies cl<:vclopecl by na,tiort¿rl, st:rtcl, ol regioual cnvir'onrnent¿ll 1>r'ote<Íion ¿rutholitirs

ot' llo¿rt'cls forrn<':cl l¡, govclrtrrtcnts or' b¿lsud on l¿nvs nra,dcr Ìrv g<tvelrunent. Diffi:r'eut

f'olrns of these policios ol la,r,vs that ¿rlc clevelopecl by r,vatel c¡ralitv policy rn¿r]<cls irr

consultation with major stakeholders nray apply to a stleam segrnent, a river basin, or

livers in a sub-region ol country.

In rnany countries, the environuiental protection authority enforces the watel qualitv

mânâgelnent policies by granting pollution license to waste clischargers, such as munic-

ipal and industrial waste treatment plants. This license may either specifv an ambient

water quality standard to be maintained in a river by waste discharges or give a pelrnit

to the polluter to discharge a certain arnount of waste into the rivel. Generally, compli-

ance of these policies is overseen by the environmental protection agency that may issue

penalties to waste dischargers who violate their license. However, in recent tirnes, the

public, environmental groups, and other stakeholders have embarked on co-operative
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action to shat'e the t'esportsibilitv of effective rnonitolirrg zrncl leporting arrangernents tct

otlslrr'o <rotnpliaucc of ',v¿r,terl qrialitl' poÌir:y. In thc Uni1,c<l St¿l.tcs ¿rncl othcl clerreÌopcd

<rcttutt'ies. crtvilonruent:rl gloups ¿rncl othel st¿rkehoklcls of stlc¿rln qualitv t'os<>ur'<:r:s h¿rvc

scttttctitu<ts taken lc:gal actiort att<l souglrt rlarnages zrgiriust r,v¿rste cliscthalgr:r's u'ho viol¿rtt:

u'¿rtcl r1rrali1,r, st¿rrr<lar'<ls.

Sitnul¿l{,i<tti ittul olttitniz¿1,iort ilrorlcls ¿u'r: usr:rl to gun<l'ii,t<r iruJ;oltaut rlata a,l;orr1, 1;lrc

r'v¿'t1,t:t'<1ttalitv iì)/s1,(ìut ttl l>tr t¡.¿¡¡â,g(x1. ittr'lurlittg r:ffi<riçtrl, ¿rrr<l r'<llialr|r ciilli6¡s f¡r'1>r'6-

tc<,tittg pt'<:s<rttt arul ftttut'r: lrr:ucfit:ial uscs clf 1,lic i'ir'<l'¿rurl thc ¿ì(lu¿ì,1i(: ccorìystonì. lvhikr

Ittiuiutizittg sot:ìo-cr:ouotnic: cost of thc ln¿ìrì¿ìg()uìcrrt rlcr'isiolrs. Thc cl¿rta oltt¿riuerl fi'onr

thcsc ut<;<lc:ls <rotnpkrtrir:nt othel irrfil'rn¿rtion. su<rh as erxistirrg zrncl Jl'oìerr:tecl lcgioual e<ro-

ttotttir' tlev<:loJtrtutnt lcrrcls ¿rncl the cxpericnc<: of r,v¿rtcl qiralitv itolicv rnak<:r's in clcrivirrg

pollution ul¿ì.n¿lgeulcrrt plars or cle<;isiorrs.

Systc:trls ¿rn¿rlysis ttx;thocls f'or ¡,vatet'<¡i.rzrlitv rran¿ìgclncrf, rnoclcllirìg rvot'e intloclu<:ccl

in the 1960s. Fot' ¿i givett set of'stlearrr ba,ckgrouncl conclitions arrcl ¡,v¿rtel qualitv goals

(e.g., minimize cost, rnaxinize equity, rnaxirnize watel quâlity, or maximize reliabilitv),

these techniques rnay be used to determine the optirrral pollution abatement decisions

for diffused, or non-point, sources of pollution (e.g., lancl management practices) ancl

fbr point sources of industrial and rnunicipal waste discharges (e.g., waste lemoval levels

of pollutels) into a strearn.

The main components of a water quality management system are a hydraulic simu-

lation model, a pollutant trausport simulation model, and a water quality management

optimization model. The physical lepresentation of this management system is usually

comprised of reaches along a river, defined in such à way that the hydraulic, hydro-
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logict, bzrckglouncl r,vater qualitv, ancl poliutant clisch¿rrge r:haracteristics within ¿r reacli

at'c h<>nogeneolts. Thus, ¿ì, ne\,v lcach is clefìllecl bl' the confLuc.ncr: of a tr.ibul,âr1r. ,i

tlt¿tt'kccl <rltattge irr thc lthvsir:zri etrvir'<urrnent of the liw;r'. ol thc pr'<,.sencrc of ri(:r,v sout.(:es

of pollutiorr (i.c.. 1toiut :utcl rtort-pr>iut soulc:cs). The ruorlelìing cflolt of thc nr¿ìrì¿rgo-

tttcttt s\¡st<ttrt oft<ttt t't:r1uit'cs firrtiirll rlisr:r'ctiz¿rtiou of c¿r<'h lr:ach iuto scgrrrcluts r,vhos<:

Ìlt>uttcl¿t,t'ics r'<t1tr'<:scut rva,l,cl r¡ralitv ch<:r:kltoiuts. Iu ulost stritlics. 1,hct r:lx:<i<trtoilts ¿rr.<t

ltlt:-sc:k;<:1,<lrl srrr'h that if r,r¡atcL qualitl, st¿ui<larrls ¿rlc rn¿iiut¿riuc<1 at th<:s<t r,hc<,kltrtirrts

t,ltcrt ar:r:<li>tallkt lr'¿ìl,ct' <palitf is gualanl,r:crl aloug thc rvhok: stlct<:h of tlut r.iwu..

Tlrtt ltyrh¿tulitr situul¿ltion ttr<;<lcl is liukcrl tr> t1u: pollutrrul tlitns¡rot't siurulatiou

tli<>cl<:l. r,vhi<:h <:<tttt¡>tttt:s croc:fficielnts ol fìln<rtiorrs th¿rt lcl¿:ltc tlu: r,v¿r1,cl qualitl' ler¡t:i ¿i1,

<;¿r<rh crltot:kpoiul, to pollutitiu zr1, givcu lor:a,tions arrcl thcr'<tfolr: to 1>ollution ¿rlt¿ltcrrrcnt

<lct:isious ¿rt thcsc loc¿¡tions. Fol pollutarrt tlansltolt sirrrulation ruoclels that ¿u'e line¿u'

r,vitli t'ctsJrcct to pollution crontroi clecisions. thc coefli<ricnts th¿rt lcplesr:nt thc r,vatr:r'cluzrl-

itv irnplovr:rnents ¿l,t the cireckpoints pel unit r,vastc lccluction l;y each itolhrter' ¿rle oficn

callecl transfêr'coeffìcients. These tlansf'el coefficients or fhnctions and the managernent

objectives are usecl to f'ormulate an optinlization rnoclel that ultimately cletermines the

water c¡ualitv management decisions for the river svstem.
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2.2 Non-seasonal water quality management mod-

els

2.2"I Ðeterministic models

Dctct'tttittisl,ir' systctns ¿r,it¿hrsis 1,r:critrrirlu<ts rrsc<1 1,o ruocktl rv¿rl<:r' <¡ralitv lu¿ì,1¿ìgcnìcut

sys{1¡1¡1s itt<'lttrlc sinutlatiotr lrlotk;ls (Lou<:ks ¿rr<l Lvuu. 1966: \\¡allcu ¿rurl Br:u¡1,r'¿i. Ig7'L:

¡tttrl Ollol;. 1982) autl optiuiz¿r1,iou rrrorl<:ls (Sob<:l. 1965; I(ulli. 1966: Lou<'ks r:t ¿il.. 1967.

Iì.r:Vllc c1 al.. 1968; Art<lclson ¿t,ttcl D¿r-r'. 1968: At'll¿rbi arrci Elzirrga. 1975; aiicl Bisr,r'as

1981). Th<: sirrnrlzrtirltt iLpltlo¿tcrlt iuvr>lics scts of fcasilllc 1>ollui,iorr coittr'ol <k:<risiclrs for'

¡>ollutct's ¿ut<l tlt<ltt cr¡¿rluates the lclsulting r,vatel c¡ralit1, nì¿ìlta,genìent <>lticctir¡r:s for. <:¿rdr

s<;t <tf contt'ol rlc<'isions. S<';lclr:tiort of thc optirrral solutiorr is basccl oll ¿i rrisu¿ì1 insirec:tiorr

of v¿tlues of the lcsttlting 'uv¿rtel c¡ialitv levels ¿rncl ol,hcl tìt¿ì,n¿ìgcnl.ent obj<tctivos) ol l¡asc:<1

on sornc tvpe of utulti-cl'itcrizr t'anking ploceclule. While this approach is e¿rsy to zr,pplv

fol courplex r,vater qualitv systems, even f'or moclerately sizecl systems, the numbel of

possible f'easible sets of options f'ol r,vaste treatment levels for point source polluters

and lancl rnanagement practices f'or non-point polluters coulcl be very large. Ranking

the f'easible clecision sets and selecting the optimal solution for a typical rrrulti-objective

water quality system may be a difficult task. Furthermore, in order to incolpolate

input information uncertainty in such a modelling effolt, the nurnber of evaluations of

water quality goals could increase to an impractical levei and the ranking of the sets of

management decisions can be very complicated and untractable.

Loucks and Lynn (1966) develop four mathematical sirnulation models to preclict

the probability distribution of the minimum dissolve oxygen (DO) concentration down-
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sttcaln of any 
"vaste 

treatrncnt facility. Their uroclels use the N,Ia.rkov crhain rnoclelliug

a¡;proach to pledict the i>r'ob:rbilitv of having less than a givcn DO concetntration. f'or'

¿lnv cotìsecutivtt tirrte pet'iod. clownstrc¿rur fi'our i:L point soulce ¡,v¿rste clischzrlge r,vit,lr

lçrtor,vn erffiuettt r:lt¿rt¿rctct'isti<rs. Tltesc uroclcis consicter' ¿r tvirl<: r'¿rli¿rtiou of stle¿lur ¿lrul

sow¿tgo flrxv conclitious arrcl tire lr:sulting rralintion iu tlc¿rttrrclut 1>lturt ctffir:icncic:s arirl

stt'c¿ì,ttt assiutilal,ivc cipitr'iti<;s. Thc a,rrl,hols <lctcnuinc thc rlisl,r'iltutious of rniliuuull DO

(:otL(:otltt'¿ìt,icttts itt a lt11>r>tluttir:¿rl str'<l¿rur fil'1.2. ¿i,n<l 3 rr<tusc:r:utirr<: cl¿r\r-loug 1lr:r'irlrls.

Altir<nrgh. att oJ>titttttl s<:t of r,r¡¿ìsti: tlr:¿il,rucrrt lcvcls ¿ìl'o tìot sol<lc1,t:rl. 1,hc auth<lrs itlr:sr:nt

it clistrttssi<ttt of ltrtrv l,ltcsc ut¿ltiuruiatical sinrul¿rtirtn rnorlcls nl¿rv lrc usr:tl 1,o rlct,r:r'rnilu:

lc<lrrilccl tlcatrn<:nt 1tlant cfüciol.<:ir,'s fbl v¿rlious scwct flor,vs.

\À/a,t't'ett ¿ttt<l Ber'vti a (I974) use ¿r cletclrnilristic sinrulatiou rnodcl to stu<ly t,lu: <:ffc<:ts

of cotnltitte<l scwcl overflor,vs on r'v¿ltel qualitv in :r tylti<ral Ont¿rli<t. C¿rnacla corrrrrrunity.

Thc p<>lhrt¿rttts consiclct'ccl are BOD. total suspenclcd solicls, total phoslrliatcs ¿rlcl f'cc'al

c:olif'orrn. The ntoclels plcclict stle¿lnl c¡rerlitv v¿rriations cluct to cliff'erent scenarios of in-

terceptor sewet' capacitv, stolage vessel ol plant capacity, and tleatment plant capacitv.

By inclr-rcling a cost function f'or all system components in the model, the authols aïe

able to analyze ancl evaluate various methods of polir-rtion abatement clecisions.

The most common optimization techiriques used for water quality management in

the literature include linear programming, LP (Sobel, 1965; Kerri, 1966; Loucks et al.,

1967; ReVelle et al., 1968; Anderson and Day, 1968; Arbabi and Elzinga, 1975; and

Biswas, 1981), dynamic programming, DP (Liebmann and Lynn, 1966; Dysart ancl

Hines, 1970; Nocholson et al., 1970; Shih, 1970; Dysart, 1970; Newsome, 1972; \Marn,

1978; Hahn and Cembrowicz,1981; and Somlyódy et al. 1993), nonlinear prograrnming,

NLP (Graves et al., I972;Hwang et al., 1973; Bayer,IgT4; Pratishthanancla and Bishop,
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1977; nnd Buln ¿lncl NdcBeerrr, 1987). LP is oner of tire rnost r,videly usecl systens analysis

tttcthocls fot'r,vatet'r¡r:rlitv iil¿ìrìagcurnt rnoclclling. This popularitl, uray bc ¿rttlibutecl to

tltc itrtpot't¿tnt l'olc that DO plzws iri ¡,vatel qualitv clctorrniu¿rtiorr (Stleetel ancl Phelps.

1925; O'Contlot' ¿rrrcl Dobbins. 1958, Carnp. 1963; Dobbirrs. 1964; Thornzlul. 1963.

1974: ¿rntl O'Cortuot'arul Diftr'o. 1970) ancl thc c¿ìsc urith u'hich stlc¿lrri DO lcsltonsc tr-r

tt'¿trlititttt¿rl BOD r,r¡¿tsi,r: rliscltzrlg<r. ¿uul r,v¿rst,r: tlc¿rtnr<:lt cost fìiru,tions fol BOD r'<un<tv¿tl.

ttray l>c itt<:or'ltola,tcrl illtr> ¿i littc¿rl optirtrizal,iou 1>r'obl<:nr. Su<rh LP foltuul¿lti<>us t1'pi<:al1y

utilizc 1,lt<l sullt:t'ltositioit Pt'o1lclt1r of 1.h<t stoacly st¿rtc 5tr'c:ctl,cr'-Phclps urorlcl (Stlr:<ttcr'

arid Ph<:l1rs. 1925) lbL DO arrrl BOD ol th<r CtlrrrJl-Dol>bius ur<>difi<'¿tiotr (Carrrlt. 1963:

artcl Doltltius. 1964) of this BOD-DO rtrorlcl. I\,'lixcrl iul,cgcr' liuc¿rl pt'ogt'¿ìnÌnlirrg (N{IP),

r,vhich is classifiecl ¿ts ¿lt LP tcc:hniqucr ilr this thcsis, is also uscd lry sonìe lcsc¿llclrcls f'ol

lv¿t,tcl qlt¿rlii,l' ltâlt¿tgcnlcrrt rnoclclling (scr:. c.g., Loucrks <lt ¿11.. 1981; anrl Burn. 1989)

Iu ¿rcl<litioll to LP being tlte e¿rsicst <lf the otr>tirnization tcchniqucs to solve. g<trrelal-

putpose soltttiott packzrgers ¿r,rer ¿rv¿ril¿rble for solving LPs. Also, the clu¿r,l vali¿lbles which

are obtaiuecl through the LP solution mav provide usef'ul inf'ormation about the phys-

ical river system, the water quality goals, and the alternative ways by which desired

objectives can be achievecl.

LP techniques for the optimurn managernent of water qualitv in an estuarine envi-

ronment are described by Thomann and Sobel (1964). Aithough the authols present

results from estuarine water quality simulation models, which are linked to the LP

optimization formulation, they do not solve the optimization problem.

Sobel (1965) outlines the nature of regional water quality systems and presents LP

models f'or several DO improvement problerns. The models include an LC program
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¿ìn(l a ntodel tha,t tnaxirnizes the bencfit-cost r¿rtio sub.ject to cctnstraints on accspf¿þlç¡

DO lcvcls iu a t'irr<:r'. Tltcsc LP rnoclcls ¿l,r'c contr'¿lstccl lvith an NIIP foruurl¿r1,ion of thr:

tr'¿rclitiou¿rl UT Jrloglarn. The ¿ruthol cloes llot clcnronstr'¿rtc tlic nro<lels for' ¿rrry liver'

sys1,cut.

I{t:r'r'i (1966) uscs ¿ì,rì LP folrnul¿ì,tion to ¿ur¿rlyzr,. fivr: BOD w¡ìstc irì¿ln¿ìgonlcnt al-

t<trtt¿ttivt:s fol thc \\¡ill¿lux:tlc Rirrcl in Or'cgou. Tlur basi<: LP ilurrkrl is lr¿rsurl ou ?ìu

LC 1>togt'it,lll. ¿ìu(l a,r'<'cptaìrl<: rvâl,cr' <¡rzriity lcrrcls ¿ìx) (lofiuc(l llv a DO slan<lar'<l u'itltirr

¿ <,titic¿l l't:acrlt of tlur tiv<:t. Hrl obta,ins r:osl r:ulwrs fì>r'rnrurir,il>al rvastrr rlis<'halg<ls

lr¿tstl<l ott thc r,vor'l< of Lclgiur t:1 al. (1962) arrcl <lcvcÌ<lps ilrrlustlial r,v¿rstc tlc¿rtux:nt cosl,

(:lu'\rcs ltas<tcl <;l a<ljus1,ur<:rrts 1,<t th<t (:r)st (:ut'vcs fbl tlic rnuni<:ipal tr.e¿rtrrrctut f¿rcriliticts.

His aualysis is for' ¿r 5.00 rn,oll, DO stanctalcl ciirlilg ¿r, stle¿lrn florv of 10,200 nt,i\f rlu,y at,

Salcrn, Oregon.

Scvct'¿rl LP troclcls fol r,vatel qualitv rn¿ìrì¿ì{ìernent. sinil¿rl to those of Sobcl (1965)

¿rttcl Kert'i (1966), ¿l,rtcl b¿rsccl ott actual livel irasins or otì hvpothetical systeins arc:

i'eported in the literatule (see, e.g., Loucks et al., 1967; ReVellc¡ et ¿r,1., 1968; Anclelson

ancl Day, 1968; Arbabi and Elzinga, 1975; and Biswas, 1gS1).

Sobel (1969) uses a Chebyshev criterion to develop a water qualitv management

rnodel for optirnal waste discharge schedules from a holding pond. His uroclel maxi-

mizes the minimum water quality in the objective function subject to lirnits on a waste

treatment cost budget and on the amount of waste that can be discharged into a river.

Although the inodel formulation is nonlinear, the author transforms it to an equivalent

LP problem.

Brill et al. (1976) use an LP to examine economic efficiency and equity of wasteload
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allocatiort Ìtv clcveio¡ting a tlacle-off curve bet',veen these two r,vatel c¡ralitv rnanag^ernent

objer:l,iv<ts fol the Dela¡uvarc Estualy ill the E¿rstcllr Unitccl States. Thel, clefitre thr'<xl

ltLc¿ìstltes of eqiritv u¿ttttely, (1) rangetec¡litv. (2) srirnured <lcr¡ia,tiou cquitv. arrcl (3) rnax-

irtlutri efficienr:y cc¡rity. basccl on u¡¿ìste letrrrov¿ll levels. Th<;il rrroclcls h¿n'r: oÌ;jcr:tivcs

1h¿rt iti¿ixitnizc cclriitl' sult.jru,t to ¿ì r,v¿ist<t tlcatrrrcnt cost Ì;urlgr:1 ¿rricl 'uv¿rtcr. <¡rzrlity c<tu-

slt¿tittts. Tlurl' r¡¿trv tltc total lrrog¡ant b¡clgct li<>rrr thr: r:'s1, of't¡. LC 1>r'ogr.r' to 1,¡.

<'tlst of th<l UT l)I'ogt'¿ìttì. ¿tr<l ol¡ta,iu ¿r ti'ack>off bctr,r'ccu trttal r.v¿rstr: tr'<tatrnt:ut <:ost a,url

c¿rch of 1,h<: tlrr'<:r: cqrritv ul(ì¿ìsulcs.

N4i<rhcls (1987) lÌxrnttla,tt:s fivc: LP utorlels th¿i,t irlr:oll)or'¿lto r'osolvo (r¿ip¿xìity ir th<r

r'v¿rstcloa<l ¿rlloc¿rtirttt l)r'ocess. Iu h<-:r'rnoclcls, resolvc czr¡;zr<;itf is ckrfinccl as the l)el'(ìorìt?ìgo

oI a'rrlouttt of thc 1>o11tttet's' ¿rllor,v¿rblc cfflut;llt 1o¿rrl that rrrzry bc sr:1, asiclc to pr'<tvirkr

highc:r' r,v¿ltet' clrraiitv itt ot'rl<;r' to ¿lcconrnro<l¿ltc fhture glor,vth in r,v¿rste pr<>du<:tiorr <tr'

tlttcelt¿rittty in thc r,v¿rtel qualitl, systern. Apart fi'orn onc of hcl rnoclcls. the Gcn<¡ral

Lcast Cost Moclel Which Inclucles Rcsclve, all of the othels rccluire ¿ln initial r,v¿rstelo¿rcl

alloc¿rtion proglatl as a startirrg point fïorn r,vhich further recluctions are consiclerecl to

provide fbr a reserve in waste assimilative capacitv.

Application of DP for water quality mânâgement is becoming increasingly popular

because the technique does not require (1) convexity of waste tleatment cost curves ancl

(2) linearity of the pollutant transport mechanism (see, e.g., Liebmann ancl Lynn, 1g66;

Dysart and Hines, 1970; Nocholson et al., 1970; Shih , rg70; Dysart, 1970; Newsome,

7972;\Narn, 1978; Hahn and Cembrowicz, 1981; Lohani ancl Hee, 1983; Cardwell ancl

Ellis, 1993; and Somlyódy et al. 1993). Therefore, current nonlinear ancl highly acl-

vanced watel quality simulation models, such as QUAL2E (Bro,,vn and Barnwell, 1987)

and WASP5 (Ambrose et al., 1991), can be linked to a DP based rnanagement program.
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Fulthermore. clisclcte lv¿rtel qr.ralitv rtâilåìgortc'nt options can casily bc incolporatecl irr

a DP nroclcl.

Fot' ¿r DP applic¿ttiori to r,v¿ltel qualitv üì¿ì.n¿tgeurent. r'ivel lea<rhcs <rolr'<:s¡torrcl to

sta,grs. r,v¿ttct' <ltt¿rlity pa,r'zrntctels ol nlc¿ìsr.u'c)s ¿ìr(ì the statc vai'i¿rJtles. anrl ltoiluticlu

t;otttt'ol actiolts at't: 1,ht: tlccision v¿rri¿rbles. Thc obic<:tive fìlrr<rtiou. r,vhi<:h uriry bc ¡,v¿lstr:

1r't:¿ttutt:rtt <:os1. r)l sotuc othc:r'utilitl'fìnrr'tiotr. sot'vos ¿is tiut r'<ltullr fìlrrr.tiou. \Å/t1,ct'

<1tta1itl, sitttul¿ltiott tttorktls r:r)ulrc:t;1, st¿r,1,<: r¡ali¿rÌ>kl aurl i-ii,¿ì,go r,rtrullilt¿ltions.

A DP fbi'ittul¿ttitttl lot ¿tu LC llOD ¡,v¿ts1,cio¿rcl ¿illo<:¿il,iou is 1l'cscutcxl lly Lieltul¿ur

ait<l L1,11i¡ (1966). Thc arrtlrols lrso tlur Stlrxltcr'-Phcips BOD-DO sirrrul¿rtiou nro<k:l ¿ru<l

DO stauclalcls that <:ltziugc along tlte riv<lr for' ¿r systcrn b¿rsc<l orr a sirnltlificcl vr:r'siou of

thc Will¿unctte R,ivel iD Olcson.

Dys¿u't aucl Híltcs (1970) ancl Dysalt (1970) plt:scrt ¿r two-cliutlrsion¿rl DP approzrch

fot r,v¿rtct' c¡-ralitv r:otttt'ol fbl the r:¿rsc ¡,vhcre 1,hclc is signifir:ant intclaction of r,vastcs in

a stt'earrr. Unlike tnost pleviol-ts stuclies that (1) consiclcr a sing-le polhrtarrt ¿rrrcl ¿r single

water cluality parameter or (2) assume inclependence betr,veen the stream quality effects

of multiple pollutants, this work explicitly inclucles the interactions between dift'erent

pollutants in the same stream. The moclel is dernonstratecl fol the LC management of

therrnal and organic waste clischarges into the Chattahoochee River in Georgia.

Nicholson et al. (1970) use â DP model to control water quality through both

point source treatment levels and leservoir releases for low flow augrnentation. Their

model outlines a methodology for evaluating alternatives for alleviating detrirnental

downstream DO effects caused by thermal stratification in reservoirs. The authors

apply their methodology to the Clark Hill Reservoir on the Savanna River in Georgia.
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Otlrtll cletet'nlinistic DP applications fbl stlearn <truzriitv ln¿lnagelncnt iuclucle ¿rn¿rlyscs

of tlr<: Tt'cllt Rivcl in the Urritcl<l Kingclorrr (Nclvsonte.1972 ¿rncl Waln. 1973). thc Ncckar.

River.in Gcr.ru¿rr11' (Hahrr ancl Cenrbrowicrz, iggl). ¿rrrcl thc Nitla Rivul irr Slov¿rkia

(S<>rnlxlrlv ct ¿r1.. 1993).

An NLP ltttt<lcl tll¿tv oftcrt lte th<: tuost r<:a,listirr lcplr:scut¿rtion <tf ¿t r,v¿r,tcl' r¡ralitl'

ttt¿ìlt¿ìÍ1,-ettìont s1rsf1¡111 l>ct'¿r1rsc 1li<t oìt,jur'1,iv<t frutr:tious (<t.g.. l,lrt: r'ost fìutr'tiolrs of u'¿rstc

tl'tl¿rttti<rttt ltlan1,s) alt<l tltc 1>olhttarrl, trauspor'1, fìrri<rlious ¿ìr'o gouor'¿ìlh' rrorrl'ric¿lL. Fkrr,r¡-

<:vr:t'. NLP ttt<trlttls ltarrt' ltccll l<rss 1>r>1>rr1al' iil r,r¡¿lt<ll r1rra1itl, urârì¿ìg-curctrt aitl>ii<'a1,ious

1,h¿lt l,ltt: ol,lir:t' ttt¿llt¿ìgouìcltt tnorlcls cluc to (1) thc <rr>rupk:xit1' of srr<'h altltloa<rh<:s, (2)

tltt: t'clativcly lat'gc cotttputation:rl lerpilernents. arrcl (3) thc inclct¿rsecl difficrult), irr il-
<:or'polating input infolm¿rtion uncelt¿rintt,.

Glavcs et al. (1972) dr:tail an nlrplication of NLP tcl tirc ploblcrn of LC '"v¿rtcr' <1uaiit1,

contt'ol itt ¿ut cstualy. The tnoclel ¿rllows fol the possiltilitics of ¿rt-sorllc<t tlcatrncnt,

regional tre¿l,trneut plants. ancl bv-pass piping. D¿rta fï'orn the Del¿x,vale Estu¿u'y ¿u'e

usecl to demonstrate a lalge-scale problem.

A rivel basin-wicle water quality management model based on ân NLP is presentecl

by Hwang et al. (1973). Their model controls thermal and organic waste discharges into

the Chattahoochee Rivel'. The related water quality standards used are the minimum

DO concentration, the maximum allowable BOD concentration, the rnaximum allowable

stream temperature, and the allowable rise in stream temperature. The NLP model is

solved using the Generalized Reduced Gradient Method.

Tlre work of Bayer (1974), Pratishthananda ancl Bishop (1977), ancl Burn ancl

McBean (i987) present other examples of the application of NLP rnodelling for strearn
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quality nranagenìcnt systems. Bayer (1974) uses ân NLP to clesign an LC BOD wastelo¿rcl

alÌoc¿rtion f'or' pollutcrs on the Willarnette Rivcl in Orcgon. ancl conclucies tli¿rt thc r'<>

sults olrt¿ritted ¿rt'c bclttcl tir¿ur the lesults basccl ¿r LP ¿rucl ¿r DP. Pr¿rtislrth¿rn¿ur<l¿t

arrcl Bishop (1977) soive ¿r legion:rl r,v¿ì,tel lesol.tlcc plzrrrrritg i;r'oitlcrrr. lvilic:h iuclucks ¿r

r'vastclv¿ltct' ttca,trttcnt plarrt <:a1>ar:it-r.'cxpunsiou, fol S¿rlt L¿rkc Courìty iu Utzrh usiiig rr

tuottliuc¿rl rrlrltilc:rrcl tla,rrspolt:rtion 1>r'oblcur. Buln ¿rurl N4<rBcttrn (1987) usc â rurrrlirut¿rr'

<t1;tintizittirtrt iruxlr:Ì 1,o rl<ltclrttiltc tlur o1>titnal lcur<)rr¿ìl of <'<tlifolln Ìt¿rr'tclia fot'¿r <'¿rsc

sttltl1, ltastttl orl 1,lt<l Glarrd R,irrct'irr Orrtali<1.

2"2.2 Stochastic Models

Thc lr:sults 1>r'oclur:r:d by thc clcterrninistic cflbr'1,s rlcsr:r'ilrccl in the last ser'tion ¿rncl th<:

ut¿ìn¿tgcur(:nt ittfbrrna,tiori cxtl¿rcted fi'onr thesc lcsults clcpcncl orr tlic iuput infolrn¿rtion.

the crh¿rt'¿rctct'istics of poiluters' effluent, ¿rucl the tvpe of polir-itant tlarrspolt sirnulation

ntoclel usecl. Fclr ¿r given stlearn qr.rality nìailageillcnt systern ancl pollutant trzrnspolt

tloclel, ntany of the inputs are uncertain or stochastic in nature. Therefore, ¿r realistic

moclelling approach will incorporate the uncertainty in using the correct transport rnodel

(Typ" I uncertainty) and the appropriate input information (Type II uncertainty) into

the transport and management moclels. This section presents the sources of Type I and

Type II uncertainty, the modelling techniques used to incorporate Type II unceltainty

in water quality manâgement moclels and their clrawbacks, and the applications that

address Type II uncertainty in the literature.

Type I uncertainty may arise from the lack of complete understanding of the me-

chanics or relationships between parameters, variables, and model output, the poor
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choice of assurnptious on r,vhich thc nioclel f'orrnulation is b¿rsccl. ancl the plcsence of

obicctivcs ctt' eleurents of the r,vatel quaÌitv systctr th¿l,t cannot be represented rnathc-

rtr¿lticallv. Tv¡;c II un<rct't¿rinty is r:¿lusecl by the stochasticr natulc of r,vatel querlitv input

itrf'ol'tlr¿rtion. tit<t lirtritcrl ¿rtnourtt of ir4lit inf'orrnatiou ¿nailable fbl ln¿rny rivet' Ìlasi¡s.

¿illcl tilt: ol't'ots tltarl<t irt rttc¿lsulirrg, 1;r'occssiug. ¿urci lccrtlcli¡g <lata. Uu<rc¡tai¡ r,v¿ìl,cr.

<ltralit.r' ittlttrt, iufot'ul¿rtiol ul¿ìl¡ iur:1u<1c clcsigrr flor,vs ¿rrr<l tt:rrrltcr.atru'cs. r.car:1,ittn r.¿rtr:s.

sttc¿ìur rrr:lo<:it¡r, lrzr<:ligiounrl r,v¿r1,<:r' rluzrìit1r. cffhutut <:ouc<:lrtt.a,tious ¿ur<i rlisr:h:rr.g<t l.atcs

<lf lloitlt soltt'co 1tttlltt1,t:r's. r,v¿tstc lr'c¿t1,nxlrl, r:ost r'rtr:ffic'icirts fil'Dollutcls. ¿iutl th<t ¿ìnl.ouut

arrrl sourccs of nou-Doiut llollution.

Tliclc ¿lt'o ft:i,v zrtttltttirts to irtcor¡lolat<; T4>ct I uncelt¿rilrty irì stle¿rur <¡rality nran-

ngt:rrtertt ntoclels (Calch,vdl ¡llr<1 Ellis 1993), ploltablv be<rausc thclc is th<t telrdcucy tro

¿1,<kh'ess urrcer'1,¿liutl' in pollut¿utt tr¿rnspolt nroclels by clcveloping rnor.e so1>histic,¿ltccl

tnoclels th¿rt tno¡c: ¿rr:c:rit'¿rtely leplesent tire phvsicr¿ri, chernic¿rl, ancl biol<lgical proccsses

t'¿rtlter tlt¿rrt iltclucling such considel¿rtions into ¿ì nìaJlagernerrt lnoclel fi'a,mc¡r,vork. On

the othel hand, there have been several studies directecl towarcls incorpolating Type II

uucertainty in r,vatel qualiiy ìnânagement models (Loucks and Lynn, 1966; Lohani ancl

Tlranh, 7978,7979; Buln and NIcBean, 198b, 1g86; Ellis, 1987; ancl Burn, 1gg9). This

ernphasis rnay be attributed to concerns related to limitecl watel quality clata available

f'or many river systems ancl to the high cost of water quality clata collection plograrns.

The most popular techniques used to address Type II uncertainty in water qual-

ity rnanagement models are CCP and SIOP. However, there are other less frequentlv

reported methods such as stochastic linear programming, SLP (Sobel, 1965) ancl SDP

(Lohani and Hee, 1983 and Cardwell and Ellis, 1gg3).
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The SIOP irt'oc:eclulc f'or r,v¿rtel quzrlitv tlìalt¿ì,genlent rnoclelliug consists of g-enelatirrg

¿t, lturnbcll of lc¿rliz¿itiorìs ol scena,r'ios of dosigr stLcam conditions, sohring a r,vater c1uali1,y

siuiul¿ltiou ¿rucl ¿ru optirnization uroclel fol c¿rch of thc le¿rlizatiolls to ol>tain ¿n oltjectiv<t

Itltr:tion va,lut: ¿lncl a c:olrcsponclirrg sclt of 1;olhrtiou abatcrrutnt ck:cisiorrs. r'¿t,riking thc

ttlt,jcr,tiv<t fìrnr,1,iotr v¿ilttcs. ¿iu1 obtairritrg a r'urnul¿rtirrc ploÌ:abi1i1,), clisl,ributiou bascrl ou

1,htt ob.jc<rt,ivc ftut<:tir;u rt¿tlucs. 1,hcil r'¿urlis. ¿in<1 l,hc tot¿il uutnltcl of lc¿rliz¿l1,i<;rl utilizc<Ì.

St>ul<: of tltc iutll<>r'taut irrfirlrna,tiol fì<tru 1,lu: <:uurul¡rtir¡r: <listliltirtiou ar.c thc 1,r'¿r<l<t-rtfl,s

lit:tr'rrtrtttl thc rtb.jc<rti\rcs. ol clc<'isious. ¿urd thc 1lr'ollabiiit,y of r,v¿rtcl rlu:ilit1, r¡iolati<tn. FIou'-

<:rrttt. if tlic rlrt<:isiott v¿tt'i¿lltlcs of thc nr¿ìl¿ìgonr(:rrt rrio<lcl ¿u<t nrulti-rlinrcusiotial. ¿u:r:ur'¿r1,t:

cr¡a,ltr¿tti<lt att<1 ot<l<:r'ing of thc vcct<tls of rrrzrlzrgctnr:nt rictr:isiotrs aucl thc r'or.r.csJ>oucling

ol.rjcctivc firnctions <rau ltc a r:rlrnpli<:¿rterl t¿lsk. This cr<lrnitli<r¿rtiou ¿lr.isr:s bcc¿rusct ther.c:

¿ìlc llo gua,r'nrtt<:cts of uniqu<: (:olrcspon(lenr:c bctr,vccn thr,t olttirrral v¿rlue of thc objs:tiv<;

firn<:tion atrcl tlti: col't'0spon(ling rrcrtol of clt:r:isi<trr r'¿rliables. Thus. fbr' <liflìtlcrf, irrput

irrfbrur¿rtion. tlte s:rrne optirn¿rl vahie of the objccrtive filnction rnay be obt¿rined. br.rt

the optimal voctors of decision variables ancl the collesponding probabilities of svsterrr

failure rnay be clifl'erent. Uncler such situations, sorne of the solutions ploclucecl by a

traditional SIOP moclel rnay be inferior to the 'true' tlade-off cuÌve for the objective

function and the reliability of water quality rnaintenance (see, e.g., Morgan et al., 1gg3).

To incorporate Type II uncertainty, the CCP approach fbrmulates the management

problem such that the rnaintenance of acceptable water quality levels at pre-selectecl

checkpoints are representecl with plobabilistic constraints. Each of these probabilistic

water quality constraints is assigned a lower bound for the reliability level that must be

achievecl. The CCP model, for a given set of constraint reliability levels, is transformecl

to a deterministic equivalent model which may be solved using existing rnathematical
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pl'ogl'¿ìlllllìing zrlgoritlturs. The CCP tecluriclue oficrr leqtiires scveLai assunrptions to

sinrlllifl' thc r'v¿rtet' quality ur¿lil¿ì,gcrx:rrt moclcl anc'l tlrc solutiou ¡rlocr:clulc. In fâct.

Ittosl, of thcl CCP ttioclels f'ot r,v¿ttcr' <luaiitv nl¿ì,rr¿ìgerìr(:nt foun<i in thc litcla,tur.c r¡¿rl<c

ztssttntptiolls al>ottt (1) thc rlistliltution of thc: bzrckglouucl cl¿it¿r. (2) thc ur¿¡agetrrr<t¡t

oltjc<:tir¡cs. oi (3) tltc pln'sir'¿rl r,v¿rtel clualitl, systcìlì (sr:c. c.g.. Loh¿r,iri ¿rncl Th¿rn|, 197g.

1979; Bulrt ¿rttrl N"I<rBt:¿rtt. 1985. 1986; Fu,jir,vala ct ¿t,1.. 1986. 1987: trllis. 1gS7).

Soltcl (196,5) iur,or'ltolat<ts Tlr1tc II rur<rel'l,¿riril,lr i¡'uv¿rtcr.c¡ralitv nt¿uì¿ì,goltcrrt iuo<l-

clliug rrsiug arr SLP uro<krl to o1>tiurizo w¿ì1,or' <luality ob,jr:<,l,ir<:s. TII<I SLp uioclcl is

t'tlfilttltul¿ttttrl as ¿r sl,oclt¿tsti<' <1uach'ati<, plogt'¿ììnuring lloltlelr r,r'ith â, ncw 6l:.jcçtivc t[at

tltitlitrlizc:s tlt<l rrat'i¿ttttr<t r>f DO irtt¡;r'ovcrricttt iu ¿r11 lel¿r<rluts ¿ru<l coustr'¿li¡ts t¡¿lt ir¡n6sc:

a llrdgct linritation ou tot¿rl r,v¿rste treatrncnt <:ost.

Loh¿rni ¿rtlcl Th¿ruh (1978) clevclol> ¿l CCP nloclcl lbl stle¿rrn ctruzrlitv rn¿ì,r¿ì,gcìncnt

th¿rt assttttlcs th¿rt stt'c¿rtnflor,v is thc oniy stochastic input to thc lno<icl. A ch¿lucc:

constlaint is clevelopecl fbl tile strc¡arnflo¡,v ¿rt each plc-selectecl r,vatel qr.rality checkpoint

such that a given risk of violating the perforrnance requirement is not exceeclecl. The

¿ruthols apply their noclel fol LC ancl UT mânagelnent of seven BOD waste clischargers

on the Hsintien Rivel in Taiwan. The correlation between streamflow ancl sorne of the

other stochastic stream variables such as travel time and reaeration are ignorecl in their

model. Furtherrnole, the spatial distribution of streamflow is not incorporated in the

CCP moclel.

Lohani ancl Thanh (1979) analyzethe CCP moclel for strearn BOD control for four

different operating policies f'or BOD waste discharge management on the Hsintien River.

They also apply the CCP moclel for a monthly BOD removal scheme ancl compare the

23



rcsìtlts r,vith an anuu¿rl sclierne for zr given clegree of reliability of meetirrg a clesirccl DO

lirnit fol c¿rch t'e¿rclt. As expe<'tecl. thcy shor,vccl th¿rt thr: rnonthll, BOD lcrnoval schcnrc

is nrolc: cost efficictttt tha,n the ¿uutu¿rl scheluc. Loh¿rni ¿inrl S¿rlecrlri (1982) <,'xtelrrlecl tiris

CCP rrloclel to int:luclc r,v¿tstc r,v¿tcr' flor,v. cleoxygcuatiou r'¿ìt<r. r'e¿u,.1¿rtiou r'¿rt<;. ¿i,rrcl lrrastc:

stt'ctrgth ¿rs r'¿urclorn rr¿it'i¿rbk:s.

Loliani ¿tttl Hctr (1983) cr>rtsirlr:r'str'c¿rlrflor,v ¿rs ¿r stor'li¿rsl,it, iu1>rit iu ¿i DP htluurla-

tirttt rtf â \\¡¿ìtcL ilttalitl, tìì¿ìnâg()nìotf sr,r¡;{,1¡1¡¡. Tlutil stutll' srllv<ts ¿t rvast<llo¿trl ¿t11<tr'¿rtictrr

lltolrl<ttrt ttsittg a DP ttulrlcl that trc¿rts inllolv ¿rs ¿r r'¿,rnciour v¿lr'iairlc ari<l lr:fot'uull¿ltt:s th<r

siuglc stagc lc:liaJtilitt, cr>nstr'¿t,int,s iuto rlct<:r'uriuisl,ir: <r<¡rirralclul,s.

Fujir,v¿rt'¿t ct al. (1986) <1evclo1r ¿rncl clenronstr'¿rtc a CCP uloclel that irnplovcs cln tlur

utoclel clcv<:lopccl lrv Lohaui ancl Th¿urh (1978) by lc:lnoving the lcc¡iilr-:rncnt for'

u,-pri,ori, ktror,vleclgc of thc initi¿rl DO d<:ficit ¿rt the top of iutclmccli¿rtc lear:hes fol thc r,v¿r-

tcl qualitv systern. This irrtplorrcci rnoclel also <:onsiclcls stre¿rrnflor,v as thc only stoch¿rsti<'

irrput infblrnation to the moclel. Thelef'ole, solutions obtaiuecl fi'orn the irnplovecl rnoclel

may also irave lirnitecl practical use ¿rs in the c¿rse of the moclel clevelopecl bv Lohani

ancl Thanh (1978).

Fujiwara et al. (1987) propose and demonstrate a LC linear CCP model for the con-

trol of BOD waste discharges into a river. They consider storm water discharges ancl

streamflows in the main river and the tributaries as random variables. By obtaining the

joint probability distribution of the stochastic storm water discharges ancl streamflows,

they transform the CCP model formulation into an equivalent linearly constrained pro-

gram having a staircase structure. This CCP model is rational in terms of incorporating

the spatial dependence of storm water discharges and the streamflows in the main river
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\,vâtel'quality constlairìts b¿rse<l on the clifi'erent tlansftlr coefficients. Hcl inclicates that

tlte non-cxctccclt:ncc 1>r'oba,bilitt' f''ot' ¿r givcn Ìl.rclgr:t is lcla.tccl to a rnc:¿tsulc of the lisk of

ttot ¿rtt¿riniug the clesit'r:cl r,vatel qualitl' Ievcl. He <teuronstr'¿rtes, f'or' ¿ì c¿ìso stucly, th¿r1,

tltis <'unuilativc: plobabiiitv levr:l ¿urcl the ¡rlobabilitv of no r,v¿rtol c¡raiitl' viol¿rtiou ¿rlcr

<'ìr>scl-v r'clatccl at thc ior,r' lcw:ls of risli of i,v¿rtcl r¡-ralitv viol¿r1,ious th¿rt ¿rlc of intci'cst to

risk-¿rvt:t'sc rk:<,isiorr urakrlls.

Btrt'u a,tt<l N'lcBt:atr (1985) r'r:plcst:n1, thc stoch¿is1,ir: r,v¿r1,cl r¡ralil,v nìâuâ,gontcut slrs-

t<rtlt r,r'il,h ¿t liru:¿tt CCP urorl<:Ì. Th<:i, r'ousi<lct'T1r¡tc II itiu'<l'1,¿rin1,r, alrcl chalar'tct'izr: l,his

tuurct'1¿tittt)¡ using Filst Or'<k:r'Ellol Anah,sis. Siru:c it is rliffir:r.rlt to soh<: ¿ln SLP llockll

if 1,lulc is uirc<,'t't¿rintv irt thc tr'¿:r,usfbr' <:or:ffici<:rrts of thc; r,v¿rter' <lualitv r:onstr'¿rints. thr:

¿rntlt<;ts t'cfot'uurl¿rtc: thr: tt'aclitiolt¿rl r,v¿l,tcl qr.i:rlitv ìrl¿ìrìagelnclt nroclcl so 1,h¿rt the uu-

celtairt tla,rrsfbr' <rocffi<rir:nts a,r'c in thc objccl,ivc fìlnc:tion only. Thclil rnoclel ci<:tc:rrniucts

¿r r,v¿istelo¿rcl ¿llloc:¿rtiott tlt¿rt rtt¿rxirniz<rs the surn of thc r,v¿ltel c¡ralit1, irnltloverncnts ¿rt

zrll checkpoints. The constt'aints linit the othel obicctives of thc rrran¿ìgenìent tloclel

(e.g., the total cost of r,vaste treatment and the equity among waste clischargers) to

pre-assigned bounds. A dual ploblem is then formulated fi'orrr this moclel to transf'er'

the stochastic coefficients in the objective fïrrrction to the right hancl side of the con-

straints. This rnakes the stochastic model arnenable to solution using available linear

CCP techniques. The authors demonstrate their moclel for the management of BOD

waste clischarges in au example river based on the Speed River near Guelph,

Ontario. They shor,v that a lognormal distlibution for the transf'er coefficients provides

a more satisfactory fit to the distribution of DO deficit than that provided by a normal

distribution.

Burn and McBean (i986) apply the stochastic model of Burn and McBean(1985) to
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BOD-DO ln¿ìil.¿tgenìent rnockllling f'ol the Sciruvlkill River b¿rsin near R,eacling, Pennsvl-

v¿rnia. Thcv irrclucle cquitv conccl'ns in this application ancl oltt¿rirr tr¿rcle-off culrres f'or.

r,v¿rstc tÌcatrnent <:ost ¿rncl r,v¿lter qr-ialitl' r'G)s])onso ¿rt cliffi;r'clrt r:c¡1itv k:vcls. Thc author.s

ol>scrvcl a f¿rillv gctocl ovt:rzill zrgt'eenrerrt betrvc:cn DO clcficrit olrtaitrerl fi'onr thcil stocrþas-

tir: J>lttttitittg iti<tclcl aticl ¿t N4ontc Calkr sirnul¿ltiou lrro<ktl at tlrr: tr,v<tlvc 'w¿rtcr. crra,litv

<:lrcckltoiuts ris<rri.

Ellis (1987) tlttr'clolts an LC uoulirrcal CCP uurrlci f<ll th<r alkrr:¿r,1,i9u 6f BOD w¿ìsl,(l

lolllo\¡¿ìl clJì<ricttlt'ics frlr'lroitrl solu(:o <lisr:halgt:s into ¿i liver'. Th<t r,vatcl'r¡rtrlil,l. grial

trstltl is a 1lr'<lÌ>aìtilistit: restli<rtiort olt tilc uraxirnult ¿rllor,v¿il>lc DO rlcfì<'it ¿rt s<;k:<rtc<l io-

(r¿ì,tiolls tilottg tlttl rivctt'. Tlt<¡ author ¿ìssrÌnlos r'¿ln<lornucss ilt ¿rll vali¿rbles ltre;sout ilr th<t

Cirrnp-Dobbirts ttroclilicatiou of thcl Stleeter'-Phclps clrirrzitiol fol stc¿rch, statc BOD-DO

itttct'¿r<rtion ilt a, r'ivcr' (Carn¡>, 1963; ancl Dobbins. 1964). Fk; r:asts thc unccrt¿linty in thc

t'¿rn<lorn vali¿rbles into the rrr¿rtrix of DO irrrltlov<lntent <roclfficrients by using stochastir:

sirnulatiott to cstirn¿rter the tncan ancl thc varianc*covaliancc f'ol thescl coef{ìcients. Thc

coefücieuts ât'e assutnecl to be nolmally distributecl. He presents a variation of CCP,

called Imbeclclecl CCP. r,vhich allows nonexpectecl values of the first ancl seconcl moments

of the randorn coefficients to be used for analysis. The moclel ignores the depenclence

atnollg the vectors of watel quality iniprovement coefficients at pre-selectecl checkpoints.

The authol also plesents a joint chance constrairrt progrâmming forrnulation of the wa-

ter quality optirnization problem and notes that it is generally implactical to assume

indepenclence among the t'ow vectors of the matrix of watel quality improvement coef-

ficients.

Recent research by Burn and Lence (1992) develops four water quality management

models to obtain trade-offs between total waste treatment budget ancl (1) maximum
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wâtet'quaiitv viol¿rtion. (2) nraximurn regret, (3) total watel qr.ralitv violation. :urcl (4)

total legrct. Tlvo of thc f'out' tnoclcls usc Cheltysli<tr¡'s rrrit<.'r'ion: thcy ¿rlc tlie rnitrirniz<t

rrtaxirritltlt viola,tion att<l tninitttizc ui¿ixiruunr leglct ntoclclls. In olrlcr' 1,<t ¡e:flclct ¿ritr:r.¡¿r-

tir¡c ltv<h'ol<tgic:. rttctcot'ologic, ¿rncl pollutant loadiug couclitions. fivc scts of input cl:rta

¿ìl'0 ¿ìsslllll<lcl to l'cillcsctrt all i>ossiblc inJ>ut d¿i,t¿r sc<trr¿ili<ts. Tllrs. thcsc s(:{lìr¿l1.i1;s .11.i'

ttsrltl tri ¿t<rt:r)lut1, fol ttu<rr:r't¿linty irr itrlt¡l tl¿rt¿. Th<ly clgfi¡<t a vi<tl¿rti<tu as a s[c>r.l,f¿rli i¡
l,htl lval<:t'<1ttalit1' g<titl a1 a rlt<r<rk1>oittt ¿tucl zi lcglct ¿rs tlrr: rliff<lr'<trlr'c Ìtr:tr,r,t:r:lr thg r.va1¡r.

rlttalitl' rri<;latiolts tlta,t ocr:ttt trtrrlct' on<: irrDrrl srrcl¿ìt'itt ¿rrrl thosr: th¿11 or'cru' ulclr:r. ¿

rlifk:rctrl, s(:ol¿ìt'io. which lcl>r'cscuts thr: ¿ir,tual in1>ut couditions. Thc a,uthor.s a¡rpl_r, th<,

rnod<tls to 1,hc tr¿ìlì¿tgonlcnt of BOD rlis<rh¿ìl'ges iu thr: \\/illarncttc Rivcl in Or.<tgctn.

Car'<lr,vcll ¿ruct Ellis (1993) 1>r'esc:ut str>ch¿rsti<r rhr11l',rni, plogr'¿ìrììrìring rnoclcls fbr r,v¿ist<r

loa<l allocation fï'orrr rnultipic point sour'ccs. Theil rno<lels in<:luclc both Tyll<; I a¡rl Tvp<r

II uncct't¿titttl' ¿n,1 at't' <:¿¡J;¿lþle of <;nt1>loving solrhisti<:at<;c1 lv¿rter' <¡.rality sirnul¿ltiou

rnoclels. Ft'tlquency- anci rrr¿lxirrrunr viol¿rtion-l¡asccl legrct tnatìagetnent rnoclels alc lsecl

to incorporate Type I uncertainty that includes (i) the Streeter-Phelps ec¡ration, (2)

QUAL2E, ancl (3) lVASP4 for stream BOD clischarges into the Sctruvkill River ne¿rr

Reading, Pennsylvania. To incorporate Type II uncertainty into the stochastic clynamic

pl'oglranuning moclels, Markov tlansition matrices specific to each of the thlee water

quality sirnulation models ale developed using Nlonte Carlo simulation. However, clue

to the large computational burclen, only one hundred Monte Carlo simulations are usecl

to determine the tlansition matrices for the Streeter-Phelps and QUAL2E moclels, while

as few as ten are used to estimate transition rnatrices for the WASP4 moclel.

To determine a non-uniform wasteload allocation for a stochastic water quality m¿ìn-

agement system, the analytical and statistical formulations are often complicatecl ancl
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llonlineâl. attcl rnav be difficult to solve. Besicles. as inclicatecl in Chapter. 1. a tvpical

Ieal lifb r,r¡at<:t' qualitv nì¿ì,naÍìcnent J;r'oblcnr is nuiiti-objectivc in natur.e. For such rrurlti-

ob.it:<rt,ivt: ìlì¿ìtì¿tgelltent i;r'oblells. tir<l oltjectivcs oflen <ronflict r,vith onc ¿rnother.. Also.

sorn<l of thc ob,jcc:tive filrr<rtions (e.g.. nl¿rxirlizillg lerliabilitv) a¡<1 corrstr'¿liuts nray lrr:

irrrl>lir:it fìrti<:tions of thc ciclcisiotr valialllcs. N,'Ioutc C¿rllo sinrul¿itiou is ouc ol'tirc <¡¿rsicsl

a,tlrl tttosl, cff<t<'tivr: tur:thotls 1¡f ¿rr:r:r¡¿rt<:ly r:valuating rr:r|r<ls of sur,h 6lt.l<tctivct fìrrr<rl,iorrs.

lllur r'ornrnorì ¿U)ì)to¿lr:h for'olrtaiuing ¿r r.<tliabilit), lcr<:l is to <klr.ivc thc lcli¿ibilitv v¿rluc.

(:ol'l'c,sl)oll(lirlg- to zt sirtt<rificcl solutí<>1. fionr tlut <'urnrrl¿rtivc 1>r'oltnirilit), fìulctiorr of th<t

ol,ltr:l obitlr'tiwts (tl.g.. rrriniuttttu <rost) ol fi'orrr tlxr otlrcl scts of rlc<'isir>l r¡ali¿rbkrs. lrascrl

ott sittgi<: t'c¿tliz¿tion solutions fiolrr thc SIOP nioclcll. Fo¡ cxzlurpft:. if thc cuurula,tir¡c

1>robability of <:xcc:cclalxìo of thr: cost of r,v¿rstc tr'<:a,trnetrt <,rtlÏc,.sltorrcling to a giv<tn LC

solutiorl is 0.80. ¿ì, (ronulìolL a¡rJtt'<;xirnatiou is to ¿Lssurrie th¿rt. if irrrltlcureutccl. this sol¡-

tiou i,vill ottstu'c :ir:<'cptablc r,v¿rtcl rlr.ralitV 80% of tlut tirnc. To ilrltr.<tvc th<l cstirlr¿rti<ln of'

the l'cliabilitv v¿rlilc of :r given solution. the clercisiou v¿r,¡i¿rbk;s of the solutio¡ ¿rre invokecl

to cletertnine the propoltion of the total nunlber of Nlonte Carlo simulations f'ol which

acceptable water qualitv is obt¿rinecl (i.e., reliabilitv value). Hor,vever, for sone water

quality ntanâgement systems, these approaches may procluce inefficient clecisions, if the

solutions, whose reliabilities are evaluated, are basecl on the traditional SIOP moclel.

When revier,ving stochastic models r,vhich account for probabilistic phenomena, Fuessle

et al (1987) wrote:

"Despite the cornplementarity of optimization ancl simulation, cliffic¡lties arising

fi'om stochastic aspects of the planning ploblern remain. For exarnple, it has not

been shown how to search efficiently fol a goocl solution using optimization ancl

simulation interactivelv. "
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IVIost of the stuclies that incolporate uncc;r'tainty in watel qualitv nìanagetLcnt rnocl-

cls iucltlcl<t leli¿rltility. Ìlrt ignole othel irnpor.tant r.isk indiccs such as r.esilienc\r. vul-

uclabilitl, ¿utcl t'clbustttcss. Hor,vevclr'. all tlrt:se lisl< itrdiccs ¿tle rììcâstir.es of systcnr per.-

ftlÌrrrartcrct 1,hat tttztl, offi:t' itttJroltirnt insights ¿rrrrl inf^oluratior to <lecision ru¿rkcls for.

fblrnitlatittg stt<,r'ttssfirl r'v¿ttct' qualitv poli<ric:s r-inilc:r' <:nvilolun(;ut¿ri ¿irrcl s]¡storìr. un(:0r.-

t¿titr1,y. Tlut iufÌllnr¿r,tirlr g-<:ri<tlal,crl lt]' ilr,,,rrtr,rr.atirrg thcsc itr<li<,cs ilr a nranagcrru:nt

Ittrl<lt:l at'<t ltalticrttlat'l-r' itn1;ottalt fbr lva,tcl qrralitv systr:uls iu lr'[ir:| fìc<1¡çu<ry. rlur¿-

titltt. tttag-ttituck:. ¿iucl rralialtilitt' rif 1,h<ls<t ilirli<'<ls incli<:¿r1,it tlu: cxl,eut of r:nrrir,<truncul,nl

<la,ttt:tg<l trtrd<tr'<:ti1,it;a1 hxh'olo¡¡ir:al alicl l>rr<'kgr'<>unrl r,r¡¿rtcr'<¡r:ilit1, t,olrrlil,ions. Tlul iur-

¡loltatl<rc of thcs<t t'isk t:t'itclia at'c illustr'¿'¡tc<l arrcl clis<rrlssr:cl in clctail for' ¡,v¡rtr:r r.osot-u.(ìos

Irt¿lnagctlìcrtt systcrns bt'Gl¿rutz (1982), Hashirnoto et al. (1g82a. 1g82b). rirr<l Fier.ing

(1982a. 1982b. 1982c. 19S2d).

Glarltz (1982) r'¿l,iscts questiorìs ¿rbout socict¿rl r'osJ)orìsc to lvatr:r'sup¡rlv <:stirrr¿11;<:s aurl

tlic ben<:fits to societv of goocl f'olecasts ancl subsequcnt r,v¿rter supplv policy as r,vell ¿rs

the cost of erroneol.rs ones. He also laises the issue of who shoulcl be responsible fol

the socio-econornic implications of fäiled water nanagement policy basecl on erïorìeous

fblecasts. His study is basecl on actual forec¿rst of total water supplv available ancl

subsequent water allocation policv made by the Bureau of Reclamation f'or irrisators in

the Yakima Valley in Washington.

Hashimoto et al. (i982a) discuss reliability, resilienc¡ ancl vulnerability criteria as

applied to water resources systems. They derive mathematical expressions for these cri-

telia ancl utilize the expressions to evaluate the possible performance of water resources

systems' The authot's use a water supply reservoir with a variety of operating policies to

illustrate trade-off relationships among expected project benefits, reliability, resiliency,
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¿rncl vulttct'¿rbilitr,. Thcv inrlicr¿rtc that by using su<:h irnprovr:cl clescriJrtions of ¡>ossible

tl¿ìtille of poot' sYsteln llct'fot'tttilu<'c the possible lisks of' rr¿1,l'io¡s pr.o,jcct alte''¿rtives

coukl bc: bettcl uucielstood.

J.n a <:ornlliìttiott itit¡;ct'. H¿tsltirnoto ct ¿r1. (1982b) rft:fiur: ¿¡u<i usg ¿r, r.o6ust¡r:ss <:r.itcr.iou

itt a rv¿rtclt-stip1;lv s\¡stcttt lllarruittg utorlcl. Tlrc ¿rrithols rlcfiur: r'oltustlu:ss ¿ìrj ¿r rìro¿ìs,r.o

ri['tltc lili<llihoorl thal tlic a<'ttr¿l <rost of'¿ì J)rol)osc(l 1lr'o.icr,t r,vill lot <rxr,c<r<l sour<r tr.¿r<:ti.'

of th<r urirrirrrullr crs1. of iì slrsfi'11r rk:sigut:tl ful tlu: ¿i,<,tu¿l <rorrditi<lus 1,hat or,r:ru, iir tlu:

ftttttrt:. Tlirr lttotlci is zrltltlit:tl tti tltc plarlring of 1h<: crxpiiusiou of ¿i r,vatcrl srrlll>ly sJ¡s1o¡r

turtlct <ir:lua,rul nn<'cr'l,¿riutY in soul,lltv<:stcln Slrrccktn.

In a sttt'ies of {bul l)¿ì,I)cls. Fieling (i982a. 1982b. 1g82<r. ig82(l) cx1;lor.e thc: usr: of'

t'obust cstinr¿rtols ¿rricl lesilicrrt ur:r>systcni c;onccpts fì.olrr st¿ltisti<:s aurl Ìtiology. t.ospe(r_

1,ivclv. in i,v¿rtcr l'osolll'ces systcllts rnocidling. plarurirrg. ci<tsigrr. ancl o¡rer.¿tiori. Detta,ilccl

cliscttssiou r>f t'tlsilienciy ¿ìs ¿ìppliccl to 'uv¿rter' L'esolu'ces ¿incl otþcl s\¡stems is ltr.clsclrf;ccl.

The ¿rutltol gives sevctt'¿ll inclicers of lesiliency. He clcvelops a p¡ob¿bility clistribution

of tilne to failule of ¿r svstern, ,,vhich is relatecl to resiliency, by assuming a Nlarkov

behaviour of the passage of the systern from one state to anothel, given a state clepen-

clent control policv. Simulation and canonical analyses âre used to estimate ¡esilie'cy.

The capability of conventional perf'ormance inclices of reselvoir operation policy (e.g.,

stot'age index, detention time, capital cost, incremental reliability, ancl incremental stor-

age index) to replicate inf'ormation containecl in resiliency inclices is investigatecl. The

author also examines the extent to wirich the conventional ancl resiliency inclices can

be estimated from basin geometry. Basecl on a þpothetical multi-reservoir system,

he shows that the simulation approach for estimating resiliency gives imperfect, but

encouraging, results and suggests areas of further research in mapping basin character-
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istics ancl configtuzrtion iuto pet'folmzrnce inclices. The c¿rnonical analysis ¡l'ocluces |igtr

c¿Ìtt<ltli<:¿rl cot't'elatiorts, inclir:ating that thclc is signifi<:ant leJtlicatign of i¡f<lr.¡ratio¡.

The ¿rilthot'clevttlops a classific¿rtion r,vhich suggcsl,s those b¿rsins ¿rrrcl stlu<:tur.¿ll crh¿lr.a<:-

tt:t'istics tltat i,voulcl irrclir:atc k:ss reltlicration ¿rnrl (:otìso(luouthr i¡rt ,.,r,r<:rl rlescr.illtiou of

s)¡st0tti 1>cIli>r'rnarrr,<1.

2"3 Air quality management rnodels

N'Iorl<lls hÌ 1,li<l 1>liitrrrittg attrl urartagcrucnl, of ail c1r-rality in l;oll¡tiou-11¡eu<: iurlusl,r'i¿rlizçtl

¿ìl'c¿ìs lÌ¿ìvo 1,lt<: s¿ttri<: trt¿ltltcttt¿rtir:¿rl folunilation ¿is thcisc fol i,v¿rtcr' <lrr¿rlity tìl¿ì¡ì¿¡ge¡lotìi

itt stt'tlarlls. Thc tr'¿rclitiolral olt.jcctivc iu ail qualitv nl¿trì¿lgclìclit is <:ost nriuir¡iz¿rtir>¡ of

1;ollution ¿r,l.t¿rtclltclrl, <lecisi<tns ancl thc: tv¡licarl <:onstr.a,ints ctìsi.lr'o ¿ì,(r(ìcpt¿ìl)lc zrìr. quzr,litl,

zrt plescle<rtcd lo<:¿rtions. The rn¿rthrtrn¿rtical for.rrnrlati<ln of ¿r clcter.ntinistic uloclei f'or.

thc LC ail c¡.ra,litv ùr¿ìnâÉìcment prol>lem carr often be lepleserrtccl ¿rs an LP since, i¡
illanv cìases, the cost cut've f'or ail pollutant lemoval is convex ancl can be lineat.izecl. Like

stlearn quality managentent, the coefficients of the envilonnrental quality constraints for

air qr.rality management (also referred to as transfer coefficients) are computecl basecl on

the environmental background conclitions (e. g., pollution emission levels, wind speecl,

wincl dilection, ancl other tneteorological variables) and a pollutant tremsport moclel.

Concerns about the randomness in the transfer coefficients, clue to the variability

of meteorological factors, has motivated research that incorporates the probabilistic

nature of these coefficients in air quality management moclels (Ellis et al., 1g8b; 1g86;

and Fuessle et al., 1987). CCP and simulation are the most poptilar approaches usecl

to include the uncertainty in the random transfer coefficients in these models. A brief
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l'evie\,v of tire research that consiclels rnetcoloìogic ilnceltainty in rnather¡atical no<letls

fbl ¿ril qualitv planning :rncl mzrn:rgenrent is givcn her.e.

Ellis ct al. (1985) extencl a largc sr'alc clct<:r'rninisti<r optinrization uiorlel for. thc:

scl<xrtiott of ¿rr:icl r'¿rin ¿rb¿rtctuclt stlatcgics fol Eastcln Nol'th Alnerica to zr pt.o5¿bilisti<,

folur Ìt1, incor'polatiug- tlic rurr:crtainty assor:i¿itcri lvith thc urrf,rxtr.ological irrJtuts in tlur

1tollul,atf, tlzrusltor'1, ur<trl<ll. Tlut unc<tr.t:rirf,f in 1,hr: utct<t<tr.oktgic:rl inJ>rr1. ¿u.o t.oflo(Ìt(xl

itt logttrlt'tlr¿ilh'<listlilrtttctl tt'¿lusfil'rroclfit:icuts fot'tilt: <:ouslr'¿rirrts thal, linrit rvct srrlfìr'

tlcl>osition nt ¡llr>sr:l<tr'1,c<l k>r'ntiolrs. Thc arrl,lrols <l<:scr.ilt<r thr.c<t rru:tho<ls of iur:olit<;t.itt_

irig l,r'alsfbl r,ctcffi<'iclrt rur<:<:r'1,¿liut,f i1, an LP fi.¿unc'uvot.k. Thctsr: ul<tthorls axr Tlwt_Sl,a,g<l

Linc¿rl Pr'ogr':ruurriug Uuclcl Uncelt¿r,inty (LPUU). CCp, an<l SLp. Thcy ¡lsy1;lo1r a <,orn-

Positc CCP-SLP tltocltll lbr thc ¿rcicl r'¿rirt ¿rll¿rtcrnent Jl'r>Ìrkln. Tr,vo crxtlcn¡r <::rtclggr.ics

of 1,r'¿rttsfet' coeffir:ient collel¿l,tion-cov¿l,r'i¿rnce stlucttuo alc zrualyzecl: (1) cornplete col-

ineâtit1' r,vhic:h ¿ìssl-lllìcs cornplete cle¡renclerncc,. ];otr,vc;ctr ¿rli tr'¿rnsf'e¡ coefficio¡ts a¡¿ (2)

corrrplete noncoline¿rlity which assuntes corrr¡rlote inclcpenclcnce betwcen ali tr.ansfer.c:o_

efficients. The authors obset've that the solutions fi'om the complete colinc-:arity-b¿lserl

model are so conservative that f'easible abaterrrent strategies can only be ¿rttainecl f'or

wet sulfur cleposition liurits in excess of those consiclelecl to be environrneltally clesir'-

able' FoÌ the complete noncolineai'ity case, they observe that there is no clearly clefinecl

system risk level associatecl r,vith a given level of total system expenclitule ol vector

of pollution abatement clecisions. Theref'ore, they conclucle tliat the solutions fronl

the cornplete noncolinearity model may have limitecl utility to clecision rnakers. Beta

functions are used to develop upper and lower bouncls for the relationships between

system cost and the associated cumulative probability of exceedence for the complete

noncolinearity solutions. This work suggests that the correlation structure of transfer
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coefficients is vclv im¡rot'tant when incolirolatirrg rneteorologic valiabiiity in ¿rcicl rai¡

all¿tttrtlttlllt trttlr lcllliltg.

Itt a <rornpzrttiou papr:t'. trllis ct nl. (1986) use ¿ì, nlore lcalistir' <:on'ci¿ltion-<rov¿rr.i¿urcc

strttr:tut'<l. t'r:fi:t't<:cl to as lirnitcd <rolittc¿tt'itt. frx'thc tlarrsfill c:ocffici<trrts in thc <,ornposit<:

CCP-SLP ntorktl. Tlu: lituitr:rl r:<tliu<;¿llit1, ¡'¿¡"1' lies ltctrvr:elr 1,lu: <tx1,r.r:urc lroutrris of

r:otttill<lt<l t:olitlr:at'i1,\, ¿ttrl tton<r<tliturztt'it,y. Thc ¿trithols rrtilizr: a sgiirti<;¡ p¡rtr'gc|u.ç ltasçrl

orr itlcrltif-i(r¿ttiou ¿ttt<l <lcliurt¿rliou of urctc<l'ologi<r srrlt-sr¡stt:rns s<t th¿rt iu<lirrirhr¿rl srrlt-

st'stcllllls <'¿ilt lltl ttlcltltll<lrl ¿ìs (:olìli)1ot{)hr ¡',r11,t,'',r' ol lìon(:(¡litr<tar as founrl n1>1>r'o1tli:ttr:.

Tliis ap1>r'o¿rt:lt lct¿rius tltc lrasi<' LP uu>rl<:l fbluurl¿rti<-lu ¿lncl is usr:<l to gc:¡<:r'a,t<l ¡sefìrl

iusiglrts ¿tÌ>tlut tltc clt¿rt'¿t<rtct'istir:s of tlìo rtrrrlr'¿rll systt,.ul ltcr.for.rn¿¡c,g. Alt[orlgli 1,¡is

zr1>ptclzic'lt is zrtt itttJtt'ovcut<llt ovc:t'tltost: b¿rse<l ou th<t tr,vr.t c:xt¡ctttu,. r'o¡r.cl¿ttio¡.-cov¿ìt.i¿ì¡(:o

stlur:tur'cs. thc ¿iuthors cot't'(ìctly st¿rtc th¿rt the lesults rn¿ry only s<:r've in ¿1, <liclac:ti<, rokt.

Ftrcsslc ct ai. (1987) clevclop a geucral CCP nroclcl fol thc sciccrtion of po\,vel plailt

sitcs. to rninirrtize tlte cost of fluer gas treatrncnt ¿rrrcl eloctlic¿rl tr'¿rnsnission. ¿rncl t<r

satisfV ple-specified air quâlity standards. The rnodel ancl solution approach use LP

ancl sirnulation interactively to overcorne the difficulties encounterecl when incorporat-

ing non-uormally distributed ancl statistically clependent stochastic transfer coefficients

in existing CCP efforts. This approach also reflects the confìdence limits of clistribution

perrantetet's. The mathematical fbrrnulation of the traditional nonlinear CCP moclel is

simplified based on the assumption that the rnaximum and minimum electrical capacity

at a site ale linear functions of waste treatment efficiency. Thus, a linear interpolation

is used to obtain a relation betr,veen the optimal treatment efficiency ancl two variables

that compose the optimal electrical capacity at each potential power site. This interpo-

lation is only valid if a constant sulfur dioxicle emission per megawatt can be assumecl
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for' <liffeÏent sizes of powet' plants. Fol other envilonrnental planning or. ¡r¿¡agenr.ent

Jrt'oblcrns. this assirnptiorr rn¿u, be st¿rtecl as: the r,v¿rstc ploclucecl pc¡ u¡it pl:r't sizc fbr

citr:h pollutct is <roust¿ult. The assun4ttion of ¿1, c<tust¿rnt la,tio fbl tho ¡,v¿rstet ¡loducctci

to irl:urt sizc rnzr¡' bc spulious fbt.rnauy <;rrvir.orrrncnt¿rl trr¿ruagern<:nt proiti<:nrs. r:.g.. thc

contlol of 1>oint sour'(Ìo BoD clisch:ilg<:s into ¿r str.c¿uli.

Prlttuatub¿tl¿itlt atul l\llr:Bt:¿ur (1990) uso ¿ì CCP rnodcl of a hvp<>1,þcti<r¿il ¿r:i<l r.¡i¡

¿rllal,cltttt:rt1 l)logi'¿ìlll t<t sltolv thal 1,hc optirrraÌ to1,al tlc¿r1,tnctil <:r>st (i.<1.. l,iur gllliurizirliitrr

ttur<kll oulltrr1,) is a rtoulirur¿rl fìrur'1,iorr of tlur siguifi<,allcc I<xrr:l frtr.thc r,h¿ìlr<,rr r:rtrrs1,r.¿riut

¿ruil thc v¿rli¿ìrtr:cs ¿rucl c<tv¿lr'i¿ì,n(Ìos â,nìotìg tlut unceltail itri;r11, tr.ansf<:r.r:ot:fli<:ic:1ts. \Ä¡ith

t,his t:xertuPlc. th<ty sh<>r.r, th¿it <ror.r'c]¿rti<>u ?ì.nlorìÉì ilput pilr.aurcter.s shoul<l uol, ]lc iguor.crl

ill unt:r:r't¿rinty au¿rlysis.

2"4 Groundwater quality m.arlagement models

The rnatheru¿rtical lept'esentation of a stochastic hyclraulic aquifer rernecliation system is

sirnil¿rr to those of stochastic surface water quality ancl air quality rnanats-ement systenrs.

For hyclrar.rlic acluifel remecliation systems, however, þch'aulic concluctivity is often

considet'ed the most irrrportant uncertain input. Theref'o¡e, rnost stuclies in this area

consider the spatial variability of the hyclraulic concluctivitv fielcl of an aquifer to be

the only stochastic input.

Wagner and Gorelick (1987) explicitly incorporate parameter estimation i¡to a

rnodel fol the optimal design of an aquifer remecliation scheme. They use first-orcler

first- and second-moment analysis to charactelize the pararneter uncertainty in a non-

linear CCP model. The chance constraints ensure that pollutant concentration cloes
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ìlot excee(l a pt'e-assignecl r:oncentration level at e¿rch checkpoint i,vithin the ac¡lifi:r

r'r'itlt a sperifiecl tniuintutu lcliability. In thc CCP rnocle;l. the authors ¿ìssunìe that tlu:

pollut:rrit c:ouccntr¿rtiott at zr cireckpoirrt is ¿i futrctiou of thc uncct't¿riu i>zrla,tnetels, iurcl

is rtot'tttaÌÌ1' clistlibutr:cl. Tlxr urocicl is clernorrstr'¿rte<l fol hvpothctical stca<l1. sl,¿rt<: ¿lu<l

tlnnsi<lrl st<tc'h¿isti<' a<1uif<ti' r'r:rrlarn¿rtiou rl<tsigri.

\Àiagncl arttl Got'rtlick (1989) folnltilatc a, stor:hasti(' ul¿uì¿ìgourcut uio<lcl. r'<rltn'crl to

¿ìs ¿ì lllllh,i1>1t: r'r:aliz;rti<-¡tt tttorlcl. fot' ¿ur arluiftl lcnuuli¿rl,ioll svs1,r:nr r,vi1,ll srlvtr'¿tl lcr'1a-

llì¿ìtiou tvi:lls. To itttltt'rtrto thc t't:lialrilitl' of tlir: sohrtious. thc nlrltiltlc r'<:¿rliz¿il,irlrr uutrk:l

ittt:t>r'ltolatt:s ¿t tuuttb<:t rlf possil;lc s<rc:u¿rliits of't1u: st<>ch¿lsti<' hv<1t.,,rtt,' r:riurhu'tivitv ficl<1

itl n sittgl<t optirtiizatiolt ttiodcl. Tirc ¿ruthi.rls oltsr:r'rre th¿rt thc: cornltrltatiorr¿rl trce<ls a,rrfl

tittttl lttquirt:rttcllts ìilllit thcl appliczrtiou of th<:il rno<lel to 30 hy<h'a,uli<r r:onr|lctivitv t.o¿ìl-

iz¿rtious fbl a hvl>othc:tic:¿rl cxaurple. In gcnela,l, this <roulcl be ¿r r,vcalçru:ss of thc irr':rctical

aPplicirtiort of thc; lu.rltiple le¿rliz¿rtiou rnocletl sin<:c-: ¿r la,r'ge uurnl>el of vectols of input

inftllnatiolt rnav bc rctquirecl to aclequatcly <:halactel'ize the unceltzr,inty i¡ thcl inputs.

Furthernole, theil rnoclei cloes not inclicate how tr'¿rcie-off relationships betr,veen man-

agernent clecisions ancl leliability coulcl be obtained. However, environmental quality

planners and managels often need such trade-off relationships for clecision rnaking.

lVlorgan et al. (1993) develop a Mixecl-Integer-Chance-Constrainecl plogramming

(MICCP) nroclel for iucolporating the unceltainty in all the LP constraint coefficients

in a grouudwater remediation problem. The approach is similar to the multiple realiza-

tion method of lVagner and Gorelick (1989), except that it allows some realizations to

be violated ancl solutions for estimatecl reliability levels less 100% to be obtained, hence

increasing tlte computational complexity. It uses Monte Carlo simulation to include the

uncertainty in the magnitude and the spatial clistribution of the hyclraulic conductivity
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field' The authols use ¿ì, solution technique which allolvs a, celt¿rin proJto¡tion of the to-

ta,l rlurnbct' of N4orrtt: C¿rr'lo silnul¿rtions to f¿ril. Thc ploltoltion of sin¡ilatiorrs allor,vecl to

f¿ril is cottsiclolccl to bc att cstiltr¿rtt: of tilc lisl< of not provicling:rcler¡rzrte r.cr¡erliatio¡ cic-

trisiotts. Thc \4ICCP rttoclt:i is cicutonstr'¿rt<:<l for' :r hvpotireticai ac1¡ifcr.¿r¡cl s¡ou,¡ to ltc:

r'¿llablc of ittr'ot'l><lt'al,ilg ttrt<'t:r't¿rirtticts irt both tlxt Light- aucl lcfT-halr<l-si<lc r:<tc:ffìr:icul,s

tlf th<l r:ons1,t'¿l'ittl,s rlf att ttlttitltiz¿t1,iott-lrasr;cl ru¿lnag<:uxlrt utrtrlcl. Ho,uvurrçr.. 1,¡<l a,Jtltr.oar:lr

t't:sttlts itt it la,tg0 rllltirttizal,i<ttt nur<lcl aircl r'<:r1uit'<ls lalgc <:orn1¡itritis¡¿l <r¿r,lt¿r¡it1,,.¡rr11

CPU tilrr<'. Irt tht:il illl1llir:atiou. thr: ¿rrrthols rrs<t oril.y 100 N4clnt<: Car.lo sitnrrl¿rti<;us t,
l't:llrrlscttl tlt<: sto<:lt¿rstir: l11r¡{¡¿11rli<' rrr>u{ur'tir¡it\r. rIu: to t[c lil¡ital,iorr i¡ thg sizc r>f 1,lu:

opl,irnizati<tn tuorlr:1. Th<.t tt'pi<:¿rl uurrritctr. of \,,Iontr: C¿rr.lo sinrul¿rtious l.eclrriled fol nrau1,

lcai lifì: J;r'oblcrns rnä,1 bc in thct thous¿iucls. thus Jtrcclucling tlic us<t of thc tcchli<¡uc itr

its 1>t'<lstlttt fornt f'ol scv<:r'¿ll lcal iifi: cuvilonrn<;nt¿rl rn¿ur¿¡gcrnc¡t sJ¡sto¡rs.

R.ailjitharr et al. (i993) plcscnt a f'eccl-folr,valcl rieulal nctr,volk a,ppro:rcrh for.sclc:<rti¡g

¿t fer-,v irrrpc>r'ta,nt screriarios ol le¿l,liz¿r,tions of l,hc sp:rtial hych.aulic conclucrtivitr, ficlcl to

inclucle in the 1VIICCP moclel developecl by Nlorgan et al (1gg3). The goal of the

¿ruthot's is to recluce the computation¿rl effort requii'eci to solve the MICCP rnoclel.

Tire þdlaulic concluctivity values at each gricl of a cliscretizecl hvpothetical zrcluifer

ancl the spatial Ineân and stanclald deviation of the log-hyclraulic concluctivity of a

given realization are usecl as inputs of one training example for the neural netwo¡k.

The output, or target, is the total pumping rate requirecl by the optimal punpi¡g

strategy for this realization. Thus, the total purnping rate for a given realization is

used as a surrogate for its level of importance in the MICCP moclel. Starti¡g with

100 unscreened realizations, the authors select 25 important realizations ancl clevelop a

trade-off curve between pumping cost ancl retiability level for reliability vaiues greatei'
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than 80%. The results sltor,v that tile neural nct¡,vor'l< applozrch is cornputationally rnole:

cfficir:nt thau the solution methorl used b1, \4olgan <:t al. (1gg3). Cornpar.ecl rvith th<r

oligirrarl I\'IICCP rno<iel t'esults. thcl tr'¿rd+off cuLve fol Ranjitha,rr <:t ai. (1gg3) is ¿rcrc:'r.¿rtc:

{rnly f¡t a,ltJrroxirrr:rte r'<:li¿rltility lcvcls gleatcl th¿rn 92%.

R,cr:c:tltlv. R,itzttl ttt al. (1994) zrpJriic<l zr g-cut:ticr nlgolithrn (GA) to solvc,'¿r, hypothct-

ii,al slor:lt¿tstic'gt'otttl<lu'¿t,tttt'<'outa,iunrcut Jl'oblcrrr a<lalrtc<1 fì'onr Nlolgau ct al (1g93).

Thc GA is cssr:rrti¿il11, ¿¡ "1'.11','h 1c<,hlrirlu<t. str.ur:1,rrr.ctl ¿rfi<tl thc Ìriol<tgi<,irl ltr.o<:<tssi:s of

Ital,ttt'¿tl s<llrxrliotl auri tlvr>ltttiol. fol s<>lviug <llttinrizal,irtu 1;t'r>ltlcurs. Thc arrl,lu¡.s ¡s()

sc:r,t:t'¿ìl CIA tt:<rhnicltt<ts to olt1,¿liu tlarli>off r'cl¿rtiolships ltctr,vc<:ri lr;lial>ili1,r¡ ¿uì(l r,ost of

1,ht: ltl'clt'¿itlli<, 1'¡;¡1¡¿luurertt itloblcrn. Thcy conìp¿ìr'o 1,itc r'<rsuhs obt¿rinccl r,vitil thosc of

tlic N'IICCP s<.rlution ¿'¡ttcl obsr:r've th¿rt oue of the GA tc<:lrniclu<rs. thc P¿ir.eto GA, rica,r.ly

t'e1>r'otluccs ther tr'¿r<lçoff <:utvc fi'olr thc N,IICCP rnethocl. The flexibilitv of thr: GA

tecltltic¡re irr tlllor,ving fol fixecl c:osts, nollline¿uities. ¿rnci clis<:ontiluritir-:s i¡ t¡c optirniz¿-

tiort rnoclel is clernonstlated ancl cliscussecl. Holvever', the CPU time ¡cc¡.iil.ement f'or.

the GA techrrique does not inclicate a highel cronputational efüciency than the NIICCp

apploach fol the czrse stucly dernonstlated by the authors, ancl the capabilitv of the GA

to be implementecl on a parallel computer shoulcl be exprorecl.

2"5 seasonal water quality management models

Traditionally, waste discharge management pi'oglams have been clesignecl using con-

stant design conditions for the entire year. These programs, referrecl to as non-seasonal

programs' use some annual critical or 'near-critical' low flow, temperature, ancl other

backgrouncl water quality conditions as input clata for the rnanagement moclel. The
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design flo,,v contmoulv usecl is the anntial 7Q10 ol a sinil¿rr.statistic. Thc annu¿rl 7e10

is the 7-cIay aruag<lrl lor,i' flolv which has a lctuLn ¡reliocl of 10 Kì¿¡'s. T¡is irnpli.s

th¿rt. Íf ¿rli othel inprrt irtfolrn¿rtiol is assurnccl to bc celt¿rin, then the clesignecl nì¿ì,rì¿ìg.-

tttcttt stl'¿rtcgv lläsccl ott tltc 7(110 lor,v flo,,v has ¿r 10% plobzrbilitv of a.t le¿rst o'c r,v¿lt.r.

rlrtälitv vi<>l¿tiolt cr¡cttt itt itttl' 1.1¡¿¡1'. Tvpir'al dcsign 1,orni;r:r':ttulr¡s in<'ludc the high<tst

l,<lur1t<:r'iltiu'o ou lrx'rtr'<1. th<t high<ts1; rnonthly ¿ìvct.¿ì,go 1,<:rn1;<tr.a,tulc. thc gOth 
ltcr.<,outii<l

l'¿lÌiltl <lf th<: r'<l<'olrltlcl l,tlttillttt'it,ttu'o. oI' soln<: otlx:r' lilo,jru;1,<:ri rvr¡r.sç-<:¿rs<t si1,rr¿ti¡¡. Th.

rll,ht:t'l>:tc:kgt'otrttrl r,r¡att:t'r¡raiil'i, <'ourlitir>ls ¿rlr: ofTcu t'c1>r'csçutc(l Ì)1, ¡;¡¡1111, trlti<,al (ç.g..

itr,tltiigc) ¿nuil¿rl rr¿rlucrs rlf uori-Jroint sour,<,c Trollution r:<utr.ilxrtiorrs.

Tltc:r'c lt¿ts btlt:rl ¿l ltt<:crtt rlrovo to clcsigl se¿ìsol.¿ìl r,v¿rstc disc:hnr.gc itr.¡gr.z¡'s t¡at
utilizc 1,hc sc¿rs..ä,i <ùang.s il strc¿rrn assirnil¿rtivc r:üp¿¡¡'i¡y ¿rrr<l ¿rchic:vc ¡,r¡¿ltcL qunlitl,

¿l,t clccr'<:¿rsr:cl sor:i¿rl ¿i,rrcl cr:onolrric: c:ost of pollution <rontr.ol. For. <:xamJtlc, in spr.ing

lvlten flor,vs ¿iIc: irigh artcl tcrnpellatulr:s a.ncl clcr:ily ra,tc:s ¿ilc: lor,v. rnost rron-i<:e <rorrcL.rl

stt'c-:¿lrrrs h¿rve thc c:zrpacity to ¿tssirnilate ri lalgeÏ amount of BOD r,va,ste than thcy clo

in sumrlrcr months when flows are low and ternperatules are high. Designing clifferent

w¿rste removal levels f'or the clifl'erent seasons generally results i¡ ¡igher total waste

clischarge and lowel waste tt'e¿rtment costs than those that result uncler non-seasonal

r,vaste discharge programs.

O'Neil (1980) uses an LP model to cleterrnine the optimal clischarge policy fo¡ a

hypothetical seasonal TDP management strategy for BOD clischarges on the Lower Fox

River in Wisconsin. A TDP pr-ogram assigns a specifiecl amount of waste clischarge as

a right to each polluter and allows sales or leasing of these rights among polluters. The

results indicate that, for a stream DO stanclard of 6.2 ïng/t, cost savings of approxi-

mately $23 million could be achievecl by using the seasonal TDP program instead of a
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tìolì-sc'åìson¿Il UT policlr. He uses four se¿rsons all(l three sccnalios of clcsign flo'uv ancl

tcttrpera,tut'r: cotrtltitr¿rtiotts. I{c cibsclvcs that as the nunlbcl of sc¿rsrlrs irrcleases. the

<lcsign of the lt¿ì,tì.¿ìgetneut stlzrtr:gv i-lclcoln<-:s til.ot'o (;oull>lex. Ulrc'lcl such situ¿rtions. thc

¿rltrtittistt'¿rtir¡tt <:<tsts of pollution <:ontrol rrray ilclczrse. u'hiict thc lcli¿lltilitv ol'lncrrtinp'

¿ì w¿ltor' <luality goal Ìtr:r'onrcs lcss 1>r'<tdi<'tablc.

Bolltlt'¿ttl<l Fttt'l¿ttr<l (1982) lÌsc ¿ì so¿le¡ttal clisr'þ¿ìt'gc tr)t'og-l¿ì,iu t1l s1,u<h, l,lu: r¡¿r¡¿rg<t-

ttltltll, of ßOD. ttitt'ogt:ttoits w¿ìstos. a,u<l tlul'rual <lis<,halgcs itr a stlctr:h rtf l,lur Cha1,t¿r-

ltoor'llr:<t Rivttl tlc¿tt' tlur Citr' of Atla¡ta. This st¡ri_r' s|o$'s t,Ia1, srrìts1,¿ru1,i¿tl r'rtst sarriugs

ov{)l ¿ì lLolL-so¿ìsoìtztl 1tt'<tgt:uu cotrlrl Ìrt: ¿r<:hicr<:rl lty 1i¡ill2iug 1,lut ilyn¿i,rni<' ¿rssiuril¿rtir¡c

(:¿rp¿ìcity of thtt Lirrttt. About I3%, c¡f thc tot¿ll ye¿ìr'-t'o1nl(1 rritlifi<:atiou ¿rurl sccotÌ(L¿ìt'\¡

i,r'e¿¡t,rritrttt cost. 10% of tirc l,otzrl capit¿rl <:ost. ttrltl 23(l/a of thc rrscr'-<riral'gc (:ost (i.o.,

cxp:rnsictrr r'ktlrt s<tlvi<:c: alrrl covcl¿ìgo fol lo<r¿rl <:zr1>ital (ìosts; an<l al1 ¿lrl<litiori¿l,l ollct.atioir

¿ui<l ltt¿rirf,otì¿tlì(ro costs) coiilrl br: s¿rv<;d if ¿r seasorräl 1tr'<tglarlr is irrrltk:rn<:ntecl iuste¿icl ctf

¿r non-seasonal ortc.

Lence (1985) clevelops rnethocls of analysis and assessrnent f'or Dynamic TDP pro-

grams. Sire iclentifìes three TDP progrants capable of exploiting varying watel qualitv

coirclitions for the control of BOD waste. These progrânts ale Seasorral Static, Dv-

namic Feedforlvard, and Dynamic Feedback Permits. Seasonal Static Pelmits allo¡,v a

coustant rate of clischarge cluring a time period in the year clesignated as a 'season'.

Dynarrric Feedforward Permits index the allowable discharge to observed stream condi-

tions (e.g., flow ancl temperature) while the Dynamic Feedback Permits relate allowable

discharge to the official water quality indicators which influence ancl are influenced by

the pollutants (e.g., the available DO in streams). She raises questions regalding the

combination of possible policy choices that would yield the highest cost efficiency, e.g.,
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the tv¡re of contt'ol ntechanistn. ancl the loc¿rtion of rnonitoring clevices (strezrrrr gaugcs

oI DO utctt;l's) tÌia,t lvotilcl ploclucc the nrost effìcient ancl leli¿l,ble DO co'tt.ol s\¡stenl.

i{ilgole (1985) ¿itrcl Ehcat't el; ¿r1. (1987) shor,r, thal, a tu¡o-season TDp pr.ogr.¿1¡ì

trr>ulcl a,<'hicv<l ¿t r'<lst si'Lvings of tr¡r t,o 30% ovol' ¿ì tìorì-se¿ìsou TDP pt.ogta't for' thc

\Äiillarrtr:ttrl Rivrlr'itt Ot'<tgott. TÌlcy inrlicatc th¿rt thcl ltotcntial r'ost sarrings ¡ì¿ìv rlcpc'rl

ott l,htl sclt,tt:1iott tlf stl¿tsr)tts ¿tu<l thc (:ot'r'csl)ou(ling <hrlatiorrs. Tþç1, siror,i; th¿rt irrr 6J;tir¡al

slllìllllol'so¿ìsolì tltlt'¿r1,iolt lilt ,,rtlii<:h l)I'ogtâln (:ost ¿ì,Ì)J)L'o¿tt'ircs ¿t rrtiuilnrtnt (ràn l)(ì fitriir<Ì.

Although 1,il<lt't: is tto clislttrl,c ¿rlr<-lut 1,hc si.rltr:r'iol r:os1 r:flir,i<¡r<,1, 1;f s<r¿ìsgu¿r,l 1y¿sl<r

tìl¿.tl]'¿ìg()uXltttilt'ogt.itllìS(;OllìJ)¿ì'I.tl<ltrllr<ltt-s<;¿istlll¿r]ottcs.th<:r't)¿ì'l.()(ì()lì(ì()l.itst'r:1¿rttltl

¿lc(Ìtlt¿tc)/ of thc c:ornirutecl ploìtabilitl' <tf lv¿rtcl cluzrlitv r¡iol¿rtiolt. tlle iu<,r.caseci ¿rrnount of

inf'olm¿rtion lcrluilerrrc:nts. th<: ¿rcinlinistlativ<: r:ornJrlcxil,y. a,nrl thc c>pcr.ationzrl <liffi<lrlty

of tltcs<: pl'ogl'¿lllìs. Nortctltclcss. it ltas been iuguccl that t¡e sig¡ifi<:ant <rost s:rvi'gs

fi'orrr these seasonal ptogt'atììs i,voul<i,justifv c,orrtiur<:c1 iuv<lstigation <lf this rnanagrlurent

erpproacli (Kilgole. 1g8b; Lcnce, 1g8b; ¿l,ncl Ehear.t ct ¿r1., 1gg7).

The basis fot' comparison betr,vcen the seasonal ancl non-seasonal programs is onlv

valicl if the risk of water quality violatiolr is the same for both types of progra'rs. The

acclaimed cost efficient seasonal moclels allow a larger waste clischarge into the stream

and therefol'e are more likelv to cause a violation of the water quality stanclarcl or goal.

Risk of r,vatet' quality violation, or celtainty of moclel outcome, is one of the concerns

about seasonal waste management prograrns that cannot be quantifiecl in monetary

terms. Risk Equivalent Seasonal Programs have therefore been clevelopecl for time

varying progrâms (Rossman, 1989). These progrâms refer to risk as the probability of

incurring a water quality violation, and are clesignecl to maintain the same risk ancl
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levcl of r,v¿l,ter rlualitv stanclalcl as tlon-seasonal progf¿ìtns.

Rossttt¿ut (1989) pt'esr:ttts ¿t r,v¿rste clischzu'ge ploglarn tha,t v¿rlics rvith thc n¿itnr.¿rl

assirnil¿rtivct c:apzrcity <tf the lccrciving livclr. ltocly ¿rrlr1 rnaintairrs thc sarnr: r.isk of r,v¿rtcl

cltrzrlitl' r¡iol¿rtit>rt ¿ìs tìoll-sc¿ìsottal r,v¿r,tcl qualitv nl¿ì,Iì.¿tgcuìent ltloglzrnls for a sirrgl<t rlis-

r'ha,r'gci <'¿lsr:. FIe ricfiucs tish ¿rs the ltloltability of in<:11¡1.i11g ouo or.nrolt: w¿r,tcr.r¡ralil,1,

r¡itll¿i1,iotts in a giv<ltt \'c¿rt'. ¿ltul usos ¿ln NLP ruorlcl to fìncl thc sc¿rson:il riisr'halgc lirrrits

l,lta,1, ulitrinuzc tol,al cos1, r,vliilc kccl>iug ¿ìu ?ìcccl)l,¿ililct r.isl< of r,r,¿ll,cì. rlrralitv rriolatir¡u.

Tlic utorlcl is a1>i>li<ttl 1,o r,outlollirrg aururouia 1oxir,i1,t'. ßOD. clilor.iuc. aircl lr:ncl cfflur:lrl,s

itr 1.h<; ()rrilliJ>ia<, R.ivcl il Colulctc,l,i<r¡1 ,¡1r,i 1,ht: Uu<'orn¡rairgr'<: Iì.iwtr. iu Cr>Ìor.arkr. hr

botlt livttt b¿tsitls it, is clcut<tttstt'¿rtccl th¿rt the; r'isl<-ba.sr:rl r,v¿rstcl kr¿rrl ¿rlloc¿tl,i<tn is nul.c

t'os1, cffi<licttt tha,tt tltc cxistitig placl,icc (i.cr..:i tìon-so¿ìsorrzr,l ntauzlgcrn<nt 1tr'ogr.anr) fol

tlt¿rt syst<;rn.

Ti,vo Risk Eqriivaleut Season¿ll lVastc Dis<:halgc Plograrns fbl livel basins r,vith scv-

<:r¿rl clischal'get's are dcvelopecl by Lence et al. (1990). Thev aclopt the clefìnition of r.isk

florn Rossrnan (1989). Thet tr,vo management programs have objectives of minirnizing

âver¿ìge unifoltn treatment ancl maximizing total waste clischarge. BOD waste mânage-

nent for the Willamette River in Oregon is used fol a caser stucly, ancl it is clemonstratecl

that both seasonal progt'ams have significant cost savings comparecl with a non-seasonal

[rodel with the same risk of ',vater quality violation. The authors investigate effects on

the total waste treatment cost due to (1) the summeï season length f'or a two-season

plogram and (2) the DO standard. They show that the optimal lengtli of the summer

season ranges from tr,vo to five months depending on the water quality goal. Although

a high cost efficiency is demonstrated for the Risk Equivalent seasonal programs, the

authors express concern about a possible increase in environmental clamage relative to
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the cot't'csponcling lloll-se¿ìsonal pt'ogreun. ¿rncl suggest th¿rt fìrtlr'<; rcsearch be clirectecl

tor,v¿rt'ds dcvt:lopitrg rÌe\,v nrc¿ìslu'cs that ¿rcr;ourrt fol cnrrilonrncnt¿rl clarnzrgc.

TltcÌr: is still solllo J)cssittisnt about the pelfor'ilt¿ìnce of tfic Risk trc¡rivalcnt Sc¿l-

sou¿t,l Pl<lglziltts bct<'¿ttts<: of s¡>:rls<: ol sholt histolical rva,t<:r'qriality i¡i>rrt iirfit¡utati'r

fol rrr¿,u' r'irrcl l>¿rsius. sc¿ison¿ll 1l'ogr'zrrns ¿ìr'o gorìol¿ìlh, 1¡r,1.., c.rn1;lex irrrrl r..<1uir.o 
'ìor.o

iltftllttlatioti l,ltatl llott-so¿ìs()ttetl 1>t'ogt':rnrs. Rrl c:rzrtnl>lc. lir|i|r -\/o¿ì,t'-to¡rì(l ßOD ,o¡¿ìstr:

tlisr:ltatgtl l)l'og-l¿ìlÌìs tis<: clttsigtt flrl'uvs fi'our k,lr,v fklrv rioâs()us atrrlri<tsigu t<1¡1lu¡atr¡.cs li.,¡r

slllllllì(ll . stl¿istltl¿tl ttl{ltlcls ttrlc<l rl<:sig-tt infolrrr¿rti<trr fot ¿i1l sc¿tsorrs of llrr: \,r:¿rr.. S<lrur o{'

this <l<:sigu ittlilt'tu¿t1,iolt is cil,ltr:t' ttuarr¿il¿rltl<: ol ruu'r:lialrlcl fbr' <r<t¡ta,i¡ p<t¡iorls 9l't¡c y.¿'.

(c:.g.. r'viuttlr'lo¡,v floi,vs). Tltcr'<:fotc. thclcr is a highc:r'icrrt:l of ¡rr<:g¡t¿¡irúy i¡ t,lur i¡1¡rt iu-

f{)t'tn¿il,iOu fot se¿rsort¿il 1;rogt'zitrts 1,halr fbl Lon-so¿ìson¿rl oncs. N4oclcl o¡t1t¡t ¡u<r<t¡t¡,int1r

is ¿rÌsrl clxpc:ctcd to bc hig-hcl fbl th<; folrucr'. Ît ci¿rtc. tio lvo¡k |as cxpli<,itly a<rcrop¡tr:cl

ftrl tru<r<,:t't¿tintv ilt thc irrllrt irtfot'nt¿rtion <luc to lirrritccl hisl,olic¿ri rucor.<i fol th<t rl<lsiqu

of risk cclrlivzrktnt sc-t¿rsonai lv¿rste ilì¿ìll¿1,Éìenlont ¡rrogla,rns.

Lence ¿.mcl T¿rkyi (1992) appiy a rnodifiecl regionalizecl sensitivitv analysis (RSA) foL

assessing the eff'ect of unreliable stream lecorcls on the clesign of ¿r seasonal UT pr.o-

grâm that controls BOD clischarges into the Willamette River. They co¡sicler flow ¿r'cl

temperature in wintel and summeÌ as the uncertain input infolnlation. The RSA is con-

ducted for waste mânagement scenarios that have clifferent season length combinations

and DO goals' Their lesults indicate that the clesign of the seasonal prograûi for the

case study is genelally more sensitive to uncertainty in summer flow ancl temperature

clata than to uncertainty in winter data. They also show that clownstream flow clata

are more important than upstrearn clata in low-flor,v periocls. The autllors further show

that the degree to whicli uncertain stream conditions affect the seasonal management
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rnoclel outcoïìe clepencls on the r,vatel qualitv goals of thc gove¡ning ¿gency a'cl th<

lcngths <tf the sc¿ìsons etx¿uninccl.
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Chapten 3

&/fultipåe Real iøa¡tåos} (V{R) Vfode}

fon Water Quality Vlanagerm.ent

3.1 ïntroduction

This chaptet' presents an irnplovecl SiOP approarch, the lViultiple Realization (MR)

modelling tnethod, that may be usecl to clelive efficient solutions ancl accur.ate cost-

reliability trade-off relationships for a water quality na¡âgement moclel. Unlike the

traditional SIOP approach which obtains solutions of a rnanagernent moclel basecl o'
single realizations of stream conditions, the NIR methocl incorporates several 

'ealizations
simultaneously in an overall management rnodel in orcler to procluce efficient solutions.

The solution approach fol the MR rnoclel begins by solving a single optirnization

model which incorporates all the realizations of background stream conclitions that

are used to represent the stochastic water quality system. Thus, the fir'st solution

corresponds to a reliability level of one. To solve the MR moclel at the next lower
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lcliabilitv level. one of thc t'e¿rliz¿rtions incluclecl in the optirnization moclel is clropJtecl

ancl til<l optirnization trioclcl is sohrecl again. This process r:o¡tinucs successivcly ri¡til

thc etltit'e tt'¿rdc-ofl lcla,tiolrship is olrtaiuecl. Tile s<:t <tf le¿lliz¿rtio¡s iuc<tr.¡ror.¿rtc<l irr

tht: optituiz¿ltiolt utoclcl to olltain cffici<-;nt solutious zrl, givr,.u lcliabilitv lcvr:ls r:¿¡,rlrot

Ìlc sclltlr,l,tlrl al. t'¿rrtrktlu. Itt gcu<u'nl. ¿r1 c¿l<rh stiigc of tlur soiuti<>¡ i)t.o(Ìcss. t[c sc]c¡t<rrl

to¿ilizal,itltts ttttrsl, Ìtt: <:hrtst:rt itt ot'clct'to oltt¿riu tlut ltcsl ¡Ìtj<;¡l,iy¡ fìrur:1,iou v¿r,lug a¡tl t¡<:

iriglurst lr:liabilitir lt:r'.Ì of thc oru'¿rll ruo<l<:l solution.

Iil this trll¿tP1,ct. thc lictri'is1,i<, plr,r<rcrhuc l>r' 1\,'lot'g:rrr ct ¿rl. (igg3) fi¡.olrtaiuirrg

tlt<: t'caliz¿ttiolls 1,o itt<'lucl<: itt 1,lu: \,IR lno<ir:l ¿r,1 r:¿rr:h lclial>ility krvcl is pr.r:scrr1,<r<l iirirl

<kunousl,r'atcrtl fbt' 1,lul ctxn,tni>ltt sur.f¿r<r<: r,v¿rtct' c¡ralitl' ul¿ur¿ì,gouteut ltloltlcnl lt¿lsr:rl on 1,h<:

\'\/illarncltt<t Rivttt'. Ftrttheltttt>r'c. ¿i nuuibcl of apploar'hcs fbl sclccti¡g t¡r: appr.opr.iato

t'c¿riiz¿ttiotts ¿tt ¿t givr:tt stzrge <lf tht: soiutiott proccss for' ¿i rnininiz¿rtiou 1t¡oblcr¡ ¡:rv<t

Ì>cetl clcveloperl in this rcs<,:¿ìtr:h r,volk. Thosc ap¡l'orrchcs inchlclc: (1) a¡ algor.it¡r'

th¿l,t sclects a pl'opor'1,ion of the total numbel of le¿rlizatio¡s wit¡ the hig¡est ob jc;ctivc

f'unction values based ort the tlaclitional SIOP solution; (2) an algorithm that selects ¿r

srnall nurnber of the most critical lealizations at each checkpoint; ancl (3) an algo.ithrrr

that selects the ì[rportant realizations based on the genelalization capability of a fêecl-

forwald neulal network.

The MR approach for water quality management utilizes the incliviclual stlengths

of iVionte Carlo simulation and optimtza|ion rnoclelling. In an NIR rnoclel, iVlonte Carlo

sirnulation rnay easily be usecl to replesent the statistical nature of complex equations

or mathematical folmulations in describing stochastic water quality systems. Thus,

the Monte Carlo simulation normally permits â more cletaileci ancl realistic represen-

tation of the physical characteristics, background information, ancl the objectives of a
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\,vatel'quality m¿ìn¿ì,genlent system th¿rn th¿rt allo,,vecl bv o¡;tirnization noclels. On the

othct' hzrncl, thlough thc chral vari¿rbles ¿lncl sr:nsitivity ¿rnalysis, optirniz¿rtiou rn6clcls

rnzw plovi<le irnpoltitnt inf'olnr¿ttion about thc: phvsic¿rl r.ivcr. systcrn, thc r,v¿iter. c¡ralit.1,

Iu¿ìn¿ìgcnrcnt <tb,jcrtivcs. ¿urcl thc ¿tlterln¿rtive efficicnt r,v¿rys Ì>1, rvhic:h rlcsir.ecl obicctivcs

r'¿t,u Ìtr: a,ciri<lvc<1.

Tht: ttt:rt st:t'tirttt ilt't,'st:rits a gcn<:r'ir,l forrnul¿rtiolt <tf a lt¿rsir' clctcr.rrriuisti<r u¡¿ìt(ìt.r1rralit,r,

lìl¿ìll¡ìgollì(lttt tltorlcll. r,rilrir:h is ttse<1 lal,ct iu 1,his <'ha1>tcr'1o <fttr¡çl6p tli¡ \dR tu¡<lc:1. 'llutu.

<rxiunPlr:s of uori-iufr:r'ior lc¿iÌizations. that ¿rrc r.r:s1>ousibkr for. iru:fficicrrt solutious fr.olrr

1hc tlatlitiorral SIOP a1r1tt'oir<:h. ¡lr'o (lcrìLolstr'¿rtcr1. 'Ihc lr:st, of'thc <:¡ui;l,<:r.girrt:s rt

gc;tt<:t'al N4R, rlloiltll fllt'utrl¿rtittlt. lvltit;lt ovcr'(ìotnc)s th<r <h'¿u,vl;¿rclçs of thc tr.¿rrlitioll¿rl SIOp

a'llplozrclt. r'vh<:n ltott-inftltiot' t'tlaliz¿rtions of l;ackgr'<tirn<1 strc¿rur r,ouclitio¡s ¿ì,t.e pt.cscrìt,

fbt' :r givetl uÌ¿ìn¿ìgent<:rtt systern. The heuristi<: N4R, uroclel soiutiori zrpp¡o:rch cluc t.
i\4organ et ai. (1993) is ¿rlso givel ¿rncl <leruromstr.a,tccl for. BoD r,vastc:lo¿rcl allor:a.tiou

l>asecl on ¿ìlt clx¿rrnpie livet' lt¿rsiu.

3.2 General formulation for a water quatity man-

agement model

Traditionally, water qr-rality management problems have normally been representecl

mathematically as optimization inoclels that minirnize T,otal waste treatment cost of

point source polluters or a surrogate of this cost subject to constraints that ensure ac-

ceptable quality ievel of the receiving river. In some cases, other objectives, such as

equity, are included in the model in the form of constraints that limit these objectives
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to ¿rr:ccptable values. The o¡;tirnization moclel fornrulation has tvpicallv taken the f'or.rn:

rnin /(X) (3 1)

sub,jc<:t to

\(x)

r(x)

X

X

lvh<:r'r:

X : t¡cr:tot' of rlec:isiott rrali¿rbles fol r,v¿rtel c1u:rlitv rnarragernc:rit.

(c.g., thc r¡cctot' of pcr'<rctttzrgu r,vastrt lcrnov¿ll letvcls b1,

point sollt'cc 1;olhiter.s) ;

,f O : ob.jer:tivc function (c,:.g.. thc cost fïrrrctiorr f'or r,vaste

troatrnent f'ol all polluters);

A( ) : rnatlix of functions that characterize water quality

improvement along the river;

t : vector of minimum allowable water quality improvernent

along the river';

r( ) : vector of secondary objective functions (e.g., equity);

q : vector of upper limits on the secondary objective functions;

h¡ : vector of upper- limits on the decision variables; ancl

v/¡ç : vector of lower limits on the decision variabies.

(3 2)

(3 3)

(3 .l)

(.3 5)
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Genet'allv, ./(X) is ¿t, tlottlitre¿rl cost fìlnction of the pollution ¿rbatement clecisions X.

Holvt:vtlr'. this fiiuctiott is ofÏctt appt'ctxitrtzrtcxl lty zr piccr:r,vise li¡ear co¡vex rclzrtionshil;

fot w¿rstc l'crrrova,l lcv<:ls a,ltctv<¡ ¡tlinrzrr.y l,rcaturent efficieucry. A(X) r.c:¡tlc:sents the fhlt<:_

tiorrs 1,h¿lt t'clate pollution ¿lÌ>¿rtcrttetit clcrcisious to w¿rtel qrralitv irrrpr.ovrtr¡ents ¿lo¡g th.

stt'<:a,rrt. Tht: rtt¿rtlix A is oltt¿titlccl. ot' <lcvclo1lccl. b¿isr:<l otr a ltolhit¿¡tt tr'¿i,¡sit6r.t sír'-

trlal.ioll urtttl<tl. 1t<tlhi1,aul, ch¿rr'¿rt:1,ur.istir:s ¿¡1¡l rlisrùalgc r.¿ltcs. ¿ì,n(l ¿ì givcu scl of rlr:sigu

stt'rl¿t.ltt rrtllttlil,itltls sur'lt ¿ts lolv I-lor.v. stx:¿ìnr rr<:lr>cìtlr. stlcarrr lcurl;<tr'¿i,trrr.c. t.c¿ir:tion r,¿rtcs.

atul llt<: ì>ackglorur<1 rval,<:r' r¡ralit1, incklx. Thr: elern<llts <tf tlu: r<:r:tor. A(X) lu¿ù, Ìrc liu_

o¿ìr of rt<tnliuc¿ll ivith r<;sJtct<rl, 1,o 1,h<: tìt¿ln¿lg(ìlltcut <lr:<,isious. rlctlt<;uclitìg ()n thc 1>olhrtant

sitttulatiorl utorlcll tts<:<1. F<ll siirtulatiorr nlc><lcls that alc linca,r, .,vith r.ctsllct<,t to tr>ollu-

l,icltt trt¿rtt¿Ìgettlcnt <lccisiotls (c.g.. tlx: Stlcetcr-Phcl1>s r:c¡r1¿,tio¡ or. t¡c Car¡p-Dobl;i's

uroclific:¿rtiott of tltc Stt'cctcr.Phelps BOD-DO rnorlcl). tlic clclr¡clnts of th<: in¿rtr.ix A

¿rlc croust¿rrrts tli¿rt tvpiczrlly r.<;pr.cscnt thc iurpzt<:t or tr.¿rusf'et. <:ocffì<ricn1,s oltt¿rinccl ]¡,

sirnulatiDg the watel' c¡rzrlitf irnplovernent eriong thc rive¡ pe¡ uuit c;hange i' eacli 
't¿'t-

u,rgcmertt clecision f'or a giveri set of design stLeam backglouncl conclitions. The elernents

of b are ¿rlso calctrlatecl basecl on the backgrouncl conclitions, the pollutant tra'sport

rnodel, and the watel quality standard. Equati,on 3.2, ofte¡ known as the water qualitv

constraint set, ensuÌes that acceptable water quality levels are rnaintainecl alo'g the

river' The set of constraints representeclby Equati,on3.S lirnit the other objectivcs of

the model such as equity to pre-assigned values. Equati,ons 3.4 and 3.b constrain the

management clecisions to lie within maximum ancl minirnum limits, respectively.

Type II uncertainty in the general water quality mânâgement moclel Eq,uat¿ons B.I

- 3.5 is in (1) the coefficients of the objective (cost) function, (2) the coefficients of the

elements of the matrix A, and (3) the vector b. Most stuclies attempt to incorporate
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ottlv the uncert¿rinties in A arlcl b. For the tr'¿rciition¿Ll SIOP rnoclel. c¿rch le¿rliz¿rtion of

stlc¿lur. colrclitions r,ornpliscts of zr uuic¡ro sct of A ¿rnrt b.

It is ofien diffìcult to knor.v ol expless tlie ¡llefillt:rlccs of de<rision rna,ker.s for wa,tcr.

qualitt'ob.jcctiwts. th<ttr:fìl'c tla<ieoft'r'e:lationships ¿ì,nìong r,v¿rtc:r'quality go:rls arc uor-

nr¿rlly gcn<l'irl,r:<1 to sirnltlifv thc 1¿rsl< of s<:r'ocuirig irotcutial soiutious ¿ru<l selc<:tiug l,h<r

firial J>tllhrl,icltt altatr:tttctil, sl,t'¿ttcg1,. Th<. scr'<:crriug anrl final sckrr:ti6¡ l)l,o(ìoss usr: iufol,-

lìl¿ìti()].].ft.t;tttthtltl'¿l'<lt><lff.t.r:la1.itlllshi1ls.firr.1,htlr'<1<l1.ailt:tl<lt.srlil1tis1.i

sittltil¿t1,itlll. ¿itltl sttll,j<tr'tir¡tr <rvaltt¿ttiolt of thc lcl¿rl,ivc iuìl)ott¿ìtì(:<: of 1,h<r r,v¿rtctr. rlrr¿rlit'

ur.¿ì,1.¿tgouì(:nt olt.jr:r:1 ir¡r:s 1,r.r li<l ¿r<'hir:v<;r1.

3"3 Non-inferior realizations of water quality response

Thcl input data and Pala,rrrctels f<;r rnulti-clischalgcr r,v¿rtel qrr:rlitv rnân¿ìgc¡re¡r sysrenìs

at'c typically spatially clistlibr.rtccl ¿rnci optirnal r,vastc nlanâgernent solutions (cl.g.. th<r

vector of waste lemoval levels) basecl ou two cliffelent iVlo¡te Ca¡lo realizatio¡s of thc

water quality conditions ruay be non-inferior to cach other'. Thus, it uray be impossible

to achieve acceptable watet' cluality levels at all locations along the rnoclellecl strean

uncler both realizations of design conditions, if the optirnal nìanagement solution basecl

on either realization of backgrouncl conciitions is implementecl. On the other hancl, if

the solution to the matlagement model based on Realization A can ensure acceptable

water quality for stream background conclitions representecl by Realization B, but tlie

reverse is not possible, tlien Realization B is said to be inferior to Realization A.

Non-inferior realizations may be common, fol example, if the critical water quality

responses (e.g., the lowest vaiue(s) of the stream DO level) for clifferent realizations of



lv¿ltel' qu¿llity clesigrr conclitions occul at locations th¿Lt a¡e fal' ap¿rt. Diff'cr.<;nt 
'e¿rl-

iz¿rtiorts lnay have rlifft:r'errt ct'itirr¿ll stt'eanr locations th¿rt ¿u'c fai' ap:rlt b<tcr¿¡r¡sg cr.iti.al

<'ornbiti¿rtiotls of tltc cotti¡t<tricrlts of stt'e¿rnr bacrkgr'<tuucl <'onclitiorrs (c.g..lor,v flor,v. str.caur

volocitv' tetttP<;liltut'e, t'ea,<rtion t'tìtcs, ¿lncl thc backgrorurcl r,v¿rtcl quzrlitv irr<lcx) nr¿ìy oc-

<'ttl ttJlstÌtl¿ttti fot r>ltc |c¿t,liz¿rtiorr Ìtut tlolvnstl'c¿t,lll fr>r' ¿lnothr..r' t'caliz¿ttiou. Non-irrfiu.i,r'

itla'lizatirltls of r'v¿ittll r¡ralitv t'ottrlil,ions rnny a,lso o(:clrl if thclc a¡r: ¡uill,i1t|: r:r'itir,¿rl r,v¿ì1,.r

<Ftirlitl' lor:al,iotts f<tr' Ì;<lssiltl<t sttc¿t,ln backglouurl <,olrclitious. hr g<uu1.¿,1. t¡<l llrcst:ri..

<if llott-irrf'cliol't'tl¿ilizatiorls <tf stltl¿t,tu ]>a<:ligr'olutcl (:()n(litious is lsslto¡siltlc frlr.th<: iu-

ad<l<¡rac'1' of tht: 1,t'¿rtlitiorral SIOP a,pJl'oa<'h lbl sto<rhasti<, lnull,i-oJrjç¡tir¡g r,v¿rl,<:r, <1rrali1,_r,

rìl¿ì,u.¿Ì9-our.0llt nrocl<:lling. Thr: poor. per.f'or.nt¿ì,nco itf the tr.aclitional SIOp trppr.orrr,ir urrclr:r.

non-inft:r'iol stlc¿r,rn <:orrriitions is ciur: to thc cliffcr'crrt <:r.iti<r¿rl krc¿rtions that coutlol thc

polhrtion ¿lba,tr:rrrr:nt clcxrisions fbl thcs<r str.c¿lrn c,ouclitiolrs.

Tr,vo ttc-rtt-ittfcl'iol lc¿r,liz¿rtions of r,v¿rtel c¡r:rlitv lesporìscs ¿rr.e illustr'¿rtcc1 using pro¡-

lertrs P1 ¿in<l P2 bclor,v. Here, tlte non-infeliol lv¿rtc-:r' qrlality responses a,r.e usclcl l,cr

represent the constr¿rints in an LC watet'qualitv nrânagement moclel. The hypothetic¿rl

river systern sintulated is clerived from a sirnplifiecl version of ¿rn example rive¡ basin.

This þpotlietical river system has two point soulce waste clischargers ancl three watel

quality checkpoints. The two realizations of water quality response are generatecl usi¡g

iVlonte Carlo sirnulation. The mathematical folrrrulations for Problems Pl ancl P2 are

as follows:

Problem Pl:

min Z" : 9.4Yt + 13.5Y12 + 9.1Y2r + I2.6Y22 (3 6)
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srrb.ject t<t

0.4247X1

0.¿1147Xt-t 0.4056X2

0.6350Xr + 1.3802X2

Xt -Y¡ -Ytz

X2 - \',21 - )zz

Ytt

ï t,¿

a2l

122

> 0.i876

> 0.tL5I7

> 1.3639

: U..fil

: 0.35

< 0.33

< 0.26

< 0.34

< 0.27

(3 7)

(3 8)

(3 e)

(3.10)

(3.11)

(3 12)

(3 13)

(3 14)

(3.15)

Problem P2:

obj<¡ctive fìrnction is the sillìc ¿ìs fbl problem p1 (Er¡'uati,on 3.6)

subject to

0.4373Xt > 0.3374

0.3367X1 +0.3225X2 > 0.4229

0.4465Xr+0.9469X2 > 0.6570

and Er1uati,ons (3.10) through (8.1b)

and all variables are non-negative.

where

Z" : total waste treatment cost (e.g., in $ million);
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\,vastc I'etnov¿ì,I level f'or clischzrr.gcr. ,j (c.g., in %); ancl

r,vastc l'crrrov¿ti for clisch¿llger' l associ¿rtccl ¡,vith tle¿rtrnen1, segnient .7

of tlre picc<twisc linealize<l <:ost fiurction (c.g.. fi%).

Tltt: tzrrtgtl of llossiblc rv¿istc lc:lrtova,l lcv<:ls for'<t¿r<:ir rlisc,här'gg¡ is clivi<lrxl iut¡ 1r.ca1-

rucrrt scgnrcul,s iu olrlcl to apploxirri¿rt<: thc uorrliricar. <:ost frur<;tious rvith ilicc<x.visr:

lirtrrat' r'trl:ttioitsltills. Tlur ol>.jrtcl,ir¡r: fìll<:tir>t. Eqrutti,on (3.6). uriuiurizcs tlu: to1,a,l cosl

of r,v¿istc tr<l¿ltrucul (c.g.. in $ urillion) ¿uul its <:o<lffir,i<ruts a,t.t: 1,lut uli1, c:ost coeffir:ir:nts

¿tsso<:i¿rtecl lvith thc littcat'izccl r,vastc tr'c¿rl,rnclrt segrncrrts of tliç clis¡lizrrg.r.rì .osf (:rr.\/os

(ir.g.. iu $ rnilliou/%). Thr: olil' rliflbr.cu<,<t itct,uvr:en pr'<>bk:nrs p1 arrcì p2 ¿lr.c Eqm,_

t'i,ort,s3.7 - 3.9 arrcl Er1u,ul:i,orls 3.16 - 3.78. Equat'i,or¿s3.7.3.8. ¿rucl 3.g g¡sr1¡6 that r,v¿r1.r,

c¡ialitv st,¿uxlarcls ¿ìr.'e s¿ì1,isfic)<l at, Chc<:k¡roirf,s 1. 2. ¿i,nrl 3. r,csl_rc<:tivcly. b¿rsr:<l ou out:

N4ontc¡ C¿rlio t'c¿rliz¿rtiott of thc r,vatcl c¡.ialitv lesponsc fbr thc fi¡st r.ealiz¿rtio¡. r,vhi¡t

Equat'iþrts 3.16, 3.17. arrd 3.18 elsure zrcceptable w¿rte¡ q¿:rlitv at C¡eckpoirrts 1, 2, .rrci

3, r'espectivelv, f'or'¿r secoucl lcalization. The coefficients fol Eq,uati,onsJ.T - 3.g ancl f'or.

Eq'uat'i,orts 3.16 - 3.18 are basecl on water qualitv responses ge¡eratecl f'or Realizatio's

1 and 2, lespectively, using the pollutant transport equation f'or this river system. The

left hand side coefficients for each of these equations (Equations 3.7 - 3.g ancl 3.16 -

3.18) represent the water quality improvement per pelcentage waste rernoval (e.g., in

mg/ll%) and the right hancl side coefficients represent the minimum watel qualitv im-

provement required (e.g., in rngll) to maintain acceptable water qualiiy stanclarcls f'or

tlre corresponding checkpoint and realization. Equati,ons 3.70 ancl 3.11 clefine the waste

treatment levels for Dischargers 1 and2, respectively, as the surn of the treatment seg-

ments for each of the waste dischargers. These equations also specify a Bb% minimum

xi
v
' x.)

53



level of waste tleatment f'ol'each clischarger. Equati,ons3.l2 ancl 3.13 clefine thc up¡rer.

lirrrits f'ol tl'eatment scgutctnts f'ol Dischalgcr'1.',vhile Eqy,rú,¡ort6 3.14 arr¿ 3.1b clcfi.<:

thoscl fol Disch¿ri'gcr' 2.

Solutiotts fill Plolllc:rns P1 ¿rrrcl P2 alc givcri iu R.or,vs 1 ¿r¡ri 2 of T¿rltlc 3.1. Tiut first

¿ìlì(l se(:oIì(i t'rllttltttls of'this tabl<: girrc 1,her narue ¿ru<1tlru rnilirriurn tot¿ll r,vastc t¡g¿rt¡tr:¡l,

r:ost. i't:sllrlt:tir<rlr'. of tltc pt'oltlcttts ¿tri¿tlrrzcrl. Coiuullls 3 arrclzl r:itrrtai¡ t¡<t 91>1irual r,r,as1,<r

tttl¿ttllltltll, l<lrrt:ls ftll Dis<rhat'gct's 1 ¿ut<l 2. r'r:s1>c<'1,ir<rllr Th<r ur:xt, tlu.r:ç <,61tluurs <:91t1,¿ìi'

tltrr rv¿t1,<rt <¡ralitv iurlr:r:es fi>r Clu:<'kltoiirts l. 2. aurl B. r.<rslrr:<,tivc:ly. fi¡,. R<talizatiorr L.

lvhilc coluluus 8.9. ¿rn<l 10 r'c1>rcscnt thcr w¿ì,tor qriaritl, intlr:r:cs fol chc<rkp<lint,s 1.2.

zrtrcl 3, r'cs¡rcc:1,irrclr'. fbl R,<;¿rliz¿rtiou 2. Positivr: r,v¿ìtcr' <¡ralit1, inclr:x v¿llucs inclicr¿rtc tha1,

?ì11 ¿ì(j(ìcl)l,¿ìÌ>ic r,v¿itel qualitv is ltt¿rittt¿tirtccl ¿rt l,hc collcsltoncli¡g cfuccft1roi¡t fo¡ t¡c givr:u

t'c¿tliz¿iti<>tt. Thtl v¿liu<t of a positivc inrlcx cc¡lals thc cxrrcss 'w¿ltcr. r¡-r:rlitv ovc¡ tli<r

spe<rifiecl st¿rncl¿rlcl (c.g.. irr rn.rtll,) ¿rt the cot'r.6,spor(ling checkl>oint. On thc: othct,harr<l,

a negativtl inclex irnplies a r,v¿ltel qualitv viol¿rtion aucl tÌre rnzrgnitucle of this i.clex is

the shortfall irr the watel quality stairclard at that checkpoint f'or thc corresponcling

Iealization . A zero index rleans the water qr-rality stanclarcl is exactly achievecl at that

checkpoint for the corresponding realization.

It can be seen fiom Table 3.1 that the solutions of Ploblems P1 ancl p2 achieve

acceptable water quality (i.e., have non-negative indeces) for Realizations l ancl 2,

respectively, at all checkpoints. However, the solution of Problem P1 fails to maintain

tlre watel quality standard at Checkpoints 1 and 2 for Realization 2, while that of

Problem P2 also fails to maintain the stanclarcl at Checkpoint 3 for Realization 1. In

this example, the critical water quality locations for Realization 1 occur at Checkpoints 1

and 3, while those for Realization 2 occur at Checkpoints 1 ancl2. The optimal solution
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of eitircl t'ealiz¿rtion carrnot be usecl to rnanage this hvpothetical systern successfully. if

a lva,tcl qrialitv violatiou is rtot accr:ptablc fol both lealiz¿rtions. Re¿rliz¿rtions 1 ¿rncl 2

¿il't: titorcfot'c ttolt-infclirtt' to eaclt othct' urtrlel tiro LC m¿lnagetnent rno¿el f'o.inulatc;<l

fbÌ this lrrllotheti<r¿r,l u¡¿ttcl qualitl, systern. Tlxr higher' <:ost of lv¿rstc tl.r:¿rtlnerrt fol

Plobl<¡rtt P2 is uo irtrli<r¿rtiou 1,irat its soluti<trr <:au nraint¿riri irc:ccittabkt r,r¡atr:1.c¡ralit1, fot.

R,t:aiiz¿t1,itttr 1. A solttl,iou lha1, lvill ¿lr:hicv<r thc r,v¿rtcr'<lualitv g-<;nl at zrli <:l¡r<:kpoinl,s fi¡.

ll<lth t'<taliza,titttts (:¿ì,It lx) rilrt¿ii¡<tr1 lt1,- 11ci1r* a i¡at[<uuati¡al rrur<ftt] l1¡t.r¡uiatio' r:<l'sistiug

<ft Er|tt,tr,t'ior¿s3.6 llrr'orrglt 3.18. This ru¿rthr:rn¿rtir:al lru.lclcl is r'<rti:r'r'c<l to as thc Conrbinc<l

Ittotlcl ilr Tablcl3.1. Thc t,liit'<l lor,v of TabÌt: 3.1 sh<;r,i's 1,liat tlut solutiou firr'l,hr: Colrl>iu<trl

ttroticl lt¿is ¿t, hight:r' tot¿tl r:os1, than thal, fbt' cititcl Pr'<tbl<:rn P1 ol P2. a,n<l il, nrailrt¿rins

ar'ccPtàbltl w¿ìtc)r <lrralitv at all dreckpoiuts fbl both R.ct¿rlizatiorrs 1 arrd 2.

Nr;n-inhlliol lcaliz¿rtions clf r,v¿rtcr. qualitv r.osi)otìsc nrav riot cxist fbr. (1) a riv<:r. svs_

tcnr whcle the r:r'iti<:¿rl r,v¿rtcr'<lualitv se<:tion rlocs uot r:hzruge ch.astic¿rlly urlricr. <lifforent

sets of pot<:rtti:rl baci<glounci corrclitions ¿rncl (2) zr rnarrrargemcnt nroclel r,vhich has only

onc decisiou verriablc, e.g., a rnodel based on a non-seasonal UT program. Uncle¡ suclr

conditions, traclitional SIOP zrpproaches f'or obtaining a tracle-off between the probabil-

itv of watel qualiiy violation ¿rncl the managernent objectives, ol the vector of clecision

variables may be adecluate.

If there are non-inf'elior sets of backgrouncl stream conclitions, it woulcl be necessary

to use the MR approach which includes several possibie realizations of water quality

design conclitions simultaneously in an overall management moclel to achieve a solution

that maintains the required objectives for all conclitions. The fundamental clifference

between the traditional SIOP approach and the MR approach is that, while the former

solves the rnanagement model for a single realization at a given reliabilitv ievel, the
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lattel inclucles ¿r set of rcalizations that clepencl ou the ¡eliabilitv level of inte'est i' a

singlct optirnizatiou rnodcl.

Fol a givcrì nt¿ì,tìag0nlent systenl. the N4R, :rp¡lloach gcnerates sever.¿rl re¿rliz¿rtions of

sets of w¿ltol <¡r:rlitv I'csporìse fìrtictiorts rrt ples<-:lcctr:r1 clicckJloitrts zrlong thc I'iver. r¡i¿r

it 1>oilul,itltt tt'trttsJrot't ulork:l ¿lncl i\4ont<: Calio sirnul¿rtion of str'<ta,r¡ bzrckgr.ou¡rl r,o'cli-

tiotts. \'\iattlr <1ttalit1' t:tltisti¿tiltts fr>t'thcsc ch<lrrlil;oiuts. Ìt¿isr:<l olr ¿ill ¡f t¡¡ r..¿lizatious

of t'v¡tt<lr r1tta1i1'r' I'osl)otìs(l fìrtt<'tiotis. ar'<r iuc'lu<lcrl ilr ¿r siugkl ov<:t'all ut¿ì¡¿ìgo¡x'rt r'<>r¡:1.

Tltc olltiittal stlltiti<;tt rtf lhis ut¿ìu¡ì,goncnt uurrkll is rist:rl 1,g clç1c:r'r¡i¡<:1lu: ¡r<tst <,r.iti<ral

ttlaliz¿rtitltt of'tltt: s<:ts of'r,v¿t1,cL <lrialitv r'osporìsos iu<'luck:rl ill 1,ht: lriorlcl. Thc r:olrs1,r,¿r,iut

sc1, r'c¡l'cscnting thc: rnost r:r'iti<:¿rl r'ctaliz¿rtion of str.c¿rrn bzrckgr.orurrl courlitious is thcu

tclrtlovccl fi'r>rtl thel c-rvcll'¿rll ttì¿ìIt¿tgcllìent nroclcl ¿llrcl thc solltio¡ of t¡is ¡r:rlucc¿ rnoclcl

is clctel'ntittccl. To gcttet'ate thc entire tr'¿lclc:-ofl rcl¿rtions[ip betwee¡ r.elial>ility ¿urcl t]rc

ol>.jet:tivc: fhrrctiorl ot' tirc vec:tol of tnzrnagcrnent clecisiolls. this pt.ocess 6o¡ti¡u<ls slx:(ros-

sivelv until the solution cìott'esporì.cling to the least clitic¿rl r,v¿lte¡ qualitv ¡e¿rlizatio' is

obtainecl' Each successive solution of the ovelall nlarìagenìent rnoclel has ¿1, cor'espo'cl-

ing probabiiitv of water cluality violation which is equal to the surn of the probabilitv

of occut'rence of all sets of water quality conclitions representecl by the constlai'ts that

have been removecl.

56



3"4 General MR model formulation and solution

approach

This scrrtion 1;t'cscttts thc fbrnlttlatiorr fol thr: N.'IR. uloclel fol incr>r'polating urrr:clt¿riu1,y

irt a r,v¿i,trtl quality nì¿ln¿ì,gcrìrcut trllc;glaur. Tlur inaclequ¿ì.c\¡ of thr: 1,r'¿rilitiolr¿rl SIOP

¿ìl)plo¿ì('h 1,o gr:ur:r'ut<: goocl tlarkr-offìs bcl,rvcr:u rv¿rtcl c¡ralitl'oJ>.jcx:1,irrr:s (c.g.. 1,o1,al r,v¿ìstc

lrtt¿ì1lttt:tìl <,os1,. tcli¿iltili1,1' 11'¡;1li<)lcr'. vulncr'¿rltilil,v. arrrl crluitv) is ¿iclrh.<rssc<l usiug a

sirtglt: rtlttirnizati<ttt tuorlcl l,ltal irlr:or'¡rolatt:s all Jlossiltl<) u¡â1,<l qrralitl, sr,<:nar.ios ¿¡url

ollsl.llolj ar'<rttltl,itltÌc st¿ttulatcls ¿1, a1l r'lu:crkpoiuts. Dcvr:l<litilg su<rh 1,r'¿l<lt:-off,s i,vit| tþg N.'I1ì

Itto<lcl t'rtcluit'cs thc i<k:ntifi<:a,tir.¡u of r'<;¿rliz¿r,tiorrs of r,v¿rtel cpzrlitl, bzr<ùglouucl <tonclitious

l,lt¿it ttttist rtol, bt: violittcrl, aud thosc tir¿lt ¿ue ¿rllowcxl 1,o lte viol¿rtc:<l. ¿rt a givcrr r.cli¿r,bility

levt:Ì. Thc gcrrelal rìlan¿ìgelnent nroclel f'ol tvpiczrl r,v¿rtcl c¡ralitl'ol;,jcctivos is givcn bekx,v:

rnin l'(X) (3 1e)

subject to

jeôn

L

(3.20)

(3 21)

(3.22)

(3.23)

X

X

where

4¿(x) a function that characterizes

checkpoint 'i for rcalization j

water quality improvement

(e.g., mgll);

at



b¿j : tninirnurn allolvablc r,vatcl qrlalitv irnplorrcrnent at Ch<rki;oi¡t r,

tol R.c¿rliz¿r,tion .7 (:.g.. nt,g I l,);

?'l(X) : thc I tir se.ollrl¿r'v .b.ier:tive fìl'r:1,i<tn (c.g.. eqr.ritr'):

1L : tltc ttltJtc:t' Iitnil, on thc I th sccro¡¡l¿¡l'y ob,jc<:tivc firl<:tion:

hx : ¿i vc<:toi' r;f upJ>cl linrits ou thrt dcrrisiou var.iallics;

\M¡ : â \¡or,t<)r' of lor,vcr' liinits <llr 1.li<l <lc<risi<lr r,-¿rr.i¿rltlt:s:

I - tlrc 1,o1,¿ll nuurlrcr' of rval,cr. r¡ialitv c:hct,k1>oil1,s:

L ::: tllc l,ot¿tl urturJtcl o['sr:<:onrlat']r <tl>j<:ctir¡cs:

Õl¡ : l,ilc sttl rtf t'ttaliz¿ttiotts of r'r¡¿ltcl r¡rali1,v t'osl)onsos tha1, u¡rtulrl lcsult

itt thtr l>ctst oit.j<;c1,ivt: fìllction valuct ¿lnrl ¿l ldiability equzrl to 1l; ancl

all ol,ltcl vali¿iltlcrs ¿ìr'o ¿ì,h'o¿ì(h, clt:fint:rl.

Er|ttrt"t'i'on,3.19 rniniurizes a,n objc<:1,iv<l of thc nt¿lnagetrx:nt lnoclel. c.g-.. thc to¡al cost

of r,vaste treatm<tnt. The selnsc of thel objectivtt furrction rn¿ry also bc a nraxiurizatiol.

e.g., if /(X) clefines tire tot¿r,l ¡,vaste clischarged irrto the livel systenr or the Ì.eser.ve

capacity at the rnost critical water quality locatioil along the river. Equati,on 3.20 is the

watel quality constraint set. It ensures that zrcceptable lvater qriality is maintainecl at

all checkpoints fbr all realizations in the set Õ¡. The reliability, .R, or the probability

of non-violation of lvater quality may be computecl as:

o - 
n(Ôn)tr: Ë (3.24)

where

n(Ón) : number of Monte Carlo realizations in the set Õ¿ (i.e., the number

of. tealizations for which water quality must be maintainecl at all
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<rhcckpoints to obt¿rin the bcst objecl,ive firnction v¿rlue ¿rncl ¿l

lcliabiiity cr¡l:rl to Ã); :rrcl

,S : total tltttnbct' of N,'Ionte C¿llkr lr:¿rliz¿ltions ilicluclecl iu the X4R rnorlel.

4i(X) r'<,'Plescnts tlte fìln<:tion that rel¿rtt:s polhrl,ion a,batcnrc:lt clercisions to r,v¿ltt:r.

rltralitv itttPltlv<ltltttttts ¿tt Chcckpoint r, f<;r' Rr:¿rlizati<>ri.7. Th<: r'iglrt [aurl sícl<t 6f Erytu,ti,,,,

3.20. lt,¡¡. is thtr tr:<1ttit'trrl li¡â1,<:t <¡rali1,r'iurilovcullrl irt Clrcrì<1;oir11, I fìrr.R.<:aiizati¡ri.7.

Titt: sttl of'<:¡¡1¡¡;1'1¿¡iuts littr;t'c:s<:utccl l>\, Eq'Lt,rt,l',r¡n,3.2Ilituit tìut sc<,oucl¿tr.)¡ ol>.jcr,tirrr:s ol

1,htr rtr<r<lcl sur'lt ¿rs r:<1uil,y 1,o 1>r't>assignr:d rrzllutls. Er1uu,t,i,ot¡,,cJ.22 aucl 3.23 r,cxrstr,¿rilr tlrc

lllatl¿lgclll(lrtt t1t:<:isirllls ttl lic r,vithiu rrl¿txirnutu ¿urrl uuiiirnnl¡ li¡rits. r'csltcctiv<th¡.

Tlrc fir'st task irrvolvcd iir solving thc NIR. rnoclcrl. Equ,u,tinn,s 3.19 - 3.28. is to iclcntify

all triclrtl¡tlts tlf tlttl stlt Õ7¡. Aficr' Õ7¡ lias bccu icl<:rrtifi<xl. t|ç altp¡ctp¡iatr: o1>1,i¡tiza,tiou

illgoÌithrn rnav btl usecl to solve the rno<l<ll. Hor,vctvcr'. ol;tzrini¡g t¡is s<lt is rro1, tr.ivial. A

stt<rcrcssivcl heuristic älgorithm f'ol obtaining Õ7¿ ¿rncl solving tire NIR. rnoclel is pr.ctsentcrl

bv lVlorgan et al. (1993) fot' att aquifel rcinecliation clesign r,vhich is f'or.rrr*latecl ¿ls ¿r

MICCP ploblem. This heuristic algorithm is clescribecl in Section 2.4.2 in the context

of strearn quality tnanagenlent rnodelling.

3.4.L Determination of the elements of Õa

The determination of members in the set Õa is a successive proceclure. The goal is

to determine the most critical 100(1 - R)v/o realizations of water quality response (i.e.,

elements in the set Oir) ancl to eliminate them from the management moclel. At the

first stage of this successive procedure, the water quality constrai¡ts for all realizations

of the Monte Carlo simulation are included in a single optimization moclel ancl solveci
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using ¿ìn appt'opt'iate zrigorithrn. The solution obtainecl lepresents the case in r,vhich

no r,va,t,et' qualitv violatiou is allor,vecl f'or zrrl¡' r'ealization of th<; tot¿rl numbel of N4olrtc

Callo sinrul¿rtions. At thc sc<:oncl stage. thr: rnost clitictal r,va,ter. qilalitt, r.eaiiz¿rtion at thc:

iuiti¿rl st:tgc, $ù,1. is clctet'lnincci ancl dlopp<xl fi'orn the rnoclcl. Thc lcsulting (r.crlucccl)

rrloclc:i is thclt sohr<r<l. Tlic lrrost clitir'a,l lcaliz¿rtiou fol thc lcclu<,c<l ruocl<:I. !I1.2. is tltt:n

<lt'o1p<trl fiour 1,his uurrkll au<1 1,lur r'csnltiug ploblcrrr is solv<:<l frlr 1,lic thir.rl st,agc. Tliis

l)l'o(Ìol'ìs r,Otttitttrt:s ruitil tlrt: J;l'<llltlttioti rtf th<: tot¿t1 utrurl>rl¡ of i<taliz¿itiorrs ¡¡uutr¡url fi'6ur

lltc t>t'igittitl optiutizzrtiolt tnoclcl is (1- Ã). At this stag<t. thc lcllraitring lcirliziltir>us for.

th<l Lcrlu<rr:rl urotlcl <:<lrs1.i1,utc: tlxt sc1 Õ,,.

Tlic ot'<lclt iu u'hiclt tltosct ^9 r'caliz¿rtious ¿ì,r'e r'<:urovecl frcru thc i\4R. uloclci to olrt¿lin

t,ltc tl'¿rclct-off lelatiolrshi¡rs givcls ¿t lcvcl of cl'iti<r¿rlncss of tllo str'<l¿lur bnckg¡ou¡cl scc¡¿l¡ios

illt:lirclcxl in thc tttorlel. Tilercfoli:. thc lc¿rliz¿rtion clrop¡>r¡rl ¿rt St:lgc r¡¿ of thc succ:essivc:

soltttiolt I)tocrc'Ss, !Iìfl'. has ¿i lcvcl of <'l'iti<ralu<,lss ctc¡lill t,c¡ rr¡,. In this th<xis. the lr:vcl of

ct'itic¿rlness of Re¿rlizatiort .7 is dcnotr:cl as U-¡. This irntr>lics that thc lo¡,vel the v¿riuc of

U¡,Ihe mole irnportant ol critical Realization 7 is.

Nlathematicallv, Õ7¿ is clefined as:

(Þ¡ : {G¡:Et:g V j:1,"',^9Ì (3.25)

r,vhet'e

Gj

Ej

inclex for Realization 7;

1 if Realization j is clropped from the 1VIR model before stage (1 - ,R).9,

0 otherwise.

The solution of the reduced optirnization model that incorporates the realizations in

the set Õ¿ will result in the best objective function value when the reliabilitv is Ã or
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the plobzrbilitv of r,v¿rtcr quality viol¿rtiorr is ecpzrl to (1 - A). Thus. if ,S realizations ¿.¡r'c:

r.rtilizccl ¿rrrd the entit'c tlaclc-off r'erÌ¿rtiolishi¡r bct'uvcrcn leliabilitl' arrcl objective firrr<rtion.

ot'tlut vct:trtl of clccision v¿rriablcs. is clesilul. thc NIR uloclel rnust bc solv<:cl a1,5 stagt:s.

Tlttr lrlost r:r'i1,icra1 t'<taliz¿rtiolr at stagc rtr. !Iùfl'. rna¡r |¡¡¡ irlcntifìccl lrase<l orì rìotììc

lllo¿ìslll'o of <:r'itic¿rlncss fol t:¿t,<:h rc¿rliz¿'Ltiolr ol oil ¿i ltcuristi<: ltlor:cxlulc (st:c, c.g.. N4or.garr.

,1990 alirl i\'lolgau t:t al.. 1993). Our: applr.r¿r<rh ck:vclopccl in this lcsc¿rli,h ollt¿rins 1,h<r

llìo¿ìsltl'(ì of't't'iti<,alil<tss fitt' a giv<:u t'c¿tliz¿t1,iou ll¿rscrl olr thc solutiorr (c.g.. olt.icr'1,iwr

furr<'tirut. tkx:ision an<l <hral rr¿i,r'i¿r,ltlits. ¿uul lclialtill¡1,) r)f th<: inaui.gr:rru:ut uro<k:l rrsiug

llrtt rlt:sigtt ittl;uts l'ol this tr:nlizzrl,iou oul1,. This airploa<,h. r,vlii<:h is lr¿rst:cl ou u<:ur.al

tur:trvolks. is 1tr'<ls<lrtc<1 ¿urcl rlcuronstr'¿rtcrl in Ch¿rtttr:r. b.

3.4.2 The heuristic algorithm of Morgan et al. (1999)

At a giv<;rr stage of thc successivc plocìcss) tlrc heulistic zrpploncrh of i\4olgarr et ¿rl.

(1993) considers eaclt t'caliz¿ltion that has ¿r bincling constl¿rint (i.e., bincling realizau

tions) afier solving tlte overall moclel, as a canclidate f'or the most critical lealization.

These candiclates are alternatively clroppecl fiom the ovelall model ancl the realization

whose elirrination produces the largest cleclease in cost for an LC problem, when the

overall model is solvecl, is taken as the most critical realization. Thus, for the heuris-

tic approach, the optimization model may be solved several times at each stage of tfue

successive process.

The heuristic procedure described above uses the optimal solution at each stage to

create the optimization model for the following stage. This is done by removing all

constraints associated with each binding realization of the optimal solution at a giverr
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st¿lgo in tut'n r,vith r'<:placernent. to crc¿ltc canclicl¿rtet optirnization ploblcms that r¡ay

lle soh<lcl to oltt¿tiu thc Ìrest ol>jc<rtive fiinctiou value at thc f'ollor,viug stagc. Glolial

optinlalitv ¿rt ¿rl1 stagcs of tilc solutiorr ploccss is guiu'antesl if all <ranriicl¿rtc solutions.

irtstcl¿rcl of thc olttirrtitl solul,iolr. rit zr given stagc a,r'c usccl to <rlc¿ì,1,e thr: o¡>tirniz¿rtio¡

1>t'oblcttts ¿it tltc fttllr>lvirrg stitgc. Fol rict¿l,ils of tiris 1>r'rtr,crlut'<t. intcr'cstcd leaclc.-r.s ¿rlc

t'cfirt't'crl to i\'lolgau (1990) rur<l N4olganct ¿rl. (1993). N4olgau (lgg0) shor,vs that for'<:¿i<,h

lcliabilitl, krv<rl th<t ol>.j<¡r'1,ivc frru<:liori rr¿rlrr<l oltt¿iu<trl lx, rrsiug orrll, ¡]¡1. o¡>tiural solujiou

¿tt trtttt sl,agt: to ct<latc tlrc lllr>blcur ¿r1, 1,1rr: uc:xt stagc is lvithin I%; <Í that gcuc:r'¿,tçcl

lx' il'ittg thc fivt: lrcst r'anrliriat<l solutious ¿rt :r, gir<ru ltxrr:l to g-urxl'att: 1,hc ru<>rlcl f6r.

1,hcl lollor,virrg lcrr<:l. Fttt'tht:t'luolc. hc obsclvcs lhtlt using th<: oltt,inrzrl sol¡ticlll i¡stgarl

<-lf th<; Ì>cs1, fiwl <,¿ttl<1ic1¿ttc solutiorts at onc stngc to r:r'o¿ìtc thc ploÌ>lenr for. tirc nt:xt

stirge r'<:cltrr'cs tltc: cornptrtational tirnc Ìry ¿tJtor.r1, 75%, fot' a hypol,lurtir:nl glouu<[,v¿rtr:r.

l'clnccliation clcsign th¿r,t utilizes 100 r'o¿rliz¿rtions.

3.4.3 Solving the reduced model

The probletns createcl at each stage of the successive ploceclule may be solvecl using

âny appropriate optimization technique. During the solution process, the reiiability Ë,

is decreasecl from one to $ at intervals of j. Thus, the successive heuristic approach

clescribed in Section 3.4.2 is used to produce solutions (i.e., values of the objective

function and the corresponding rnanagement decisions variables) from a reliability tevel

of one to a value equal to {, or nearly zero.
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3.5 Application of the MR, model to the \Millamette

R iver basin

3.5.1 Ðescription of the water quality system

Tlul N,'lR nto<i<ll ¡rn<l tlic lutru'isti<, sohrtion :r1>1lr'<tar:h ¿i,r'<: rl<trnorrstlat<:rl fttr.¿r nou-s<t¿lsorral

r,r.¡ttttol ol' poittl ¡ioììr'(:o JJOD r,vas1,r: clischtug<;s in thc \À/ill¿tncttc R,ivcr' Ìr¿isir. Ilu:

stlgtlttlttt ttf tlur N4it'lril<: F¡l'k of thc Willalucttc Rir¡cl f<tl u'hir'h thu rrrotlcl is a1>pli<t<l is 298

/i;rrt lottg ¿ìtxl h¿ìs cight nraior'tr'ibut¿rlics ¿rnci tt:l BOD r,v¿rstc rlis<:hargcris. Cost <lat,a (iu

1978 rlollals) anrl i,v¿tstelo¿rcl chat'¿icrtr:r'isti<:s of thr: clis<:h¿u'g-cls ¿ì,t'c olttaine<l fioli Kilgor'<r

(i985). Tltc locr¿ttion atr<1 ¡,v¿istclo¿rcl r:h¿lr¿rr:t<:r'istics of thc cliscrhargels ¿ì,r'o shor,vu in TaÌ>lc

3.2. Coluuin 1 of this table shor,vs the ua,rncs of the tt:u ur¿ljor. BOD wastr: clis<rha,r.gcr.s

ott l,hc¡ \,Vill¿rrtrc:tt: Rìru'. Tlte sccrolrrl colurnn surnrnalizcls th<: flor,v gaging st¿rtiorr tì¿ì.nrcs

and the ttuntb<)t's ttsed to lepresent theser st¿ltions. Ther locations of thc r,vastc clischalgcls

ancl the flow gagirrg stations relative to Springfielcl are given in Column 3. Colurrrns 4

ancl 5 inclicate the dischalge rerte and influent BOD waste conccntration, respectively, of

the point sources of pollution. The Camp-Dobbins modific¿rtion to the Streeter-Phelps

equation (Camp, 1963; ancl Dobbins, 1964) is used to sirnulate DO levels along the

river. However, more sophisticated water quality sirnulation rnoclels, such as QUAL2E

and lVASP5, may be usecl to simulate water qualitv level in the MR moclel. River flow

ancl tempelature clata are acquirecl fÏom the United States Geological Survey (USGS).

Velocity ancl reaeration rates are functions of flow and are taken frorn Worley (f gOl) ancl

Liebman (1965). Benthic oxygen demand is assumed to be zero and a backgrouncl DO

deficit of 1.0 mgll is adopted for the Willamette and its tributaries. These assumptions



¿ìI'e consist<:nt r,vith those of sc,'vet'al r.vater qualitv tìt¿ì,tì¿lgement rnoclelling casc stuclics

basecl on the Will¿rurctte R,ivct' (see. <t.g.. Liebrn¿rn ¿rncl Lt'nu. 1966; Ehcar.t. 1980; ßr'ill

ct ¿r1..1984; I(ilgolt:. 1985; Ehcat'l, et al.. 1987; Lcncu cl, al.. 1990; ancl Buln ¿iucl Li:ucc.

1ee2).

Th<: 7-c1¿rv ¿ìvor'¿lgo ior,v [1oil'fi>r'Splirrgl-icld. Fl¿rllisbnlg. Ai]la,ny. S¿rlcrrr, ¿lrrcl Poltl¿rur1.

¿tl<l th<r Ìriglit:s1, ttto¿ìtì ittouthh' l,ctupulatulc fìl' FIiu'r'isllu'g fot' tlur rrrolths of ,Jrtur

tlilttugh St:1>1,<ltttltct' ¿ìr'o us(xl filt l,his aual.ysi¡;. Thcsc uroni,lls ¿ìr'o assuuìcrl 1,o r<r1>r'cscrrt

1,lttr strrrlttt<)t sc¿ìsou ¿ìn(l ¿ìI() 1,lrt:t'cfolc rrsrrrl 1o arral1.71¡ thc rritri-s<t¿tsotral J)r'ogt¿ìul. Sinr,r:

tho Coast Folk tt'illrt¿uy ,joitrs 1,hc N4i<lclkt For.k of tlur livcl rrirstr.r:a,nr of'1,lur scgur<tut

of itf,t:tcs1,. ¿rtul <lf Splinglir:1<1, Ologon. thc flor,v l'ccoLrls fol thc \4i<lclk: Folk alrcl 1,hc

Co¿ist Folk girgirrg sl,ations ¿rt'c ¿rclcle<l zrnrl assignocl to lvhat is lcfi:r'r'c<i 1,r> ¿rs St¿rtion 1,

Splilgfiekl. flo',vs.

Thc stletc:h of'the Willaurctte R,ivcr lnoclcllecl is cliviclccl iuto 18 r'e¿lchcs. Thir.ty-fivcr

r,v¿rtel qualitv crheckpoints ¿ue clefinecl. Thc stochastir: input irrf'orm¿rtiorr crolsiclerecl irr

this stuclv are the 7-day average low flow at each of the five flor,v stations, tlte highest

monthly m.eân temperatule at Harrisburg, ancl the stream velocity ancl reactiorr rates

fbi' each leacir of the riveL, for the given streamflow conclitions.

3.6.2 The management model

An LC program for coutrolling BOD waste discharges is usecl to clemonstrate the ap-

plication of the MR model. Monte Carlo simulation, clescribecl in Section 3.5.3, is usecl

to generate the multiple realizations. The LC program is an LP model with an objec-

iive function, Equatton3.79, that minirnizes the cost of waste treatment, ancl clecision
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variables that ale the vectot' of ',vaste lenlov¿rl levels of the point source clischzrlgcls.

Rtl the exatttple t'ir¡et' basin usecl. ¿r urilirnilrri lcrrell of wastc Lerrrova,l (:orÌcsl)on(lirrg to

1;t'ituzrt'y tt'c¿rttncnt (35% r'crrrovnl) is spccifìecl for' ¿ll clisr:halgels. The iuclic:¿rtol of r,v¿r-

tet'qtralitv is thc stlt:¿lnt DO. iteu<rcl. thc r,r'¿rter' <¡laìit1r coustr'¿rint st:t,. Equ,atinn,3.20.

ottsitt'os itt:<,e¡rtilltlc DO l<rw:ls a1 ¿ilÌ chcr'kpoints. Differcut DO st¿lrrrl¿rr'<ls alc s1;r:<'ific<l

lbt't"vo cLiffilrcrf, s{)<r{11.¡11¡; of tlur t'ivr:t }rascrl ou r,v¿rtcr'<1ualit1' pr'ofìlcs olrt¿rin<:cl fiorlr a

Ì>t'<:litrtittiti')¡ âttah/sis. Tli<:s<r sta,u<l¿tt'rls a.. 7.10 mt¡ll DO fitr. tlut fi'al 82-Å;r¡¿ rl<t'uv.-

sti'c¿rtui sogrn<:rt1, ivlti<,lt has a 48-/i;rrr cstrr¿rliu<l scr'tiou. aucl 8.20 rrt,of l, f<>t tix. r'cuririniug

ttpstt'r:a,nt scgrncnt <lf tlrr: r'ir'<l'. Li<tlrnl¿ur anrl L1r111¡ (i966) assigucrl DO sl,¿ru<l¿it'tls ltl'

ciilfclc:lt sr:<:tious of thc sirnplifi<:<l lcplcsont¿ìtiolr of thc Willanutttc R,ivcl uscrl ilr thcil

stttdv. H<t.',vcrret'. tltc st¿ruclat'rls usccl Ìry ¡ha,rtr r,vcrc ¿ìl)pr'oxiur¿rtch, r:quzli to thos<: uscil

by tht: Ot't:gott St¿rt<: Sanitaly Autholity t<; rrrarragc thc Willarncttc R.iv<tl rhu'ilg tlu:

tirrtc of tlicil str.rcly. IJsirtg <liff'clclrt r,v¿rtcr' <¡ralitv st¿r,ucl¿rlcls f'ol cliffi:r'cut scgnrc:uts of

¿t t'ivct' trt¿ly bc t'equit'r:cl (1) to ¿rchievc w¿rtel querlitv objectivcts f'oi clifÍ'crcnt loc¿rlitics

situatecl along the river'. oL (2) to pleserve cliff'erent aquatic species at clifferent sections

of the liver.

The function P¿r(X) on the left hand side of Equati,on 3.20 r'elates the DO improve-

rneut at Checkpoint ¿ to the waste removal levels at all point source waste clischarge

locations for Realization 7. For the Camp-Dobbins rnodification to the Streeter-Phelps

equation used in this work, Pn¡(X) is a linear function of X and its coefficients are

the impact coefficients obtained from a simulation of the water quality response. The

riglit hand side coefficient of Equatzon 3.20, bij, is the minimum allowable DO level

improvement required at Checkpoint 'i and for Realization j. These coefficients are

also obtained using the Camp-Dobbins BOD-DO simulation model. The LC model has
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no seconclart' objcctives. thelefbre Equati,on, 3.27 is elimin¿rtecl fì'om this moclel. Thg

rninirnurri ¿rncl ttt¿rxirnunl levels of lv¿rstr: tle¿l,trnent f'ol e¿lch clisch¿rrgcl ale fixccl at 3b

arid 98%. r'cspr:ctivciy.

3.5.3 Monte carlo simulation of the water quality response

Nltltrtc Cl¿r'lrt siutttlatioit is ttscrl 1,o gcur:r'eitr: 1,lur Itossiltlt: r,orrrllinatious ol tlur ultr,r:r'1,¿in

ittpul, tla1,a 1,lt¿i1 r't:fltt<,t 1,hc t.ttur<:r't¿tiutics il tht: inltrrt iufoliu¿r,1,iou firr' 1,lur orrcr'¿lI rn¿1u-

agtrttrt:rtl, rttoclt:l cl<:sctibcd it EEtut'i,or¿s 3.19 -3.23. Thc acl<tc¡ra1,c: uuulllcl of lr:alizatioirs

to gttttr:tt'rl,c tl<:ltcttrl$ ott 1,lic tlr1xr rrn<l r:orultl<:xity of tlur r,v¿ì1,tr'<¡r:lli1,y systctn ¡r,irrl on

tlt<t nuutbcl of unceltairi inpr-rt d¿rt¿r ¿rncl theil' clistrihuticlns. This a.dertru¿i,tc nuurbcr. of

tcalizatirttts is r>fTtttt olrt¿tiucrl llv gr':rclually inr:r'<:¿rsirrg thc: nurrrllcl of siutul¿rtious rintil

the st¿rtisti<'al ¡>ropct'tics of tlut irrl>ttt iutcl orlti>rlt iufolrna,tiou fr>r' t,hc sirrrulatious r,oll-

vcrgc fot alt expclt'irnental trial. Fol clernonstlating thc l\,IR, ntodcl using thet heulistic:

sohttion algorithrn presentecl by Nlorgan et al (1993), only 100 Nlonte Callo re¿rliz¿rtions

ale utilized clue to a limitation clictatecl by the cornputational time lec¡uirecl.

The 7-clay ¿lvelage low flow data for each of the five flow stations ancl the highest

ilìean rnonthly temperature for Harrisburg fit the two-parameter lognormal clistribu-

tion. To obtain the same correlation structure as that for historical flows at the five

stations and to recluce computation time, the Nlonte Car'lo simulations use the 7-day

averaged low flow at Albany as a basis for generating flows ¿rt the other four stations.

The Albany station is used as a base station because its flows are the best predictor

of the other station flows (see, Takyi, 1991). For each Monte Carlo simulation, a ran-

dom stream temperature and 7-day averaged low flow at Albany are generatecl basecl
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olì tlìc ttvo-pala,rnetert' Iognormal clistlibutions fol the mear nronthiy teurpelatule at

Flallisbrtlg arrcl fol thr: 7-d¿w averagccl low flor,v a1, Albar¡'. r'cspcctivcl),. Then, thc fktrvs

¿rt thc otlu:t' four statiolls ¿rre gen<;ratcd orr thc basis of theil lcglcssi<tn lelatiorishilt to

tlrc flor,v at AlbaU' ¿tttcl ott rtorrtt¿l,llr, rlistr'Íltutcfl zct'ct t¡e¿ìn ¡oise tcrlrts ¿rss<t.i¿ttc<1 rvit¡

¿ì uo\v <tlts<lt'r'a1,iolr fr¡r'tlut rlcpcrulcut r,aliabl<: of ir lcglrnsiolr nrorlcl (sc<:. Nctcl ct al..

1989). Th<: s1,r'c¿uu vclo<ritr, ¿'r,tul r'<.-¿ìcL¿rtion r'¿itr:s at (20"C) fclr c¿r<,h lca<'ll <tf tlur tivr:r

¿ìt'o sul)so(lttt:ttt11'<,otttlltttitrl Ìr¿ts<rrl ou 1,ltc gcuuliltc<l flor,vs ¿rt tlic fir¡c statiilus. rut thr:

fitttr'tiolt¿1 r'clationshilt bel,r,vr:crt fkrr,r' ¿iurl str'c¿rut vclocil,l'. alxl Jlc1,r,vc<:u fl<t.r,v ¿rl<l lc¿'rcr'-

¿t,1,it>lt t¿rt<s a1,20"C (<lt:r,clopcd lrr'\,\trlktl'. 1963 ¿urcl Lieltnrarr. 1965). r'cspct<:1.ivcly. irrrrl

<;tt urtlrtta,lh'clisl,r'iltutc<1 zrtlo nLo¿ìu nctis<: tclrrrs r,vhosc t¿ì,r'i¿rrrc,cs ¿ìt'o givou ¿ìs:

(3 26)

(3.27)

'uvheri':

v,,1)

VT

a

Q'rbt c, d

v¿lliance of the noise terrns

valiance of the noise terms

flor,v at the reach; a,ncl

coefficients.

f'ol stlearn velocity;

for re¿reration rates al 20uC;

For each simulation, the generated temperature, flows, velocities, and reaeration

rates of all reaches are used to generate a set of steady state DO lesponse, based on

Camp-Dobbins modification to the Streeter-Phelps equation (Camp, 1963; and Dob-

bins, 1964). This realization of DO response consists of DO improvements, per unit

waste removed (i.e., impact coefficients) by each discharger, for each checkpoint, and

the minimum required DO improvement at ali checkpoints. Thus, each Monte Carlo

lI,, : a'Qlt

V': c()'t
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sinrulatiott ¡tt'ocluces 350 irrrpact coefiìcients (i.e.. 10 clisch¿u'gers x 35 checkpoints) ancl

35 tninirrrutn t'cquit'ecl DO implovcrnents. Thclcf'olc. each lc¿rliz¿rtion is lcJtlcscnt<xt bl'

35 r,v¿rtet quaiitl' c<>ustra,ints.

3"6 Ðiscussion of results

Figrtlc 3.1 is thc glalllt of'tli<r total <rost of lvast<r tlc¿rtllrcrrt. ¿r,ltovl 1>r'intalv l,to¿ìl,ux)nt.

\/ol'sus rr:liabilil,y ß. fol tlic \4R uurrkrilirrg a,Jipronch rrsiug 1(X)r'<ralizatirius. Also l>lo11,ct1

¿i,r't: tllc t'cstrlts fol tlu: tr'¿rrlitional SIOP ar1>ploach tha1, is l>¿rscrl r>u siuglc lct¿rliz¿rl,ious of

thcsc 100 sl,r'<ra,tr bil<rkglouu<l conditious. Fol th<: tr'¿i<litioual SIOP r'<:suh,s, th<t ploba,itil-

i1,y of DO st¿incl¿ucl violatiou for' ¿r, givcrr solutiori is e<1ual to thc: ltroi>olticlu of'thc total

uurnbet of re¿rliza,tiolls r,vhicli f¿ril to ¿rchievc the st¿rncl¿rrcl a,t oncl ot lLot'c ch<;r:1<poiuts

r,vhen tltc r¡cctor of r,v¿tstc trcattncrtt levels lcc¡rilecl by this sohltion is irrvokecl. Figr.ir'<r

3.1 shor,vs th¿l,t nrost of thc solutiorrs b¿rsccl on single lcaliz¿rtions arc iucffìcicnt cornpalercl

with those based on the NIR moclel. For exanple, tire cost of w¿rste treatrnent ancl the

corlesponcling reliability of the LC plogran solutions basecl orr Realization A alone ale

$5.69 rnillion/year ancl 0.91, respectively. However', fbr the same cost of waste tleat-

rneni ($5.69 rnillion/year), the solution for the NIR rnoclel rnaintains a reliability eclual

to 0.99. AIso, the solution fbr Realization C maintains a 0.77 reliability and requiles

84.74 million/year for waste treatment, while, at this reliability level, the MR moclel

solution requires only $1.44 million/year for waste removal. For these 100 simulations,

the highest reliability attained is 0.91 for the traditional SIOP model ancl 1.0 for the

MR model. Figure 3.1 also shows that the solutions for some of the realizations are as

efficient as those for the MR model. However, these lealizations that produce efficient



SIOP solutiols tnay be iclcntifiecl only aftel cornpzrrìng their solutions r,vith the N,lR,

solutiorr.

Aly l>oint corlcspon(lirrg to a tlaclition¿ii SIOP solutiorr ancl lying ¿rbovc ol to thc

liglrt of tlrt'r'tuvrr fol the NdR, rrroclel lcplclsents ¿rrr inefficieut sohltion. Tho clist¿ur<:c:

lrctr,vctlu a Jtoirtt lcpt'<rs<rutiug ¿ul\¡ of thc tr¿rclition¿rl SIOP solutions ¿rnrl ¿rnothr:r' 1;r>iut

oti l,lut (Ìtu\() fol t,hc N'IR uurrl<:l (hru'ing thc sanur r:ost ol r'<tliaìtilit1, as th<r 1,r'a<litioual

SIOP soÌul,iou) givrs au inrlic¿ll,iol of tlrc rkrgr'<:r: of in<rfficiclìcv r)f tlu: tl¿rclitioual SIOP

solttliolt. Tlic latgcr'l,ltis rlisl¡rrr<:r:. thc uror'c in<lffici<:nt th<r tlarlition¿l SiOP sr¡lutiou is.

'Illls. fot'llttt cxzt,tttl;l<l lttcst:tttt:<Ì. a l:rt'gcl lulrrtbcl of incfficicul, solul,iclìs o(ì(:lil at high

lt:v<:ls of rcli¿rbilit,1' (gt'cla1,r:t'l,hzrrr 0.70) th¿rn ¿rt lo.',v lcvcls. Tvpic'al tlrlcslxrlcl v¿rluos of tlxr

leli¿rbility levcl usc<l l>v <lccision rtr¿rkcls operating in the prlbli<r <lornain iu urrrutrgiug

tv¿lteL qrialitv itt t'ivet's ¿rt'o ofîen gle;:rtc:r' th¿rn 0.80. This inclic¿rtes that iuf'ornlatiorr

obt¿r,illccl ¿iiroitt ¿r r,v¿rtcl qualit¡' systcm l>¿lsccl on thc tr'¿rditional SIOP zrpplozrch nl¿ly l¡c:

unreli¿l,bic f'or' 1>lanning ot' tìarì¿ìging thc systcrn.

Figrlle 3.1 ¿rlso shows that traditional SIOP solutions with reli¿lbility levels and waste

tleatment costs less than 0.70 ¿ind $1.30 million/year, respectively, are genelally close to

the MR solution. These realizations lepresent average stream background conditions.

Unlike critical conditions, these average conditions are nor'üLally characterized by tittle

spatial and ternporal variation.

Although the optimal LC solution based on Realization C is over $2.00 million/year

more than the solution based on Realization D, the former solution is 77% reliable

while the latter is only 83% reliable. These two realizations are clearly non-inferior

to each other, and show that the total waste treatment cost (i.e., the value of the
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objectivc fi.rnction) l¡ascd on er siugle realization rnav not replesent the best ¿lttain¿lblc:

lcliability tlt¿rt r:ot't'esJ;oucls r,vith th<: ob,je<:tivc fïruction value. In f¿rct. thc s<r¿rttel of th<t

points tcpt'esetttitrg tlarlitiou¿rl SIOP solutions suggests thc ¿ibscnce of ¿r sinrple functiou

lr:latiug l'r:liability ¿urcl <rost f'ol tliis ztpplozrch.

Lil<c all otltct iliatltcuta,ti<:¿rl tuoriclliug rni;tho<ls l;¿rsetl ou N4orrtc C¿rllo sinlrl¿rtiols.

tltrt r:lfit'¿tr:)' of l llo t't:sttlts of tlu: N,'lR. rrrorlcl <,au Ìi<t gtrztt'autccri ottlf if a suffi<,icrrt nruli-

lrcl of tc¡tliz¿r1,ious at<r utilizurl. If tlur riuiub<:i of r'calizations us<rrl is iua<l<lr1ua1.c. thc

statisti<,nl 1>toJtcrtics <if tlrt: ottl,pitl fiour 1ir<r uro<l<r1 rviil no1 (:orì\¡(ìr'g-(,. thct'r:forr: r<:srrlts

¿trtl r'<¡tt<'lttsiotts tu¿trl<: ¿if1,ct' ¿rtt¡th,ziltg tli<: nr¿ìlì¿ì,gonLcrrt urocl<:1 iuây ru,l1 1>c gcn<tlrrlizccl

fol tlrc s\¡sl,clttt. Thus. an iutpot'ttrrtt r:r'itcliclll of tixr N¡Ioutc Car'lo sirnulatiolr aJ;plon<'lr

is th¿rt tho clistl'i1-li.itiou fuucl,iotrs fbr' 1,hr: inltut al<l out1tul, <1¿rta saurplcts ¿rlc sirnila,r'

to thc lt:spc<'tivt: 'unkttor,vtt Jra,t'<rut tlistlibuti<>ris'. This sirnil¿rritl, bct¡,vcr:n silrrrltir: a,nrl

¡;a,t'cnt rlistlibr.rtions is ¿i, fìluctiott of th<r nurnbr¡r' of lcaliz¿ttions utilizc<l lvhi<:h dcllclucls

ou (1) thc tvpe erncl cornplexitv of thc rrrcclel aurcl outpnt clistribution; (2) thc nilurbcr'

of uncertain input datzr; arrcl (3) the clistlibutions or ranges of the uncertain iirput cler,ta.

To determine tire zrppropriate numbel of realizations to use, noruì.ally, an experirnent

is concluctecl that requires the number of realizations to be increasecl until statisticallv

stable output results ale obtained.

Morgan (1990) discusses a bionomial distribution method for obtaining the confi-

dence limits of reliability values as a function of the total number of realizations utilized

in the MR model and the number of realizations for which the constlaints of the model

are rnet. This method may be used to estimate the appropriate number of realization to

utilize by ensuring, for example, that the 95% confidence interval for reliability levels of

interest is small. However, generally this method may be inadeaquate, since it ignores
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the tvpe of systerrr rnoclellecl. the complexity of the lnoclel usecl. ¿l,ncl the rrurnber' ¿rn<l

char'¿rctcristic:s (c.g.. <listlibutiori ¿rncl langc) of tlrc unc<llta,irr iritr>ut clat¿i. Fulthclrnolc.

tltc rrrcthori clocs riot givc ¿rrry incli<,¿rtiou of the scnsitivity of thc leli¿rbility krvcì to thct

oJrtirrrzrl olticc:tivc fitttr:1,icttt rtalilc. For solrlcl systcltrls. ovcu ¿ì sutall <rltzrttgt: in rcliability

ul¡ì\¡ r'csuh iu a l¿rlgc <{ta,rtgc iu ol>jr:<'tirrc funr'tion r'¿ìhir:. Thcr'cforc. <>fïcl tlu: <'oufidi:nr:t:

ittt<rtv¿tl <;f lcliabilil,y 1.,.n,tt ¿t,lort<r r,vill uot, r:<lrtcrluclc th¿rt <rouvr:r'gonco of the N4R sr¡lutiotr

rvill l><r olrtaincrl r,r'ith a sivr:u uuurlr<ll ol'r'<:¿iliz¡rtiorrs.

lfll<: tntttilrt:t of' r'ca,liz¿rl,iorrs uscrl to gcuclat<l th<r 1\{R urorlr:l solutiol itr Figrirc i,3.1

w¿ìs (:ous1,r'¿riu<r<l Ì;1,,',ltrtr,,aal,iorr¿r1 tirnc lcr¡rirr:ulc:nts. Th<:r'r:fulc. fo l,crst th<: nricrlu:rr'1,

of l,lt<: N4R, solutiou rvith thc iiculisti<' trlgolithur <>f i\4olgärr r:1, al. (1993). four'<,ost-

lt:li¿rl>ility tr'¿ickr-of{ r'cla,1,ionships. c:x:h bas<:d olr ¿i cliffelent sct of 100 r'caliz¿rtiols. ¿ìr'o

clcvclopcd artd corrtpalecl iri Figulc 3.2. Thc foul sots of 100 r'e¿rlizations ¿u'c lcf'clrt:rl

to ¿rs N,{CS-l, \4CS-2, 1\4CS-3, arrcl N4CS-4. Figru'c 3.2 clczrrly sho¡,vs th¿rt e¿rch of

tltc tracleoff culvcs is cliff'elcnt fi'orn the othels, e:spcciaily at l'eliability lcvels glezrter'

than 0.7. HoweveL, this range of reliability values corlesponcls to typical reliabilitv

levels used by clecision makers to derive pollution abatement policies. Rrrtherrnole,

these high reliability levels ¿l,ncl other risk indices, such as the cluration (i.e., resiliency)

ancl rnagnitucle (i.e., vulnelability) of ¡,vater qualitv violations, determine the potential

damage of pollution to aquatic ecosystems ancl the extent of potential limitation of the

beneficial uses of surfãce r,vater bodies from water quality considerations.

For 100 realizations, the bionomial distribution method, discussecl by Morgan (1990),

estimates the 95% lower and upper confidence limits at 0.95 reliability level as 0.88

and 0.98, respectively. This confidence interval âppears to be small, however, from

Figure 3.2, the total waste treatment cost changes significantly within this range (i.e.,
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0.88 to 0'98) of I'cliabilitv lcvels fbr eacrh of the f'oul' cost-reliability lelationships zurcl

bctr,vccn thc tt'aclc-off curves. lVhell cornpzrlecl to onc ¿luothel at ¿rll r'<:li¿rbility lcvcls.

the tilt¿ri r,vastc tt'c¿rtutcut <rosts ¿rLc significantlv highel fbi' sorrr<r of t¡c four. sets of 100

t'cl¿rliz¿ttiotls tlt¿tu lbl othct's. Fol cx:rur¡rl<,-. ¿rt a lciiabilitl¡ lew;l of 0.g2. N4CS_1 ¿ur<l

1\'lCS-3 Jrt'orlttr:<r r'v¿istc 1,tc¿ltrrrcut costs of $5.04 rnillion/rcar'¿lnrl $1.48 urilliorr/tr.irr..

tcs¡t<rr:tivcl¡r Tlut rliff<tr'<tur'<: in r,r¡âst<t tr.r:¡rtru<:nt r,<ts1, fitr. 1,hcsc t,r,vo s<tts at this r.clialtilil,r,

lc:i<rl is $3.56 rùilliotr/r<:¿it. t¡hi<:lt lcplcseuts a,ìì ¿ì,I)l)toxinr¿rtt: iur,r'ç¿isr: ol'2110%, r'gl¡ttirrr:

1,o tlttl oDtitttitl olr,j<l<'tirrrt fìutr:tion t'¿ìilur fol' N,ICS-3. Thc rliffclr:lu,cls iu tlut 1,r.arl<r-.ff

lclal,itltlsliil>s sttggtlst thal 100 t't:aliz¿ttiorts nì¿ìr¡ lrot ltc cuolgh tr> r'<tp1c:s<t¡t tlic s1,<.¡r:ir¿rsti<,

r'v¿itt:t <¡ralitl, ttl¿Ìu¿ì.gotrx)nt sy¡;fsl¡1. csJ>crrially ¿rt thc higir c,ost arr{ r.çli¿ltility glrcl of t¡<:

cost-r'cli¿rbility r'<:lationshi¡r.

Figule 3.3 sho¡,vs a plot of tire rrorrri¿llizr:cl CPU tirrie lcc¡.rilernr:lts of tirc N4R, nloclcj

lvith th<l ltclttt'isticr solutiort algolitlrrn of 1\4olgan et ai. (1993) wl¡s¡s rulurber of r.ealiz¿r-

tions (r.rp to 100) r.itilizecl. The CPU tirnc lec¡rilecl to solvo thc N,IR, rnoclel f'or a ¡¡ivc¡

nunr.ber of realizations is nornralized by divicling it by the CPU tirne utilizecl f'or 100

realizations. Figure 3.3 indicates that the CPU tirne incl'eases slowly as the number of

Iealization is increased from l to 40. However, as the nunrber of ¡ealizatio¡s incr-eases

beyoncl 40, the CPU time increases quickly. In fact, the late of incle¿rse is expone¡tial

in nature. Frotn the graph, the time required to solve the NIR moclel for b0 realizations

is less than 4% of that required for 100 realizations.

The CPU time used to generate the entire tracle-off relationship for 100 realizatio¡s is

approximat'ely 7 days on the University of Nlanitoba Sparc2 UNIX stations. Therefore,

if the graph in Figure 3.3 is extrapolated for 1000 realizations the estirnatecl CPU

time requirement is on the order of several weeks. However, in a typical water quality
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tn¿ln¿ì,gelììent sYsteln. àll âcleqllate tturribert' of lealizatio¡s is cxpectecl to be on the orcle'

of thousarrcls.

Thelcf'oret. irr sJrite of ther suireliolitrr of the N4R. zrpploar:h <)r,<:r. the tr.¿rclition¿rl SIOp

ttlcthocl itl Jlt'oclucittg c:fficricril, solutiotts. tlt<l r:onrprit¿rtiorral ¡e<1uir'<turr:uts ar.g sigtrifir'atr1,.

Its lalgr: r;onitrtrrt,zitir>nal llulrk)u ln¿ù¡ ur¿rkc th<: N4R rrxrth<tcl r,<trnltin<t<l r,vith N,Ior.gan

tll ¿tl.'s (1993) Ìlttttt'istit: soltttjtttt a1>1>t'o:lr,h ruraftla<:1,ir¡c t<) u¡¿ì1<)l <lualitl, ¡la¡¿ìg-o¡ìo¡r

tttorltlltlls itrtcl tltlsigti <rttgin<t<tt's. ttulcss 1>aliill<:l 1>r'or'cssirrg is iurltl<:ur¡¡1t:rl 1;r ¡flir,ig¡t

soltttiott 1<:<:ltttirltt<ls ilt'tr rlt:wtlrtl>ccl. N<:r'<lt'thckrss. thctc is a gr'<la1 1t<t1c¡1,ial f6t.r.<tr¡rr,iug

lhis lalgrl <:olttlltitiltiortal Ìtut'tltttr. Cltaptr:r's zl arril 5 ltlcsr:ut ¿U)l)t'o¿ì(:hos lil¡ r.<x¡lr,i¡g th.

CPU l,ilrlc: f<>t sohriltg th<: i\'lR lno<lel lvithorrt sa<'r'ifi<riug ¿ì,(:(ìì-u.'¿r(iy of outpril,.
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Table 3.1: Solutiotrs fol Ploblerns P1 ancl P2 ancl the Conrbirrecl N,Iodr:l

Pr'<tlllcut

Total

Ct>st,. 2,.

($ urillion)

R.cltroval Lcvcl

(%)

A2À¡

\ÄI¿rtcl Qualitv Iuclctx

R.caliz¿rtion 1

Circr:kpoiuts

,)

Rcalization 2

Checkiroirits

P1

P2

ConrJrinc<l

5.1550

tr.7557

6.9152

4¿1.'2 78.5

77.'2 50.6

77.2 63.3

0.000 0.050 0.000

0.140 0.073 -0.176

0.140 0.I2t-t 0.000

-0.144 -0.021 0.284

0.000 0.(x)0 0.166

0.000 0.041 0.287
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Tallle 3.2: Dischzrlgel Waste Lo¿rcl Ch¿rlactelistics ¿urcl G:rging Station Lor:ations

Dischzrlgcr Gzrging

St¿rtion.

(Statiol No.)

Lo<ration.

krn,

Design Florv.

A,IGD(1,/scr:)

hrfluent BOD.

rnqfl,

Splingficlrl S1>r'ingficl<l

(1)

Hallisltru'g

(2)

0.00 6.86 (301.0) 248

10.13

Eug<lxt

Aur<:r'ir:¿ut C¿rrr Cr>.

Evans Ploclucrts

Colvaliis

Alb¿irry

10.20

57.80

79.210

85.80

105.20

r08.00

17.16 (752.6)

5.36 (235.1)

4.14 (18i.6)

7.13 (312.6)

8.71 (382.1)

284

101

118

12I

o?

Albany

(3)

lVestern KrafT 108.30

160.00

4.23 (185.5) 240

Salem

(4)

Boise Cascade

öalem

Crown Zellerbach Portland

(5)

r6L20

163.10

254.70

15.72 (68e.5)

17.6s (775.8)

9.47 (415.4)

130

408

279
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Chapten 4

New Algonåthrr¡s fon Soåvåmg the

MR VÏodel

4"L ïntroduction

The abilitv of the NIR model to procluce efiìcient solutions is clernonstratecl in Chapter 3.

It is ¿rlso sltowrl that large computational lesources are neeclecl to obtain these efficient

solutions. In this chapter, the successive heulistic algorithm usecl to solve the MR

rnoclel is improvecl to t'educe computational tirne requirecl ancl to allor,v a larse nurnber

of realizations to be incorpolatecl in the stochastic managernent moclel.

The large CPU time requirement of the heuristic algorithm cleveloped by Morgan

et al' (1993) is due to the large size of the optirnization problem createcl by the MR

model and the successive ptocess which typically solves the moclel more than once

at each level of reliability. Therefore, the computational resources required may be

decreased by using techniques that recluce the size of the optimization moclel or recluce



the nulnbel of tines the optirnizatiott uloclel is solvecl r,vith lVlorg¿rn et ¿rl.'s ¡eur.isticr

soiution pro(ìess. T<> rc:cluce the size of the optirnization rnocleis solvecl ¿lt cach st.g-c .f
tlrc hcuristic âlgcltithm. tltt'ee ttcr,v zrlgot'ithlns ¿rre clevelol>cd irr t|is c|¿ptr:r'. ¡r C¡zrptc¡

5. ¿ì Iìeut'¿ìl ttctwot'l< aJ>1tt'o¿rc:ir is cl<:velo¡tc:rl to lc<lu<:<; thc nurnbgr. of st¿gcs ¿rt r,vhic¡ t¡¡
1\4R lrrodrtl is sohteri. ¿rnd thc nrurrbr:r' of o1;tirrrizati<lu nrorlcl soiritio¡s al, ç¿¡c¡ of tlu:st:

stag<ts. to olrt¿rin thc tlarleofl' r.<tl¿rtir¡ushiJ;s.

Th<r gt:ttrlt'al l\fR lt¡¿t,l,(:I rlttalil,y nl¿ìn¿ìg-curcut rrurrlci (Eqtud:i,rnn 3.1g thr.ougli 13.28)

t:rrttl¿ìitts l'i1 r'¿r'iaJrlr:s attcl {1 x n(<Þ¡¡) 1 I-)- 21ì'1} r.orrstt'aitrts. u,}iclc ìif is th<r ruurr}r<:r.of

cl<lrrisiort vati¿rl>ltts. a,llrl thc otltc;r' vali¿rÌ>k:s a,r'e rlcfiuccl irr ChaJrl,rtr. 3. T|ç <,r-rr¡pr,r1,¿¡1,i.,¡¿rl

<rffolt t'ecltrit'ctl to solv<; this lr¿rtlultn¿rticr¿rl irrcLrlern ¿rt t:¿rc:| r'ctli¿rbility levgl is clc:tcr.llriuç¿.

to zt lat'gc cxtont, by thc nrrtrrl;er of c'orrstr'¿rilrts. Hor,vcvot.. ovcu fot. srn¿rll r,v¿rter. <lualitv

systettts. the rturnbr,'r' of <lonstt'¿rittts <roul<l ll<l lalge fttr th<: tvpici,rl nurnltet' of rc¿rlizatiorrs

t'tl<1ttit'ecl to pt'oclucc â convcrgeuce clf tlxr ,joirrt Ploltabilitv clistribr.rtiorr of thc oi;jcc,tir¡.

fìrnction ¿lncl the cotresponclittg rnanagenrent clecisions. Thc cornput¿rtio¡al c¿,1lzrcítv of

rnost e¿rsilv av¿rilable cornputet's toclay rnay be exceedecl f'or this noclel.

At a given leli¿rbilitv level, most of the constraints that ensure acceptable water. qual-

ity (Equati'ort 3.20) do not influence the moclel solution. These unimportant constraints

are ltencef'olth referred to as non-critical constraints. The non-critical constraints are

generally non-binding for the optimal solution and are satisfiecl by tlie optimal solution

which is obtainecl based on the other constraints.

Therefore, to reduce the size of the optimization moclel ancl the CPU time requirecl,

new algorithms have been clevelopecl in this research that iclentify potentially non-

critical water quality constraints a-pri,ori, so that they may be removecl from the MR
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moclel bef'orc soiving it ¿rt eaclt leiiabilitv level. Eliminati¡g these non-c.itic¿rl ccln-

stt'aints'uvill not affcct thc acculacy of thc nloclel sohltion (ser:. c.g., Palk ancl Lir:Ìrman,

i993)' Fitt'tltt;t'rnorc. sincr: such ¿rn zr1>Jl'ozrcli r,voulcÌ signifir:antly r.elclucc t¡c sizc a'cl

1,lt<l crotnl;ut¿rtioual titttc: t'<tctrttit'er<l il' thc NdR utoclel. it r,rro¡l¿ allor,v zr lalg. 
'urrrbr:r. 

of

sti'cl¿Ìltl lla<'kgrourtrl t't:alizal,ions to lrc iur:ludr:<l in thc nrorlcl. Trvo g¡ou¡ts <tf pot.utial

ttott-rrliti<r¿tl r:ottstr'¿iirtts ¿t,t'rl i<lcrtl,ificd in this lvot'k fc>r' a stor:hastir, .,v¿ì,t<,.r' qrralitv r'¿ìrì¿ì.go-

itl<:ttt Tll'oliltlttt. Tltc lilst gr'<tttJr alr: tlrrlst: c:onstr'¿t,itrts 1,ha,t r.r:pr'<:sçut ¡<tu-r:r.iti<ral lva,1,r:r.

rluirlitl' <'ltcr'kpoittts ¿rttcl 1,lur scr'ourl g-r'oul) I'cl1>r'ctscn1. infcr.i9l.r.c¿lliz¿rtig¡s.

Tlttl ttlst of this <r1tit,1;t<lt' 1)r'cs<tttts thlcxt zrlg<l'itluns clcrclopc<l ilr this r.cse¿ì,rch 1. irl<:l-

1,ify pottlriti¿rl t'r'itic¿rl <'onstlaints, t[¿t ¡o¡tr.ol tl¡t <tpti¡r¿l N4R, ulo<lcl soluti<>n a1, ca..lr

lcli¿rbilitv l<:r'cl. Tltt: filst algolithrn r.rtilizcs the tr¿r<lition¿rl SIOP solutio'. b¿rs.rl ,,. a

l:ugc uurnbcl of Ì;<tssiltlc stle¿rrrr couclitiolrs, to iclentifi constr.¿rillts thil,t t.clpr.clscnt ltct_

tclrtial ct'itic:¿rl stlca'tn locations. Thc othcl tr,vo algolithrns use tr,vo cliflr-:r'cnt appr.oaches

to clctet'trtine coDstlaittt stlts th¿rt colresponcl to potentinl non-irrfer.ior. re¿l,liz¿rtions in th.
set of le¿rlizations fbl which water quality violation is not allowecl. These algorithms arcr

used to solve tire MR moclel for the example BOD wasteloacl allocatio¡ problem solvecl

with the heuristic rnethocl clue to Morgan et al. (1993).

4"2 Ðetermination of critical \^/ater quatity check-

points

For water quality management models, the checkpoints are chosen such that, if pre-

specified standards at these checkpoints are maintainecl, then acceptable water quality
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levels ¿ì,1'e gu¿ì'l'¿ì,ntcecl zrlong thc stl'e¿rrn. Ofieu. tire c|ecftpoints are selectc¿ to i'clu<lc:

scvct'¿il locatiotts al<>ng thc tivcr'. Thcse <rltc<:kiroints at'e getìct'¿llly i¡ciriclecl in traclitional

rvatt:r' <¡ralitl' lll¿ìlìâgollt(lttt tncl<lcl f'olrnrrlatiolrs bcc¿nlsc clitir'al loc¿¡tio¡s ir1'c typically

tttll<ttclr'vtl rtiltil thc ttì¿ìn¿ìgolllcul, urork;l is soirc<l. Flrlr,v<tv<tr'. nrost of tlrr:sg lor:ations r¡i1 ,

Jrc n<tu-c:t'iti<ral arirl utìuc(rcss¿ìt.ily iuc:r.c¿rsr: th<: sizct of tlut lt¿ì,n¿ìgcrììcnt itr.oblctr.

Titc r'l'itir'al lrlr'atitltts t>f a lttau¿r,gr:rrr<rnt systorn rk:pcirrl o¡ þoth tlur ¡;1¡¡¡¿1¡l lr¿rr:li-

grotttttl r'olt<litiotts ¿tlttL 1,ltc wa,tttt rlrialit-v Ìll¿ìragontcut goals. srrcr¡ ¡rs th¡ r,vatçr. qrralit1,

st¿i,tl<1¡t,ltls. Tltc trtitgttiturk: ¿iu<i spal,ial <iislliilrtiorr of infiltn¿it,it-rn lhal rlcsr,r.ibcs s1,r.c¿rur

r¡ralitv l>a,<'kgt'rltrtltl <rr>ttcliliotrs (c.g.. loi,r' ll<>r,vs, s1,r'<t¿rrn tc:urltçr'¿1,¡r.c. r.t:¿r<rti6tì t.¿¡¡os. ¿ìrxl

l>ii<:i<gloun<l r,v¿il,ctr' <lriiLlitv lcrrci) ilrfluc;trc:r: thc <rr.itir:¿rl lc¡r:¿r,1,irtns, siu<:c 1,his ilrfor.nratioil

<1c1,t:uniucs thr: r,vastr: assirrrilativc <:zrJl¿¡¡i¡¡r aktug thc lir¡cr.. Diff?tlcut sctl,s c.rf r,v¿l1,rtr.<1rralit1,

gr>:ils tttây ¿rff'cr:t thcl ¿rrnourtt ¿rttcl spzttial <listlibutiou of r,vastc crnissions. ¿trr<l thelcf<;r.<r

tlu: ltlofilc of th<r i,v¿rtcr. qrinlitv inclcx. cliffi:r.clf,lrr. Thr.rs. i;h<t k¡<:¿rtious ,,vith lirrriting w:r_

tel cpzrlitv levels utav be clifÌercnt f'ol these sets. The critical loc¿l,tions rnay :rlso cherngc:

if clifferent st¿rnclarcls eue sper:ifiecl for clifferent secltions of thc ¡iver.

For ¿r given set of ûlânâgernent goals, the r,vatel qualitv constraints replesenting non-

critical locations woulcl consistently be non-bincling for all possible scenarios of strear¡

background conclitions. Befole solving the NIR rnoclel using the successive heuristic

pl'ocess of Morgan et al. (1993), sorne of these non-critical checkpoints may be iclenti-

fied with Algorithm i. This algorithm iclentifies checkpoints that influence any of the

SIOP rnodel solutions for the realizations usecl to represent the stochastic water quality

conclitions. Tlie algorithm solves the rnanagement moclel many times, each time using a

different realization of design stream conclitions. For each solutio¡ ancl the corresponcl-

ing realization, checkpoints with a high potential of incurring water quality violation,



if the|e is ¿r srn¿rll cltattget in the cle:sign r:onclitions. ale iclentifiecl ¿rs poterrtiai critical

crhcckpoirrts. Strch r:her<rkpoittts r,vill potentiallv be irnpo¡tzurt in tho NiR, uroclcl soiutiorr

plo(:css 
"r'hilc 

the othcr' <rlier'kl;oiuts r,vill not signific::rntl1, ¿lffc<rt thc solution.

Algorithm 1

Step 1 Ratldorttll' geltt:r'attt ,5' p<tssiblc r'c¿rliz¿itious of r,vatcr' <lualitv lrnckglouucl <roricli-

tiotrs:

Step 2 S<thrr: tlu: rlctr:r'urirrisl,i<' r,r:¿ì1cr. rlualitv

a1,crl r'caliz¿rtion iu Stcp 1. au<l irlcnl,ify

tiorr; aucl

urâ.nagcìn(ìrf' rno<lcl Ì>¿ts<:rl r)lt t:ar,h gcnol.-

tli<: r'r'itical <:hcckir<tiut(s) foL <:¿rr:h r.<:¡rliz¿r-

Step 3 Classif\'all <rhcr:kPoints i<lcrttifiocl in Stc:1> 2 as 1;r>tcnti¿1 r,r'iti<:al ¡¡c.lipoirrts ¿rri<l

¿lli <¡thcr' <:hcr:lipoints ¿ls non-cr.itical.

In Stcp 2 of this :rlgorithrn. a,ny chccrkpoint that has a bincling 'uv¿ltcr. q¡ality <ro¡str.¿ri't,

ol'soìlle specifiec'l nirtiÌturrl l'eservc capacity (i.e., the minimurrr excess water qualitv level

above the specifiecl standard), or'â reserve capacity below a certain thresholcl, may be

considered as a potentially critical checkpoint. Thus, the potential critical checkpoints

rept'esent water quality constraints with zelo or ¿r srnall slack variable value, theref'ole,

these checkpoints are expected to influence the solution of the watel quality management

moclei based on the ,S realization generatecl in Step 1 ancl uncler stream conclitions

similar to tltose that represent the ,9 realizations. The constraints representing non-

critical checkpoints identifiecl in Step 3 are potentially non-bincling constraints for the

optimal NIR model solution at all retiability levels ancl are therefore removecl from
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Eq'uat'i,ort,3.20. Erl'uati,on,3.20 c¿ìn th.<,,n be lvritten as:

P''¡(x)

r,rrh<:t'<;

In 1,his lhcsis. O,, is lllr sct of alì r:luxìipoiitl,s r,i¡i1,h zr;r.<r

r¡ur: of 1,lic ,9 sohrl,iorrs r>Ìr1¿,iur;rl il Stcp 2 of Algolithui 1

oltt,¿rincrl as fr>llor,vs:

:i e Õ¡r

loäol'\() <'all¿tcity ftrt'. ¿r1 l<:¿rs1 .

¿rlr<.rvc. 1\,,latlurur¿r1,ir'a,lhr. O,. is

(4.2)

(4 1)

(-),,
{ all pot<trf;i¿rl <rliti<'al r,vatcr. r1uality r,h<:ckpoitrl,s i .

r,vliclc

lt¡

À¿.:j

: {r,, , Ðl=, Àoi > 1} V i:1.-...1

iu<lex fbl r,v¿ltctl qrrälitv Cher:kpoiut l;

I it Cn.' : ¡1.

0 othetr'¡,vise; ancl

reserve capacity at Checkpoint z for Realization 7 if thc optirnal

management solution based on this realization is implementecl.

11..

The computational effort requirecl bv Algorithm 1 is very small comparecl r,vith that

required bv Morgan et al.'s (iosS) heuristic successive solution proceclure. Hor,vever.,

the reduction in the size of the tnanagement system ancl the improveme't i' the CpU

time needed to solve the resulting MR moclel may be very large when this algorithm is

utilized. Furthermore, the algorithm may be usecl to screen importa¡t realizations that

could be included at each reliability level of the MR moclel, as clesc¡ibecl in Algorithms

2 and 3 in Sections 4.3.1 and 4.J.2, respectivelv.
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4.3 Ï)etermination of critical realizations

Tltc sttpr:riolitv of tlrr: NdR rnorlerl ovcl thc tr¿ciitional SIOP zri;il'oarù iu ¿er.clo'iug

tt'aclc-ofl rcl¿rtionsliiPs for. ¿r stoch¿rsti(r r,v¿rtcr.qualitv s)¡st<:rn is rn¿rinh, clirc t<t thc iuc,lu_

siott of uotl-iufr:t'iOt l'<:¿tliz¿ttiotls ¿unorìg thc scts of strc¿lur r:oliclitioris ris<lrl to r.<r1'.cs.'1,

l,lu: systctrr. Hoi,vr:v<:r'. ¿1, ¿r giv<trt r.cliaÌ>iiitr, Ìcwtl. A, ut¿lny of tiu; t.c¿rliz¿rtiolrs ilr,lu<k;rl

itt thtl strl' <Þ¡¡ lll¿ìv l)o ilrfrtlirtr'1,o llur ol,hcl lc¿iliz¿r,t,i<ns. r\ltliough lllc¡rr is ¡6 ¿rri¿ih¡1,it,¿rl

t:xlllt:ssitlti t.¡t lllot'tl<1iu(ì ¿ì\¡¿til'ìl)lc firl i<lcll,ifyiilg t,lur iufi:r'ie¡ r'g¿rliz¿r1,i9¡s. 1,¡<:r.. ¿ì,r.o (:or.-

1¿rili t:hal'¿t<:tt:tisti<:s of tlt<t tr'¿rclit,it>lr¿rl SIOP solutious 1,hat ut¿y lrr: cx1;lor.ccl tc; cl.t.r.uli'.
stltti<l 1>O1,t:rttial llt>lr-iltfi:l'iol tt:¿tliz¿r1,iolls. Rl' ¿r givcu lc¿rliz¿itiolr. t[<rss <:[¿lr.¿r<:1,r:r.is1,i<:s

trl¿tv irtcrlu<lc i;rtt ¿ltcl tlot linrited to (1) l,hc optirnzrl valuc of thc o5.je<:tivc fì'rc:1,io.. (2)

thc ttutrtllel' <lf r'v¿rtt:r' r¡ralitl' violatious ¿tt t:ach <rhcckl>oiut r,vhgu t¡c r¡:r,¡.lgcrrur't salu-

t,itltts basccl otl otltet' t'ea,liz¿ttious ¿r,r'<: iuvol<t:cl, (3) the r'<:lia¡ilitv of the sol'tiori r,vhcri t¡c
opfitltzrl ilì¿lll¿lgcilìcrtt clccision b¿rsccl oil thìs lc¿l,liz¿rtion is irnplerneutcd. (4) the v0ctol

of optirrlal clecisiotl valiablcs, ancl (5) the mzrgnituclc of the clual ancl slack va.iables.

For puÏposes of this thcsis, in this chapter', the first tr,vo characteristics are utilizecl

to demonstrate two diffelent approaches for iclentifving potentierl critical, non-inf'erior,

realizations at each stage of Morgan et al.'s heuristic successive solution plocess f'or.

the NIR rnodel' In otlter applications, other ch¿rractelistics may be usecl to iclentifv the

potential critical realizations.
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4.3.L Potential critical realizations based on optimal objective

function

Tiltl t'¿ittks of tlrt: oPtirnal objectivc fìnlction valur,.s fbl thc tr'¿rclition¿rl SIOP sc¡hiti.lts

irt¿tv rlot give a gtlori cstittt¿tt<l of tltr: r:r'itir:¿ihrcss of a lr:aliz¿rtio¡. iter¡et.tlutÌr:ss. t¡ey girr<t

¿tt iltclic'atiorr of potttntitrlli' itrfcliol lc¿rliz¿l1,ious ¿rt c¿l<:li stagc of N4or.g¿¡ c¡ ¿il.'s (1gg3)

,'ìlì(:(:ossi\() st¡lttl,iott l)lo(:oss 1Ìl tlit: N'IR ur<t<ktl. F<rr' o,\¿¡ull)lo. if ¿ s¡ffi<,ic:ul lur¡ri;çr ,f
tclaliza,ti<ltts is tiscrl ill arr SIOP ttltitlt:Ì. it in¿ly llt: r'c¿rson¿iltlt: 1,o ¿ìssiuno tha1 thc r.c¿rìiza,-

l,iolt ctlll'ctsltorrdiilg to thc srt¿rllest optirrra,l ob.jc<:tivr: fìru<:tieu rr¿rluc fer. ¿¡r LC ¡>r.'gr..'r

r'i'ouitl Ìrt: irlh:r'itl| to tir¡tt (rot't'cspou(ling to thc lalgcst optiurirl oþ.lc:ctirrt: fìr¡ct,iolr rr¿ì,¡ut.

Irr l¿rct. f<l'a giv<:rì systeut. therc ctxists a p:lranx:ter.7 su<ù th¿rt thc r,vor.st ^¡S v>alíza_

tiorls itl th<l s<lt Õ7¡. llzrs<ld ott thc o1>tirnal ob.jccrtiv<: fìructiou v¿l,lucs fi'orrr thc tr.¿rclition¿il

SIOP solutiort. <:otlstitute tltt: 1t<ttenti¿rl llon-infcliol' x:¿rliz¿rtions. Th¡s. 7 r.ellr.esc¡ts zr

plopot'tion of the totai rnirnbet' of re¿rliz¿rtions that influerrccs thc NIR sohrtio' at all

leliabilitv levels. Tlte pararnetet' 7 is cleterrninecl r,vith Algo¡ithrrr 2. This algorith.r

obtains 7 fbr a srnall sarnple of the total number of lealizations ancl assumes that this 7

is the same as that f'or a larger number of realizations. The value of 7 is computecl using

inf'ormation obtained by solving the SIOP and the NIR rnoclels f'or the small sample,

lanking the objective function vaiues of the SIOP solutions, ancl iclentifying the bincli'g

constraints of each optimal solution of the MR moclel. The MR solutio¡ for the small

sample is basecl on iVlorgan et al.'s (1993) heuristic approach.

Algorithm 2

Step 1 Generate a small number of realizations, N (about I0% of ^9), of possibie

water quality responses for checkpoints tliat belong to the set of potential criticai
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checkpoints O., ¿ìlìcl solve the cietelniinistic rnan¿ìgenìent rnoclel basecl on eaclr

rc¿iliz¿tion. Thc t'<:sults obt¿rinccl at'e the SIOP soiritions fbr' 1/ rc¿rliz¿rtions. R.ank

tlic optirtlal valucs of the oÌ:jectivc firnction f'ol cacþ r'calizatio¡ such t¡at the

lâr'gcst (i.c..',volst) valuc is lallkccl l for'¿r urinirrriz¿rtiou 1>r.ct6lc¡r. Dcluot. 1,ht:

Iarrk foI R.c¿riiz¿itiort ;i tts D¡. Tlnrs. Di is thc r:stinr¿rtcrl lank 6f r'r.i1,i<,¿rlrrcss fer.

R.r:aliz¿r1,iou .f bascrl on tlut SIOP sohttiotìs:

Step 2 Soh'tr 1,lic NIfì ttu.rrlcl fol lgyçls ef'ß (ìrr:trvg¡u 1tl¡rl 0) fi¡r. 1ir<:.,V r..aliz¿r¡irlrs

gt:tt<lia,tcltl in St'c1r 1 rtsirtg N4olg-au ct ¿il.'s ht:ulistir, a,1>ploar,h aurl irl<:¡tif¡, 1,lu: sç1

<lf Ìliri<liug lc¿rliz¿ttir>rrs ¿r,t r:¿rr,h lr:vcl of Ã. ¡}i¡; aurl

Step 3 Dctclrrrirlc 1,lte sttlallest ltlopoltion . 1. <>f thr: l/ r'e¿lliz¿rtions. t¡¿rt urust Ì><r

ittt'luclccl at all strrgcls of tlut solutiou l)to(ìcss. to olttain thc r:x¿ict r.<:srrlts i' S1,<t1;

The perrameter'7 c¿ln l¡e cornput<:cl ¿is f'ollor,vs:

i : fmax¡¡[rnaxjep.(Dj- (1 - 1l)¡,/)] (4 3)

whclc

0n. : {realizations in the NIR moclel with bincling constraints at reliabilitv level Æ};

and all othel valiables are alreacly clefinecl.

The term (1 - Æ)¡/ in Equati,on 4.3 represents the number of realizations that have

been dropped from ihe MR model at reliability level Æ. At reliability level A, the

term max¡eBn(D¡ - (1 - Æ)¡/) represents the maximum positive clifference between

tlre estimated level of criticalness of the bindin g realizalions that control the optimal
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solution ¿rt reli¿rbilitl' lcvel Ã. ancl thc actu¿:L] lcvel of criticalness of the lcaliz¿r,tion

ch'oil1;<:cl fì'orn thc tnoclel at leliability level (n + *) (i.e.. at the pr.cvious st.ge of

soir.ition). Fot'llttt'11<ls<:s of this discussiori. this ui¿rxirnurn clifl<;r'cncc a,t rcli¿rbility levcl

1? is ticnote<l as r/7¡. Tltus. fbl a rninitniz¿rtion 1l'obkrrrr, if tirc sct of r.claliz¿rtious ¡¡al

It¿n'c llccri rhol>pcrl fï'oru thc N4R rnock;l at lcliabilitr, lcv<.l ß, Õ,rr, is lirrolvlr. tlrcu ,rl¡¡

t't:aliza,tiotts th¿rt (:ol'losl)oll(l 1;o 1,1tt: ltighcst r>ll.jc<,t,ivc fìuurl,i¡¡¡ rra,|rcs iu Õ7¡ lyill i'<,¡ul<t

¿ll tht: llilrrliilg l'tl¿tlizatiotts thal rk.'tcluriu<t l,hr: o1t1,inräl NiR sr>hitiou at this t.r:lialtilil;r,

It:vt:Ì. Tltt: l'¿tl,it> of thc ltt¿ìxittutnt t>t r.l,¡7 r>rrcl a,ll \¡¿ì,luorì of ß to tlrg t.t¿rl u'rull<li of

lc¿rliz¿itir.rus Iy'. rl<lfiur:s 1,h<: rr¿iluc of i,.

Ft'cltlt Eqtt,u,t'i'ort,4.3 aud tltc clis<:r-rssi<ius ab<>rrc. tho v¿rirlc of'7 is influr:lu,gcl l>y th<ts<r

I'c¿rliz¿tti<tus in /ì¡ ¡,vhosct <:stirn¿itc<l levc;l of, <rr.iti<,¿rlncsS Di, åìt.c higlutr.than (1 _,R)N.

If thc estittl¿tteti lcvcl of <:t'itic¿lhtess fol a givcn lc¿rlizatiou is lcss tlrt,r (1 - Ã)lV . t¡<r

t'c¿rliz¿rtiott r'vill bt: icbntified bv Algorithur 2 ¿rs a J>otcnl,i:rl c¡i1,i<'al r.o¿rliz¿rtion <ra,rli.r. i'
NiorgerD <lt ¿rl.'s stl(:crcssivc Ìrcuristic process thau ¿rt lcliabilitv level À. This r,vill not

¿rff'ect thc accnlacv of the NIR nroclel solution.

The value of 7 in Algorithrn 2 is assurnecl to be the same for an MR .roclel which

uses ,S Ìealizations to lepresent the stochastic watel quality system. Ther.ef'ore, at each

stage of the successive solution plocess, the'worst' 1S tealizations in the reclucecl MR

moclel (i.e., in the set Õa), are considerecl as potential non-inferior realizations ancl

the remaining realizations are assumecl to be infèrior. These 'worst, 7,S realizations

colrespond to the most costly 'yS LC solutions, basecl on optimal objective function

values for each realization of the SIOP solution. Thus, each of the potential non-

inferior realizations at a reliability level ,R, has an estimatecl rank of criticalness, D¡,

not greater than (1 - A + 7)S. The subset containing potential non-inferior realizations
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fol tlrc geueral ntoclel. Er¡'uu,ti,on,s (3.i9) - (3.23). ¿rt a reliability ievel of Ã is clenotecl

its Ü¡¡r. r'vlterc Ü7¡^, is ¿t subscl of Õ7¡ ¿trcl each clcul<:nt of ù¡, has ¿rn estirn¿l,tclcl r.¿rnk

of clitica,hress lcss th¿lu ol equzrl to (1 - n + ?).9. N,I¿rthc;rnatically, ü7¡.,, is obtainccl as

follor,vs:

ü7¡r, -- O¡¡ O Õ7¡ (4 4)

ll'h<:ic

f )r¡

all<l all <>tir<tl r¡¿ui¡illlcs ar.c ah.r:a<ly rlcfinr:ri

Er1u,u"tiort,4.1 r'¿ru nor,r' l)r: r,vlittrtu as:

{G,¡ :D¡<(1 -ll,-tlS'V :j :1, ..S'} V 0<11 < (4.5)

V 'i € O,,i e Vtn C ör¿ /J riì

Usirrg Eryt'uti'on' 4.6 irrsttt¿rcl of 3.20 in ther NdR rlrodci, tire sizo clf the optir'izatio' 1r.o¡-

lerns crc¿rtecl ¿r,t the v¿rti<ltts stzrges of Nlolgan ct ¿r1.'s heuristic solution pÌocìcss r,voulcl

b<-; clrastically recluced. Tlie sizeof. the optirnizationproblem at reliability level Ã, will

clepencl largelv on the numbel of elements in ü¡r, n(ún),which is given as:

t,*rt, : 

{

tS if R>t

RS if R<1

v0<A<1

Generally, the value of 7 from Algorithm 2 will clepencl on the set of realizations

usecl' By assuming that 7 from Algorithm 2 is the same for any set of realizations, over-

or uncler-estimation of the actual value of 7 may be producecl for the large 
'umber 

of

realizations, ^9, required by the MR moclel. Overestimatecl 7 will create a larger MR

eo



llìo(iel than th¿rt t'elcluilecl if ttre optirnzrl 7 vzrlue is usccl. b¡t r,vill not aff'ect the r-esrrlts

of thc i\'IR solutiotl l>asecl ott N4olgan <:t ai.'s (1993) :rlgorithr¡. Otr t¡c oth<:r.h¿rncl.

art iutclcrclsl,irtr¿l,tccl T tlt¿tv pt'oduu: an \4R solution th¿t cliffcls fi.ollt iVlor.gan ct ¿rl.'s

solutiori. This situ¿tiou ¿ll'ises bc<r¿luse soulc r.eaiiz¿r1,ious rnay bc exc,luclecl fi,orn 1,h<: IVIR

lrtoclcl al, r'r:ii¿rltilit\, lcrr<:ls r,vhci'r,'t|ity ar.ct irnJ;or.tzl¡t altrl aff<tr:t th<t \rior.gzru <tt al. (1gg3)

solttl,irltt l)I'o(:oss. TÌr orrct'<'ottt<: tlul plolrlcur of an trrr<l<l<tstiur¿rtccl 7 rr¿1¡<t. a s¿rfi:tl, fii<,1,¡r.

ttray lltr iilllllitltl to itt<,tc¿ist: tlu: vahlc olrt¿rincrl ftuur Alggr'itluu 2. Fft¡,rr¡vrtr.. tiris l,iulsis

tlo<ts ltol iuvcstigal,c lrorv l,lut s¿ilil,l, f¿rctor nl¿ìy J)0 oltt,¿riucrl. pr.<:scully. siuurl¿tti<tu a,tr<l

tltc ttrockrikrr''s r:xtrt<:r'ionc(ì a,t'o Ì.(x:()uluìolxl(,(1.

4-3.2 Potential critical realizations based on number of water

quality violations

For ¿r givctt set <lf ill¿ì,n¿ìgelnent ob.jecrtives, the spettial v¿rri¿rtion of st¡e¿rnr inf'orur:rtiou,

such as low flow, strearn velocity, stream temperaturc, reactiorì rÉìtes, zrncl backg¡ouncl

water qualitv inclex, significantly contributes to the presence of non-inf'er.iot.realizations.

The higher the spatial variation, the larger the numbel of non-inferiol realizatio's that

are respollsible for inefficient solutions in an SIOP moclel. For example, Molgan et

al. (1993) show that increasing the heterogeneity of the hyclraulic concluctivity fietcl of

a stochastic groundwater remediation clesign increases the number of inefficient SIOp

model solutions with respect to the cost-reliability tracle-off curve obtainecl with the

NIR model.

Recall fïom Chapter 3 that U¡ is the overall

The value of U¡ is obtained by considering all

level of criticalness of Reali zation

water quality checkpoints along a
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stre¿ìrl in l\4olgzrn ct al.'s hettristic:rlgolithrrr. In this lescalch. to rletcr.rnire lrotential

r't'itical t'caliz¿rtirlrrs usittg 1,ltc rurnlbc;r'of r,v¿r,tel qrralitv r¡io1¿rti6ns t[¿t nia¡, occt¿ ¿.Lt c¿¡clr

t'hcck¡r<littt of e¿rclt lealiz¿ltiori, IJ,¡ rs ¿tssurnei] to clepcncl otì sotìtc nle¿ìst,lt.c of t¡c lcvcl of

t:t'if ica'ltt<:ss of Rcalizatiorr.i ¿rt c¿rch incliviclual clxr<:ktrtoint r, € O,,. Fr¡t.t¡c r..t'¿rirl¿ur.f

titis tlicsis. thc l<twrl of r'titi<'¿llncss of Rcaliz¿rtiorr 7 at Ch<lr,kpr.ritit ¿ is <k:l<tto<l zrs ?rr,¡.

Gr:rrr:r'¿rllr'. [f ntâr: ltc r.cJlr.<:srlntr:<l ¿rs a fìrrir,1,i<tu t* .tu.¡,"¡ fur. r, e O,.. iu Er1rur,t,i,rtrt, .I.T

Jlclor,r':

tl¡ Iì (ru ¡.¡) (4 7)

r,vhclc

F(tu¡.¡): ¿r fìln<rtiou th¿i1; r.el¿rtcs tr¿; fol ali.; e O,

¿rll otlu:t' r¡alial>lcs at.<: ah.r:a,cly rlcfinccl.

¿rucl fol R.c¿lliz¿rtion .7 to [f ; ancl

Equ,a,t'i,ort,4.7 asstltrtcs that tlte ovr:r¿¡ll klvcl <;f r:riticaln<¡ss lil. er givcu r.<:aliz¿.¡tiolr

ln¿iv bc ¿rttlibuteci to a contbin¿rtion of its lcvd of'clitic¿rlncss at thc checkpoi'ts t¡¿it

belong to the set O.' The level of criticalness of zr given lealization zrt Checkpoint ,¿

rnzry be approxitnated with sonìe perf'orrnance critelion for this realization, such as the

numbel of r'vatel quality violations at this checkpoint of the given lealization, r,vhen all

of the SIOP solutions are implementecl. However', it may be clifficult or impossible to

calculate U¡ because there ât'e no analytical functions available to lepresent ]l(tr¿¡). The

new heuristic algorithrn developecl in this section proposes an inclex for approximating

'u¿¡, and uses these estimated values to select a set of potential critical realizations at

each stage of Mor-gan et al.'s heuristic algorithm.

Tlte values of. w¿¡ will likely clepencl on the probability of watel' quality violatio¡ at

Checkpoint i' of Realization j if the solutions of all of the traclitional SIOp rnoclel are
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illvol<ecl. Fot' clxarrtple. if solutions of g0 out of 100 realizations viol¿rtc ¿r DO stanclar.cl

zrt Checkpoiut ¿ of R.ealization F ¡,vhile ouly thoscl of 50 r'caliz¿rtions viol¿rter thc st¿rnclar.cl

¿tt the s¿ìIIr<.' c,lìe<:kpoint of Realiz¿ltion FI. thcn ur¿¡ is like]v to bc ¿ì rìlor.o cr.itic,¿rl iuclex

l,ltirrno,77. hl this thesis, the valir<:s <tf u4.¡ ¿:rr.r: cstint¿rtccl as:

'llt,i..j ,t' - Ti.:) V i € (Ð,., .i : 1. "' .,5' (4 8)

rvhcr'<r

T¡i : tltttrtJlrll' tlf u'¿ttct' qrialitv r¡iol¿rl,iorrs at C)luu'k1><tiul, ¿, sf

Rc¿rlizal,iolr .l if ilut otltet' singlc lc¿i,liza,1,iou solutiolrs ¿ì,r'o iurl)le¡u:¡t<rrl

Ft'ottr Eqr'a,tinrt' 4.8. l;hc io'uvt.tt' tlte value rf tu¿¡. th<t highcl tlrt: r:stir¡¿rtccl lcvcl <tf cr.itir:¿tl-

ut:ss of'R.r:¿rliz¿ltiou .7 at Checklt<tiut 2,.

B¿rsecl <ltt the rlsl,itllatccl va,lucs <>f zu¿¡, in Eq'uat'i,on,4.8. ä,n inrl>r'ovi:cl vc¡sio¡ of Nlor.gzi'

ct ¿t,1.'s algorithm. r'ef'ellecl to ¿rs the IN4 ar,lgorithrn, is r-rsecl to select potential critical

Iealiz¿l,tions arlcl to solvc a rniuimization problem. The rnain clifl'erence beltween Mor.ga.

ct al.'s heuristic algorithrn and the IM algorithm is that, while lVlorga¡ et al.,s zrpproach

inchides all realizations that have not been ch'oppecl from tire MR rnoclel (i.e., the sc;t

Õ¿) to obtain the solution at a given reliability level, the IM algorithm selects a small

number of potentially irnportant realizations that belo¡g to the set Õa to p'ocluce an

efficient solution. For each Checkpoint i € O", the IfuI algorithrn obtai¡s pote'tially

impoltant realizations by selecting a srnall number of the elements of Õ¿ that have the

lowest values of. w¿¡. The realizations selectecl for the checkpoints are initially assumecl

to include all the important realizations neecled to obtain an efficient solution at the

given reliability level. However, for a given reliability level R, the selectecl realizations
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lì1.¿ìv exclucle sonte irupoltant backglouncl stle¿rm conclitions. These exch.rclecl stle¿rui

conclitions collesponcl to lcaliz¿rtions th¿l,t aclvelsell' ¿rff'cct thc INI sohrtion for. r.eli¿rbility

lttrrels lor,vc:r' th¿u Ã. This situ¿rtion oftcn lcsults in ¿r nroler cxpensivc LC solutiolr fol

a lor,vct' rcliabilitv levcl thau that f'ol a higher lr:li¿rbility. The IN,I algolithrrr irlentifìr:s

sut,h ¿ttrorn¿ll1, ¿i1¡,1 thcl irrrpolt¿ttit tcaliz¿itions iuissr:cl ¿rt ¿tu c¿rr'licl soluti<trr st¿ìgc. rhrc tcr

tlttl ¿tsstrrtt¡ltiort allotrt rvhicrh t'r:¿tliz¿rtions iirc iurl><tlt¿r,ut. a,url st<:1ts ]tar'k ill 1,hc soirrl,iou

l)I'(x:oss to in<'lutlc tlt<lsc t'<t¿tliz¿ti<lus iu tÌur i\4R. rno<krl a1 tlul apploTtliatr: r'r:li¿illility

Itlrrcls. \Äihilit f,iur i>otcrtttial lrr>n-iufi:r'iol lr:a,liz¿ttious il Alg-olitlrur 2 alcl olrtaiuccl Ìt¿rsc<l

ott tlitr rrl<lsl, <rrtstl), LC SIOP soltitious (:ollcsl)orì(liug 1,o rc¿tliz¿i1,ions in tiul sc1, Õ¡¡. thc

ittiltttt'ta,nt rr:¿tliz¿ttious iu thc I\''I algorithrn alc sck:<rt<ld ou thc b¿rsis of thc irulrbcr. of

tl<ltt-virtl¿l,tiotts of r,v¿ltel qrraiitr' ¿lt e¿rch chclckltoirrl, (urrclel stlr:aur c:onclitiotrs lr:illcsenterl

bv t't:¿rliz¿rtious th¿rt bclong to Õ¡). if tlu: SIOP solutions of othcl lc:¿liiz¿ltiorrs iu Õ¡.r¡

are itnplctnelttt:<l irt 1,t.u'lt. Tlrc INd algolithrri is given in Figule 4.1. Thc stlnbols frtr.

this algolithnl ¿rle clcfinecl ¿rs:

k¿ variable indicating the upper bound on'Lu¿¡ f'or realizations

to be inclucled in the MR model at a given reliabilitv levei;

heuristic integel parameter indicating the number of the

most critical realizations at each checkpoint included at

tlre initial stage of the IIVI algorithrn (1^974 RT <, S);

integel variable > 1 if canclidate problems for the optimal

solution at a given stage are created at the previous stage of

the solution process,

( 1 otherwise;

I START :

.ICOUNT:
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H j : integct' vali¿rble equal to 0 if 'uv¿rter zr c¡ralitv viol¿rtiorr is not

allolvcrl fol R.cl¿rliz¿rtiorr .7 at a giv<;n lc:li¿rltility lcvcl.

1 othellvis<t;

Or¡ : {potcrttial <:t'itir:¿rl t'r:¿tliz¿rtions at lr:iia}rilitl, Icvcl. R}'

LARGE : lalg<t positivrt rnlrnltcl r.<:l¿rtivit t<t cx¡r<tctc<l obje<rtivc fhn<:tiou va,lur:s;

OßJ'5' :,:::: ol>.jr:r'tivc ftrtit'l,iort rtalrur firr' 11t<r ruost r:ullcnt olltirniz:rtiorr

ltloÌrlcnr s<>lvctI:

X :::: t¡Ctr1,ol r>f rl<lcisi<;ti rr¿r'i¿rbl<: r'ahurs (:()t'r'osl)otxlirrg t<t OB,LS.

o ß,/

l)t'o(ross ät a givcn lcii¿rbilitl. ictvcl:

Y : vcctoL of rÌ<tcision v¿ili¿rblc:s v¿r,lucs cot.tosJ)on(iing to Oß,1;

ICR.ITR : lnost clitical lc¿liz¿rtion ¿rt a lcliabiiity lcvel Il;

OBFUNR : o¡;tirnal ob.je<:tivc functiort rr¿rluc: at r.eli¿rbilitv ]crcl. 1?;

NR. : vectol of clccision v¿rri¿rbles cor.r.esponcling to OBFUN¡7;

NI : total number of bincling r<;a,lizations at current stage of

solution process;

Qi' : 2 1f Gj is the m, th binding realization at the previous

level of reliability Ã + å,

0 otherwise; and

the other symbols are aheady defined.
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Description of the IM algorithm

St<;J> 1 of thc Il\4 algolil,lrrn initi¿rlizes p¿ìr'¿rrnctcls lcrluilr:<l Ìly the zrlgolithrn. At thc

st:<:ottcl stttp. thc olt.jc<:tivc fuur'tiori rr¿rluc at thc bcginnitrg of c¿r<:h stzrgc (i.o., at cach

lcliabiiitv l<tvcl) of the solttti<tn pr'ocoss is set to a lalgc p<tsitivc nuurbrtl to ¿issist iu

icl<:ltif'1ring tÌrt: stlali<:s1, oli.jcctir¡c fìuu'tiorl rraluc ¿:ìtììorìg c¿rnclidatc solutions. ht Stcl> 3.

1,1ttr lriltrlittg tcitlizatiotts of'1iur olltiur¿il soluliorr ¿rt 1h<: ltlcvioirs lclialriiity l<tvcl. 1?+ {,
¿ìl() l'olllovotl lìrttn thc tttotlcl ilt l,ttrlr to ci'c¿il,<: <'a,utlirlatc o1>l,iurization 1>rolticuis that lvill

lrtr strlv<:tl a1, i'cli¿tlrility lcwi 11. in Stcir 4. Ho.',vcvcr'. if tlxl <:orurtcl'. ,ICOUIVT is <l<1uzrl

1,<t 1. tto t:¿ttulirl¿rtc solutious ¿lr'o cr'o¿ìto(l ful th<:1tr'<tserr1, s1,¿r,gr;. tholcfolr: tlrr::rlgor.il,luri

Pr'<-rc<lccls to Stcp zl to clc¿tto orìe optirnization ploÌ:lern. Irr St<tp 4. Jrotc:ntizrl cliti<:¿rl

ttl¿tiiz¿ttitllls ¿lt'c selc<rtccl fol onc of tlu: optirniz¿rtion ltloltlerrrs r:r'c¿rtc<l fol thc <:ulr.clrt

st:rgtt. and thc optirrtizzrtiolt rnoclerl is solve<l. Thc oirtirnal (bcst) objcctivc firncrtiou

v¿l,luc ¿rncl thr: collcsporr(ling clccisiou v¿ui¿rbles ¿rt a reliability level, -R, ¿rle sciectecl irr

Step 5. F<tt'cases in wirich JCOUNT is not equal to 1, the rnost crritical lealization at

the previous stage (i.e., at reìiability level : O * å) is also identifiecl in Step 5. Step

6 ensures that all binding realizations of the solution at the previous stage have been

considered as candidates f'or being the most critical realization at the current stage. This

step is ignored if JCOUNT is 1. Step 7 ensures that at the first stage of the solution

process (i.e., A : 1.0), the algorithm proceeds to Step 10 to lecorclthe optimal solution,

since Steps 8 and 9 are not relevant if -R:1.0. Because the w¿¡'s are approximations

of the level of criticalness at the checkpoints, some of the important or non-inferior

realizations at a given reliability level -R, may not be included in the set ö¡. Therefore,

at Step 8, the solution obtained at every reliability level ,B < 1, is comparecl with those
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at tirel plevious levels to cnsulr: th¿lt the optirnal objective fhnction v¿rlue is an incrcasing

fìttlr:tiott rtf A. Also. in Stc:1; 8. if the solutiori at lcli¿rbility lcvel Ã, is lcss tha¡ that ¿t

Ievcl 1l+ d. thc ttlosl, <:t'itic¿rl lealizatiou iclertifiecl at levcl n+ * (i¡ Stei> b) is c¡.opp.cl

fi'ortt tlrt: lttocl<ll ¿utrl tlttt 1;ztlitlrurtcr' À¿ is acl,jrrst<tcl. This zrci.jr1str¡<;u1 is ncccl<tcl tg i¡cl¡rlc:

infcliol t'caliz¿rtions titat tna¡r |¡¡ç'¡1111<: nou-iufl:r.ior. <luc to th<: clirnin¿rti<ttt of 1,hr: rriost

t,titi<:¿tl ttl¿t,liz¿ttiolt ¡il l<:vcl n + * fionl thc l\4R ructrl<:1. Irr Stt:p f. if'rrusalisf¿ì(:tot.r,

s<llit1,i<>tts (ilt lctttts tlf ilt<ltlti<:ittg ¿ì,u ittct'oitsiug fìurr'1,iou¿rl lglatic¡tshitrt lrgtlvçgu 9l> j<t¡tir<t

I'tttlt:tiott ¿tritl t'<:li¿tbility) nlc irl<:ntifìçrl i¡ St<:T> 8. thr: s1,ag. of tlic s'<:rr<rssir¡r: l)r.o(:oss is

tlt<x'<l<l Jla<'k itt Or'<lcÌ' 1,o tt:-solrrc 1,hc uutrk:1. rrsiug liighcr' Å;¿ rr:r,lut:s fol. t.<rlial;ilitv l<.rrt'1"

r,r'lrclc 1,lrr: rlua<,<rc1>tal.>k: fìru<,1,iolral r.cl¿itiouship oc(:ut.s. In Still> 10. tir<l algolithlr is

<lilr:<rtcrl to St<:1> 4 to ¡esoivc th<; ruorlcl. if' ¿ru uns¿rtisfa<r1,oll, finlctiorr¿rl r.el:rtiorrsliip

r,v¿ts obstllvc:cl trt Stcp 8. Othclr,visc. thr: oittiinal soluti1ur at ¡elial>ilil,y litvgi -R is s¿lvr:rl

iil Stell 10. All ltirrdiug leeilizations of thr: optiuzri solutiou ¡i:r:6r'c1ccl i¡ St<rp 10 ¿¡'.

iclclrrtificcl in Stcp 11. Tilcse bincling t'c¿rlizatious ¿r,l'c rlseld to c:r'e¿rtg the p¡ob¡:r¡s f'o¡ thc:

next stage of th<¡ successive solution process. At the finell step, Step 12, thc solution is

terrninatecl if thel reliabilitv level is zero ol there ale no bincling realizations ¿rt a given

stage. The latter conclition for telmination of the algorithm (i.e., M : 0) assumes that

the rnanagement system is r,vater quality limited. If conclitions fol termination are not

rnet, the reliability level is adjusted to the value corresponcling to the next stage, the

counter for the binding realizations, m,, is initialized, ancl the algorithm returns to Step

t
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4"4 Ðiscussion of results

Thc algolitltuls <lcvelopt:il ilr this <:h:rptcl fol clctclrnining 1>ot<lntial rrritical <rhcckpoints

an<l t'<:¿tliz¿tt,i<ttts. an<l for soirriug thc i\,iR, urockrl. arr,. dr:uronstr'¿rtc<i for. thc LC inanzrg<>

tuulrt 1>r'ogr'¿ìnì l)r'osout<rrl ilr Cha¡rtcr' 3. Orrt of 3b r,vatcr. quzrlitl, chr:ckpoiuts onl1, 7 r,vcr.<r

itlcnl,ifìt:<i lx, Aloor"tliln I as ltotcrrtially <,r.iti<,a1. Tht:s<t <rhcc:hltoirrts wet.o rlistr.iln1crl

t,hroughorit 1lu'<lrl,ilc l<lrgt,h of tlur lir<rL ¿is sh<lr,r,rr irr'I'¿þ|:4..1.

Tltc lt:ruaiuirrg 28 uoll-r:r'itic¿rl <'lrrtr:liltoints lv<l.c no1, r,onsirlcrr:<l in Algor.ithrri 2 arrrl

irr thc INd algolithur. I-Iorv<lr¡<tr'. 1,h<t lcliabilitl, of tlur sohrtions oltlaiurtrl usitrg l,lutsr: trvo

algolithurs is cva,hlatr:cl b1, r'<llsicktling all of thc 35 r,hcrftÌ_roiuts fr>r. <r¿rr,h r.ca]iza,tiou

in<'lucl<;cl iu thc N4R rn<irlcl.

FoI Alg<llitltrlt 2. tlit: <rour¡;utcd v¿rlues of 7 fbl the for.rl scts <lf N,Iorrtc C¿ir'lo sirnulal,i<>u

(N'ICS-1, 1\4CS-2. N4CS-3. ancl NICS-4) trsr,rrl in Chapter' 3 ale shor,vn in T¿rble 21.2. Tþis

t¿rblc sho¡,vs cliffblcnt rr¿rlucs of 7 f'or foul eipplic;ations of' Algor.ithrn 2 b¿rsccl orr 100

realizations each. The value of 7 ec¡ual to 0.21 f'or iVICS-2 inclicatcs th¿l,t at aly reiiabilitv

level, :r tnaxirnurn of 27 rea,lizations, basecl on the ranks of the optimal objective function

v¿rlues of the traclitional SIOP solutions of iViCS-2, constitute the potentially c'itical

realiz¿l,tions. Therefore, the values of 7 obtainecl from Algorithrn 2 rtay require the

addition of a factor of safety to ensule that the set ü4.r, in Equati,orr 4.6, contains all

non-inferior realizations at each reliability level, f'or a case in which a lar-ge number of

t'ealizations are incorporated in the MR moclel. Alternatively, rnore stable values of 1

rnay be obtained by increasing the number of realizations ly', usecl in Experiment 2.

However, larger values of 1ü will have a corresponding exponential increase in the CpU

time required by Algorithm 2 to estimate the value of ry.
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TaÌ:le 4'2 also sholvs the v¿rlues of 7, r,vhich are conrputecl values of 7 if the r.a,¡ki'g

of ct'iticalrtess of the r'<;alizations b¿rserl on Ì\4olga,n ct :rl.'s zrlgor.ithrn. Lf. i' c¿r<rh of
tlte fbr.ii's<lts of l\¡Ionte Callo siurulatious. ¿ì,ì'e rrscd instc¿rcI of D¿. in Et1u,ati,op,4.s. t\s
<tx¡tct<:toci. th<t valiles {)f 7,, tìt.c getncr.ally slllallr:r.tliau 1,|c cot.tesl)orì(li¡grral¡cs r.rf 7. T¡cr

clr'ol in rrsiug thc lanli of tlic oJrl,iural objc<rtivct fìin<,tioil rr¿iluc foi. a giw:ir t.<laliz¿rtiou 1o

ai;Ì>t'oxittt:t1'<l tìltr trt'i1,i<'aln<tss of thal, tc¿tliz¿rtiou is lcsporrsiblc for' 7 Ìr<ri'g gr..a1,.i. t¡arr

i,, itt l;t)ttr) (;¿ìs()s. TIul rt¿rlu.s ,f 1,, srtgg<s1, th¿rt. t:r¡<:rr il, tlur r:.1.1..<:1, r..'ki'g af tli<r

r'ri1,ic:¿tlttcssoftlrr:t.ca1izatit>tlsitttltc1\,,iRtuotltll¿ìl.ckIì()wllr't,-1l,tt'rlt,i,.srlt,t:r.¿tl

uuls1, Ir. ill<'hr<1r:rl t. .l>1,¿rilr <:ffi<rir:lrt soluti<'rs.

To r:ourl;al'c th<t <'<turltut¿rti<ln¿rl cfficic:nc1, of th<; two ulctir<lcls f<tr. i<lc:rrtifying ltot<tutizil
r't'itir:¿tl t'tlaliz¿rtir>us. solutions of thc i\4R, rnock:l ¿rlc <lbt¿rined Ì>ascrl o' Algor.it¡r' 2 ¿r'<l

<lrl tht: lNzI Algolithrn. Ollc ltuttclt'e<l strc¿¿ln backglouucl r.caliz¿itio¡s rvor.o 
'tilizecl 

for.

l'ltis <rornpatisou. Tlle rtt¿txitrrurn of the v¿rlucs ,r1 ^¡ T<:r.thc fo,r. sets of N4ontc C¿lr.1r

sirnulation, NICS-I - l\4CS_4, (i.c.,7 :0.2I) is usecl in Ec¡,uü,ti,on,21.6.¿rncl thc hcur.istic

integer parermetet' ISTART f'or the IIVI algorithrn is arbitr¿rrily set at 2. Each of these

two appt'oaches for solving the MR moclel proclucecl the exact sarne v¿rlues of the opti'ral
objective function ancl clecision valiables at all reliability levels as those obtainecl by

Morgan et al.'s heuristic algorithm. This implies that ihe IIVI algorithrn rnay screen

out unimportant or inferior realizations from the MR moclel ancl cr.eate optirnizatio'
rnodels that include the same set of bincling realizations as Morgan et al.,s algorithrn

at each reliabilitv level. The CPU time for solving tlie 1VIR moclel on the University of
Manitoba Sparc2 Unix stations was 483 ancl 256 seconcls for Algorithm 2 a¡cl the IM
algorithm, respectively. Recall from Chapter 3 that, using the same computers, Morgan

et al''s algorithm requires approximately 7 clays to solve the MR model for a case in
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r'vhich 100 r'ealiz¿rtiorls at'e r.rtilizecl. The CPU time f'ol Aigolithrn 2 clicl not inclucle

thc cout¡rlttational titrlc usecl to obt¿rin 7. The courputzrtion¿rl tirnc lbr.solving thc i\4R

Itlocleì b¡' 11t., tr'vo tttel,llocls is zi,lso crourJr¿llecl fbl a, c¿ìsc i¡ r,vhich b00 tealiza,tiolls ¿r,r.c

irsc:cl. Fol this c¿lsc. r,vilile thc CpU tiurc ritilizec.l l¡, Algoritlurr 2 is appr.oxinratcly 26

Iu>'r's. that Ìr'the Il\4 Algoril,hr' is onlv 0.3 hor'.s.

Thrrs. altlurtrg^h Ìroth rnctho<ls ura1, ¿rchi<xr<t sultst¿ruti¿r,l sarrings iu r:¡¡1¡11;111-¿ti.u¿il tiuut
(:oull)¿ì'l'(xl lvil'h Ì\4ol'g¿itt <t1, ¿tl. s a,l)l)I'o¿ì,(ìh. thc IN,'I Algolithur ir,1¡r<rar.s tri 

'<,.ft>r.,1 
lr<:tt.r.

lhau l\lgolitllur 2 f<>r. 1,1u.r:xaur¡;lc LC pr.oglanrs ¿ru¿l,lyz<:rl iu 1,his t.oso¿ìt.(:h. Hrtrwtrrrtr..

Aigolithur 2 lriay i>r:t'folui lrrcll for. <,¿ìscls in lvhi<,h 7 rralnc:s ¿uo sut¿ì.lÌ. For. su<,h surall

v¿tluc:s' tltt: tttÌt¡lb<:t tlf t'c¿tliz¿rtiorts ill<:lurlc:ri iu thc i\4R. rnochl a,t .¿lc:h r.cli¿rbiiity l<x<l

rn¿rv ltr: snraiì.

llcc:¿ttlsc thc <rolrtpi.tt¿rtion¿tl titru; rcquilenicnt of thc Il\4 Algot.itliru is lcss th¿rrr th¿rt

of AlgoÏitltrn 2 fol solvirtg thet cxiuttplc irroblenrs b¿rsccl ou 100 ancl b00 r'c¿rliz¿rtio's.

the IIVI AlgoÌittrrn is fì.rltllcr irrvestigertccl her'c. The IIVI ¿lgo¡ithr¡ is usecl to soÌve th.
IVIR moclel basecl on MCS-1, IVICS-2, MCS-3, ancl MCS-4. The cost-r.eliabilitv tracle-off

culves obtained ale the same âs those presentecl in Figure 3.3. This suggests that the

IIVI Algorithm is adequate in terms of proclucing efficient solutions. Recall frorn Chapter

3 that 100 realizations at'e not ettough to represent the stochastic water quality system

arialyzecl in this thesis. The number of realizations in the MR moclel was graclually

incleased frorn 100 until significantly improved convelgence characteristics of the model

output was observecl for 2000 realizations. For the improvecl moclel output convergence,

the differences between the cost-reliabilitv trade-off curves, basecl on clifferent sets of

2000 realizations, is smaller than those basecl on MCS-I, MCS-2, fufcs_3, ancl MCS_4.
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FiguÌe 4'2 sholvs the tlacle-off l'elationships betwcen thc totai r,vaste tr.eatme't cost

aDcl Ìcliabilitv obtainecl l;v thc INd Algolithur f'ol thc LC l\,IR rnoclel th¿rt *tilizes forrr

cliffblcilt scts of 2000 r'calizatioDs e¿rch. SIIVI-I. SIN,I-2. sI\4-3. ancl sIÌVI_zi. f.hc four.

crll'\rcs ¿uc rlctvclope<l to ¿lssess thc <rctnvclgctìcc <rh¿rr.¿r<:tet.istic:s ¿rttaiurtrl l>1, 1,lut solutiorr

of thc i\4R Ìrr>clci that iti<'rlrlloi'¿ltc:s 2000 r'c¿rlizatious. Surall riiffil.cut,<ls lr.1lvr:cu tlursc

(:lll'\/os iltrlit:al'tl go<lrl rrottvolgotl(:o r¡f'th<l i\,IR. nro<lcl solul,iori b¿rsc<l on 2()00 r.r:aliza,l,i,'s.

lvltilc lalgt: tliffr:L'oll(:os itttl;lv th¿rt llrr: liurllr<;r of r.c¿rliz¿itious irlr,l,r¡:rl is irrirri.<1rr:i1,..

TlIrs' l'lt<l fottt l'l¿irlr><lfl (:ltt\¡c)Íj irt Figur'c ¿1.2 iuclical,c vçr'\, 96.¿ c.uvcr.go'(:o of t¡<r

outÞtit fi'rlnt tltc ltlorlttl al, r'cìi¿rl>ilitics lt:ss lhan 0.82. Altirorrg¡ (Ìorr\()r.o.(\'(,.,f 1,¡.s<r

(:tll'vos at liigh ldiabilitl' lcrrcls (i.c.. r'<rliabiiiti<rs glurtcr'1;han 0.82) is not as goocl as

th¿rt at ltlr'r' lc:vcls' it is siguifir:¿rtttl)¡ lrcttcl tharr tha1, obsclvcd for. tlur c¿ìsc in ,,vhi.h 100

lc¿rliz¿r1,ionfì \,vot'c irsc<l 1t1, i,[<: N,IR nrorl<:l (sg<:. Figr¡<: 3.2).

Thr: in¿lxirttultl a,llsohrtc clifleleuc<l l¡ctr,vecn the r,vastc tloatrnr:nt ¡os1, lbr. thc ..r.v.s
in Figulc ztr'2 is $ o.go rrritlion/ve¿rr'. This rnaximurn cliff'er.c¡cc, r,vhicrh occl's bctr,vecn

SIIVI-1 ¿rnci SINI-3, r'epresents approximately 64% change in cost at the cor.responding

reliabilitv level' Aithough this maxirnum clifi'elence is high, the clifl'ere'ces between the

total waste tt'eatlnent cost fol these cut'ves are small at sevelal reliability levels. If better

corìvergencìe is required than that shown in Figure 4.2, a larger nurnber of r.ealizations

must be used.

The CPU time used by the IM algorithm to solve the IVIR rnoclel that utilizes 2000

t'ealizations is approxirnately 10.5 hours. Therefore, if the nurnber of realizations is

increased above 2000, the computational lesources neeclecl coulcl be vely high, since the

CPU time required to solve the MR moclel increases exponentially r,vith the number of
realizations.
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The sensitivitv of the cornptttatiorr¿rl lesourcÌe recluirernents of the lN4 Algor.it¡'r
to the hculisti<' itttegct' ¡;at'autcltet' th¿rt inclicatcs thc nurrrbel of th<: r'.st <:r.itic:¿ll le>

¿rliz¿rti<llis at c¿rclt chclcrkpclitÚ ¿rt the initi¿rl st:rge of tho Il\d rilgor.it¡'r. 1S,Z;l R.T. is
ittvosf igztttlcl lx'solvimg tlrtl N¡IR ulorlcl firl tlvo r:¿rses in i,vhich 100 ¿ncl 2000 r.ealiz¿rtio,s

altl usrld' This palartlr:t<rt is i'¿tticrl fï'orri 1 to 6 for' <:¿rch <,¿rsc. Figr''t: .1.3 shr>i,vs rr 

'>l.tof CPU f itlttl ttl,iliz<lcl v<:t'stts tlu: ltcru'istir: Pa,r':rni<ltcr'. Th<: figu¡. s¡or,vs t¡at. lbr.a giv<:,

Itttttrlr<rt'of l'tlalizatiolts. 1,ltc CPU tirlur is high r,vhcu ls'TAR,T is çrluirl t. 1. It (l(x:r.o¿ìsos

t<r ¿t ntiniluiuu whcu ISTART is 2. arrrl 1,hcl iu<rr.<t¿rsr:s slrxviv u,ith IS,?AJ?Z valu<ls trlr

1'tr 6' Th<l sl<xr¡ t'¿il;tl ¿t1' r'rdti<:h thc CPU 1,iurc r:lrnugcs u,il,h IST¡IR.T r,¿,¡*rs lr.tr,v..ri 2
ancl 6 iricli<'¿rl,<ts tjra1, 1,h<t ¡ta,r'a,urctcr. is rio1, s<:usitivc to <:r¡l¡11¡¡¡¿rtiolr¿ll t.osoilt.ces rvil,hiri

tltis itttct'r¡al. Figr''. zl.3 also s'gges1,s th¿lt ¿r' IS'TAR.T rralil. r-,f 2 rrrz¡, ll. z,Ldc:r¡'a,tr: fclr.

1;ixr INI Algrtlithrn. iu tct.rrrs of <,ont¡trltatiolai <:ffi<,icur:y, fi>r. th<: r:xairrl>lc rna,rragcrrxtut

systellt ¿ln¿rh¡z<t<Ì.
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T¿'Lbk: 4.1: s¡>a,tial distlibution of potcntiallv clitic¿rl chcckpoints

Critic¿il

<'hi:crkltctint

Dist¿rncc fi'olrr

Splirrgfielcl (krn,)

1

2

3

¿1

5

6

7

57.80

85.80

i63.03

216.10

241.80

25¿1.70

296.59
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T¿Ìrlo <[.2: v¿rliic:s of 1' alr<l ii, ftl' foru l\,,loutc Car.l<; r:xl)cl.iuurlrts

N'ICS trxpclinu:rrt nl ^/,,

ivf cs_1

À4CS_2

IVICS-3

NiCS-4

0.16 0.11

0.2r 0.11

0.15 0.15

0.17 0.72
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B-irì.
4,r=îlr--tnr v i e o,.:
Ll .¡ -1'1 V .i:1.....5: alrl
Jc:OLi ItT : I'I

Step L Initi¿lize par.a.ruetcls b.t, settiug: Step 6 If all of the c¿r.ndiclatc solutions h¿r.r,c uot,
bceu obt¿rin<1rl. (i.e.. nr. < -r'1,/), go to Steir 3;

It"p T. 
If .this sttrgrr r>f solution iuclrr<les ¿ril <¡f

rJte t'o¿ltz¿lttous gclctatccl fbl thc À,IR rnoclcl (i.c..
-1? : 1.0),-ir_rcr.e¿se the r,¿rluc ol' .IC:OUNT l)5, I,
srr,tlra.t JC'OtiNT ) 1 to irrdic¿r,te th¿r,t c¿urcliri¿tcrjonlr,tolts tot. t,lte le-xt stagc ¿rr.<l r.r.c¿rtccl ¿¡"t this
stzrgc. nrrd gr> to Stclt 10:

SteR 8, C'orrrirar.r' tlrr, oiit.irrr:Ll oìrir,<.tivt, frurr.tir¡lr
\'¿rlllc ot)t.¿uuerl at ilrc (.llrr.eltt strigt,. (),B./. t.itlrth¿rt ¿rt the ix.evious stargi,f ófÞf Áf,*r. ii
?2J >_.OB.-PL''tYaar. thcu sourrr inrpor:i,r,,iì ,..it-
i<'al l'r'aliz¿tiolrs \v('L("not ilrr.lrrrlcrl ¿tt t.ht, t¡Lcr.iorrssolrrtir¡lr sl agr'. I lrt'r.r,tbt..,. g,, r,, Sr,"liC. 

-i)tli,,nvisr,.
irr<'re¿rsr' l;tre' i'atuc of .I C' r )L N' T t,ji-r.'tiú,,iìiii. iti.ìrrrosf r:r'iti<.¿r,l r.c¿liz¿rtiou ¿it thc 1rì.cvirn.s rutiti-,st¿gc a"rrrl <h.op it, fi.our the NIR irorlõiì,i, ;,iii;ifì;
ÍI¡ = 1 if tC'RITßrr : Ci¡ Vl = I.....Sr

Dcuotc tlic cr.iti<.¿rl r:t,a.liiatiorr .jrrst tlroìrìrcrl fi.ourrtrc ÀfR r[octel. IC:RITr+r. l,i1 nì,iitrliiíàì, ¡
aurl rt'r-isc thc 1,.¡'s as fìrlloiì's:

1,,¡,: l,'; i.I if ..u'¡¡ 1 L'¡ Vi g É),.:
¿uì([ go fo Stcl-¡ 10;

Step 9 Set lt¿ch thc sta.ge of tlic solttioÌt l)Lo(.(\sjsl)l' olrc as filllotvs:

OB.l = gBF(-')'¡¡*,:
Hj:0 if IC'RITR*+:G.¡ Yi =1.....,S:
f)-D t I¡r 

- 
f ¡ -T ¡,

JC'OU IVf : o:
arrcl go to Stcp 8;

fltep^fp If thc lqllrtiol l)r.o(.(,ss \\.¿rr.j s(,t lrix.h, irr
Step 9 (i.c.. .IC'OU1VT:1), go to Stclr4. oihcr_
wrsc s-¿tl'c ihc o¡rtimai solrrtiolr ¿rt lelia.i¡ilit.l, lcvelÃ as follorvs: '

OBFUNN: OBJ:
.Yn : Y:

Step 11-. lclsJrtif¡, all realiz¿ltions th¿t have oneor more t)tn(tlng tviltcr cßrtr,lity constr.aiuts f<lr. theop¡nn¿rr solu-tro4 rn Step. l0 .¿nd ref'cr to cach ofthern as a binding realrzatton.
If G¡ is 

^the 
rn th llirrrling r.calizatiou, sct:

l¿,'j' 
:.2 Yn¿: I,....M, V-? = 1,....^g;

oüterrvlse set:
Qi :O Vm: L,..',^,1, V.i : 1,...,S;

Step 12 If there are no bincling realizations (i.e.,
!L= 0) or the reti¿bilitv levef is zero (A : O¡,
STO|, otherrvise,.set ilre .""ntu. fái:úià,iirrg ."_
alrzations to zer.o (i.e., ,nz : 0), the reliability level
of the next solution stage to R- *L, ancl go to Step
2.

ptep 2 Sct thc ol>.jcr.tivc futrr.tiolr r,¡rlte ¿rt thc
bcginuiug ,lfj,ll! stagc. OB.,r. to rL iargii positir.<,
rrrrrnlr<l' L,lRC;8. to ¿rssist in so¿r.chiite for. thcltrirrilrrr'll .,lr jt'r'ti't' fr'r.ti.lr'i,rrr,' arr,rii¡3 t.¿rlrrli-
(t¿t.t(' solllt.t()trs rrr Stt,¡r 5:

Step 3 If c¿r.lr<lid¿ttc pr.olrk,rus for. this stilsl. 1¡,1,r.r,rrot cle¿rtcrl at the pfcvious sri¡g¡ of t[,r ;?i,iii,,"
l)r'o('ess (i.t'.. If .IC'ÒLt 

^,T 
: 1)."rhci,, i,.; .r,,lr- .,,,ii

o¡r t:irrriziLt iorr lrlolrL,ru. t hcr.r,tor.i,. tro t(, S t(,iL_l- (,il;_('r'\\.t,.j('r(t('ltth'iht'r.¿lrr<lirl;rtt,o¡rl.irrrizatitirr 
¡r.ol,^Icril to soh.<' li¡- sctt,il!ì:

ll = .¡¡¿ * 1: ¿ut<l
II¡:1 il Q'l':2 Yi:1.....S:

ptep a Olrrail thc sct ol polt,rrtial r.r.itir.al r.t,al_izal lors-I()r' frr(' ()l)l rrriz.r irlr ¡r'.1>l.ur irlt'lrtifit'rl i'5tr'¡r 3. ?l¡,,. its fìilorvs:

ö7¡:<¡u¡5¿u,
\\¡lì cI'c.
<Þ¡¡: {Ci.¡ : II¡:0 V.i:1.....S]:
f)¡¿ : !,.,-r-rr;: :Lurl

^,,; - {Cij' ¿¿r;; ( À¡ Yi :1,. ..,S} V¡ € (-),.:
Lt('pi¿(.'(' t.lì(' \'¿rtcr. <¡ritlitr. t.olrstr¿liul: st,t.
.t)qu,atiort. (3.20 ). bvl
4,¡(X) 2 !,¡ 

'Vl"e 
C),.: .l e ¿i,,

¿urcl solrt the rcsultirul tr.lR rlorlcl.
lgrçÍ'i-t]î o¡:tirna.l oõjcctive f¡uctio¡ v¿rlrrc 5y(.tu.J.J ¿r,rrr[ ilre t.olr.cs1-lorr<lirtg lcr:tol of
<lcc:isiolr r'¿rri¿r,bles l>t' t;
ll.q .f If onll' olt: optintizzr,tion ¡rloìtlern is iclen_
trh,c(l rrr.S.t"p-.¡ (í.c., JC'OU NT : 1), the solutiou
ol)fautc(l tu Stcp 4 is the optinr¿l sôlrrtiou ¿t ihc
:]!rr.llt sfage. ilrelelore stor.e this optinal solution
r)y seftuìg:

OBJ : OBJS:.ll 
= X: ¿r.nd

go to Stép 7.

Otherwise, conlj)ale the cancliclate solution iustoDfarJte(l floru_ Step 4 rvith the other c¿llcliii¿te
solutror_-ìs th¿lt h¿ve already been olttained for. thisstage. If the c¿ndiclate solrrtion ¡,,ii å¡iàii*¿ i"_(lrcates ¿ better ob.jective firnctiór v¿lue tiiàu the
otlrc.Ts. (i.c., .OBJS < OBJ),,tãri. 

-iii"-ïììrr.nt
cau(tlcl¿te solution as the crrlr:ent optimal solutionat the present stage by setting:

OBJ : OBJS:
Y=X:
I_C'RIÍ¡¿¡. : G¡ íf Qi :2 Vj= 1, ...,5;
Hj:0 if- Qi=2 vj"=7,...,S;

Figure 4.1: The IM Algorithrn
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Chapter 5

{Jsårag Ï{eunal Netu¡onk to Reduace

the Coyarpr-atatiomaå tsurCem of the

MR V{odeå

5" 1 ïntroduction

This chapter clevelops ancl demonstlates an altificial neural network (ANN) methocl f'or.

reducing the computational tirne requilements of the IM Algorithm presentecl in Chap-

ter 4. Generally, the heuristic algorithm of Morgan et al. (1ggg) ancl the IM algorithm

solve many optimization models at several solution stages ro generate cost-reliabilitv

lelationships. The large number of optimization solutions significantly increases the

CPU tirne required by these algorithms to solve the MR moclel. However, a large pro-

portion of the optirnization models are necessary only because the level of criticalness

of the realizations in the MR model (i.e., the orcler in which the realizations incluclecl
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iu the i\4R rnoclerl are clt'oppecl from the rnoclel when the I\4 uurcl NIolgan et al. (1gg3)

algoÌithms attl tlsecl to obtain ¿r solution) ale not lçnor,r,n pr.ior. to solvi'g the 
'rocli:1.

Thc g<;al of thc ANN zrllilro:rcrh is to cstiuratc thc level of cliticr¿rlness of ¿rll r.ealiz¿rtio's

iu<rluclt:tl irl ¿tti l\4R. rur¡clel so th¿rt thc nurnbel of optirriiz¿rtion r¡oclc:ls t. l;r: soirrr:<l is

signifi<rartth' t'c:dur:c<l' Tirtl ANN tttcthocl cstirrr¿rtcs thc lcvcl of <,r.iticalricss of .¿r<,h of tlul

5'r'tlaliz¿rf iotts itlcluri<ltl irr tlrtl N''IR ruoclcl basccl on l;r'zriuirrg cxiunpkrs <;btain<r¿ rrsiug l,lur

IX'l Algolil,hul to soh¡c tiu: urork:l fiti. ¿ r.cl¿rtivr:11, s1¡r..11,1 urunbr:r. of r.<taliz¿itious 1,ha,tr ,5,.

Tlttl ANN ¿ìl)l)l'o¿ì(rh is rlt:t'ivc:rl fiorn tlur r,r,olk of'R.anjithan <rt al. (1g9S) lv¡. rililiz.
ail ANN 1t.r s<:t'ct:tì itltllot'tztitt t'c¿rliz¿ltious lc<¡rilr:<i to sr¡lrrc au i\,,IR. ur.cl.l a1, ¡ig¡ r..lia-

l>ilitr' ltlvclls fOÌ a glourtthrra.tct let:lani¿rtion clcsigu. Hrx,v<,.vcr.. to iurJ¡.<.rvr: ho ¡lr.cclic;tir>ri

¡rcÏfbt'tttzittr:c of the ANN fol thc sttt'fa,c<: ¡,v¿r,l,c-:r' qualitv sl,str:ul ¡rr.cst:ntccl i' this tlursis.

th<: d<;tailc:cl ANN ciclsig-n. ¿rnalvsis. ancl aJ;tr>1i<r¿ltion ciiffer. sigrrificzi'tly fi'our those of

R¿rnjith¿rn ct al. (1993).

As inclicatcd in Chzrpter'4, 1,helc is no anaiytical exprcssion f.or obtzr,ining the level of

ct'iticalness of thel lealiz¿rtions incluclecl in an lViR moclel. Even if an a'alytical expres-

sion exists, it is expectecl to be quite complex clue to mâny conìponents of a realization

that mav be relatecl to the level of cliticalness. Thus, to clesclibe the relationship be-

tween tlre levcl of criticalness ancl the components of a realization, it is attractive to use

ANNs whicli have been shown to be capable of approximating practically any function

if adequate network architecture ancl training are proviclecl (Hornik et al. 19gg). For

the MR nrodel presentecl, the important components of a realizaiion may be the coef-

ficients of the constraints ancl objective function or the solution (i.e., optimal objective

function and decision, clual, ancl slack variables) of the nìanagement moclel basecl on

this realization' Ranjithan et al. (1993) use the log-liyclraulic conductivity at several
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locations r'vithin :r hvpotheticnl aquifbr' ¿rs the impoltant inforrrration lec.rir.ecl lty ¿rn

ANN to selcct a fit',v t'c¿rliz¿rtious uccdccl bv N4olgnl ct ¿rl.'s (tOos) hc¡r.istic algo'ithr'

to tlcvelop tltc tt'¿r<lc-ofl lcl¿rtiorlshiJ; betr,vccn cost of acluifi:r' r'curc:cli¿rtign ¿r¡cl r.cli¿rlrility.

al, t'<tli¿rbi1it,1, 1.,.u,tr glcal,r:r' tharr 80%.

TÌl ustl au ANN 1O t't:illt:s<lttt it givr:u lclationshi¡t. s¿,tisfilr'¡or.t¡ tt.¿ìi¡i¡g ¿¡rl t.st-

ittg. rlt' gctl<ll'alizit,1,itlrr. 1lt:t'fot'nl¿ìn(:o of'1,hc tr<:tr,r¡cl'lç is i<lrlitit'c<1. O¡<,r: :rrr nrlc:r1,a1,r: ANN

¿tltrltil,<:t:1ttto is Ollt¿titl<lt1 ¿tttrl sttffi<:ir:ttt tlailirrgis ilrclvirkxl tr¡ thc ur:tr,r,gi.h 1,,l;r.r>rlrrt:. ¿r,-

r'rrT>t:iTrltl gtltttllitliziitirltt P<tl'firttn¿ìu(Ìo. tlur rrctr,r¡olk is arlaltt<:rl1,ri <ts1i¡r¿rt. tlur r,r.itir,a¡t<rss

of <:¿tt:lt of'1,lttr 5' t'oaliz¿ttiotts itlr:lurlc<1 iu 1,lur N4R urorlcl. Conrl>rrt:rti6¡¿rl ti¡r<: cffi<:i.'<,v

ol thc: ANN l>astltl âl)l)to?ì(:h fot' solvirg thc i\,IR. ulo<ftrl is g¿ingcl i' ¡ire follor,viug tr,vr>

w¿ìvs' (1) Tlrt: N4R lrlotlcl <k¡t:s trol hav<r 1,o Jrc solv<:rl scver'¿rl tiurcs ¿r,1, c¿rch s¡agc iu

t>r'rlcl'1,<,l obtain thc oJrtirtt:tl soliltiott ¿ìrììorìg c¿rriclirla,tc solutio¡s. ¿rrlrl te cr.eat<: t¡c .pti-
Ittiz¿t,tiorl Jllolllcrtts fol' thc ttt:xt stzrgc: of thc solutir>u l)r'o(:oss. Ttris is bccausc t¡e l.vcl

of clitic:¿rlrt<lss of c¿rch t'calization r,vill be "knolvrt" u,-priori. tho¡cf'o¡i:. the rc¿rlization to

bcl clropped at e¿rch stage of the solution pïocess will also be "knor,vn" befor.e solving

the rnoclel (2) A nurnbet' ot' gt'oup of critical realizations may be lemovecl fi.om the

IVIR rnoclel at a title, instead of one critical realization at each stage fo. the IIVI algo-

rithm, in order to develop the tracle-off relationship bet,,veen optirnal objective function

value and reliabilitv. Because of the efficiency of the ANN training mechanism ancl the

parallel cornputer processiug capability of ANNs, the methoclology clevelopecl in this

chapter rnay achieve substantial computational time savings for water quality systems

tlrat require a large nutnber of rcalizarions to represent the stochastic nature of the

system.

The next section describes general ANN moclelling. A prototype ANN for estimating
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the levcl of c:r'itic¿rlness of e¿rch re¿rlization in an l\4R rnoclel is then pr.esentecl. Firrally.

all ANN-based zrigot'ithrrr fot' solviug th<: N,IR. noclel is clcscribed ¿rncl clcrnonstr.¿ltecl f'or

thc BOD r,vastelo¿rcl ¿rlloc'¿rtion plriblern solveci ilr Chaptcr.s 3 ¿rlcl 4.

5.2 Aldhl modelling

5"2.L Basic theorv

Cr-rln1;ittr:ts ât'tr klloli¡ti to llr: trtttcli f¿rst<:r' ¿ìu(l ltx)t'o cffir:icut thau huur¿r' Jtr.¿rius iu rl,-

ing alithlrlt:lir: ctlnlltut¿rtions. Flolvc,.rrc:r'. thcrc is a, class of pr.oblc'rs s*<:li.s s,.<:clr

gt:ncln,tiou. s1;ca,kel lccoguition. irnzrge i<lentific¿rtiou. ¡r:rtter.n <rlassifir:¿¡tiou. cha,r.¿r<,t<tr.

lecognitiou. a¡<l ir¿urrli,vliting ¿rn¿rlysis. ¿ì,ulong r;1,hcr.s. i,vhir:h tlu: ltr.¿iiu is uur<rh l>cttct.

zrt solving thart th<: f¿rstcst supolcolnputr:r'. Tho biologir:¿rl str.ur:tur.c ancl infb'rrratiori

proccssing lnechaltisrrl of tlte br'¿rin iìt'c' r'osponsibie f'ol thc c¿rsc r,vith ¡,vhir:¡ the ¿rbov<:

tasl<s at'cl peÌfot'rnecl seveÌal times each clay by hurnans without consciously thinkiilg

about what is being done. Some of the important features of human brain that rn¿rke

it so powerful in perfortning the class of problerns listecl above inclucle:

o Its robustness and fault tolerance. Nerve cells

afi'ecting its perforrnance significantly;

in the brain die every clay without

o Its flexibility. It can easily acljust to a ner,v environment by "learning;',

ø lts ability to deal with information that is ftrzzy, probabiìistic, noisy, or inconsis-

tent;
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@ Its highly palallel ¿l,rrcl iutelconnectclcl str.ucttire.

siruplc highìy intr:r'conltectecl cornputing elcrnents

¿rucl

It lelies on a larget netr,vor'l< of

(nculons) f'ol its conput¿rtiol;

ø Its sttt¿tli sizc. r:ourpar:1, rìatur.o, ¿r,ncl wtly lor,v 1tor,vci, rlissiTtatiou.

ANN ulorl<:ls ¿ir r: uurtir¡¿itcrl b1, thc <raJ>:rbilit1, ¡¡1 hruu¿.ur il.¿rius tr¡ <rasily J><l.fttr.ut sctur<r

t¡sl<s tli¿tt ¡ttrl trrtrt:tl(lirtgly tliffi<'ult. if'tu>1, irul>ossiblc. to sr:lrrr: rrsiug starrcl¿ir.cl r:onrpul,cr

a't'cltit<x:ttit<:s ¿t,rtcl algtlt'il,ltttrs. Thcr'<:fblr:. ANN lcsr:¿rr'<rir lias pr.eclucç<l a siur¡rlifi.rl ,lorlcl

ivltir'lt is btllitlr<l<l to itl¡;rttsr:rt1, thc iurJrolta,ut fi:¿itr.u'cs of Ì>ioftrgi<,a,1 r:ourp¡täti.u iu tir<r

lrt'¿titt. Althorrgh. pr'<tsr:ntly thctlc is v<tr.y littlc l<ltclr,vu ¿lltout, Ì>iologic,trl stsl,culs. aucl 1,lir:

ANN palalkls clr¿r¡,vu Ìrr:tr,vccn thcse syst<tlls nrzry bcl oversinrplifir:¡,¡i¡¡1¡¡; of ¿r<rtri¿rl Ìriok;g_

ica,l n<'i.it'll uroclctls. ncver.thclcss. ANN is <rornnioulv consick:r.<t<i ¿ts ¿ì, novcl nr¿ithcrn¿lti<ra,l

c:rtrnputrrti<_rn¿rl schcnut firr. tìì¿ìtìy uouliu<t¿lr. ¿rncl <:xtr.ctntcly (ìontJ)li<r¿¡{,s¡l slrstcrus.

Geuet'ally, ¿rn ANN rrl¿rv bet cottsiclelccl zrs zr pala,llel pr'ocessing-bzrsed cornputzrtional

ntoclel c:ousisting of sevelal massively interconnectecl simple plocessing elements, ancl

lraving the ability to adapt ol learn, to generali ze) ol to cluster or organize clata through

the learning of training patterns submittecl to the rnoclel. The learning, generalization,

or clustering process is pelf'ormecl by graclually acljusting internal parameters of the

network to the point r,virere the model can procluce the 'correct' or 'acceptable, answe¡

in lesponse to each input vector. After the lealning proceclure is successfully completecl

for a given set of training examples, the moclel performance is testecl on clifferent ex-

amples (testing examples) which were not usecl in the training process. If the network

performance is adequate, the final internal parameters may be usecl to preclict answers

corresponding to other input examples or patterns that are presentecl to the network.
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Classical logic in ¿r l'ule-basecl. artifìcial intelligence systcrn is lr:plzrcecl by v¿ìglle

rr<lttt:lusiorls ¿iticl ¿tssoci¿ltivtt t'cr:¿ili (i.c.. al cxact rn¿rtch vclslts ¿i best r':rtc¡) in ANNs.

This is ¿ì,1ì ¿lclv¿ìlìtàge iti situzrtious ',vherc rìo clc-¡ì,r' sct of logi<'äl ¡ules c:¿r¡ Ì;e give'. 'I¡r:

rnairi cliflblcticct ltctr.vccn ¿ìl ,¿\NN ¿rucl au cxJrcr.l, s)¡stetìì i:L1t¡lr.ozrch of ¿l,l.tifici¿rl intelligctn<:c

is th¿rt. i,vhilc tlu: litlui<tr.is ltascri on curltir.ic¿rl f¿ir,tual kn<trvlc<lgr: of s1r¡11i¡eli<: l;r.o<:c:ssiug.

1,htl lattttt ittvolrrcs ptogt'¿ìnlltirtg tr s.l,sl1tut t<t a1tply ¿r |icr.¿tr.<,1¡,1¡f ¡x1>li<:i1 r,pl<:s. !V|<tri

rkrs<'tiltiirg 1lii: rlifli:r'r:rrcr: llcl,rv<r<lr ANNs a,nrl crxJlcr.l s\rstctlrs. R,og<lr a,ur1 l)urvl¿i (1g94)

n¡l ot<::

"Ouc tttigltt vicl'v cxpet't s\¡sLcrtls irs olgiurizing lrchavioru bv dcscliptiori. r,rrhcr.c¿is

rtciu'¿rl tletrv<llks a,ttctttpt to iuritate the beh¿rvioru. Orrc rniglrt n¿rkc ¿r c¿rsc th¿rt.

instc¿r<l clf ruiug ¿r sct of r.rrlcs. luunrui cxpclts oficu apply iutrritiorr or. rlccpcr.

insiglrt to tho ltcha,vioru. th¿lt they li¿lvc lc¿rlrre(l. ..."

5.2.2 Architecture

The basic structure of an ANN (Figure 5.1) is basecl on several sirnplc br.rilcli¡g blocks

ofTen callecl processing units or rìeurons. These units which per.form the pr.ocessing

are similar and cotnrnunicate by sencling signals to each other oveï a large ¡umber of

r'veighted anci clirected connections. The connection between each pair of units is called

a link or synapse. The basic folrn of a processing unit ancl link are shown in Figure

5'1' Inf'ormation processing within a unit is perforrnecl with an activation function.

This activation function uses the net input to a unit frorn the weighted output values

of prior connected units to compute a new activation or output f'or the unit.
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Processing units (neuron)

Ea'r:lt unit pet'fot'ttts a sirnple t¿rsk bv lec'civiug iuput infolrnatiolr fi.orn n<:igir6ouriug

uttits ol' <lxl,ct'tlal sotllcÌOs i'ltl<l usittg this irif'olrna,tion ¿r,ltrl so¡rg tr'¿ursfor.¡r¿rtio' ft'ctiorr
(i'c" tut tìcrtiv¿¡¡ieÌ¡ firrl<:tioil) to cottrJttit<: eui <l.rl,¡tr.rt sigrrrrl (i.<1,. zr,ri ar:tir¡¿rtiotr ¡;vd) lv¡i<rir

is 1't¿rtlsttlitttxi 1,o otlt<lr ttnits ol outsirlc thr: nr:tr,volk. A uuit ofir:u h¿rs 
'L¿ì.ry 

i'1;u1,s.

llltl Pt'<lrltt<'tls ottly tttltr oltll)tt1 sigrral. Lr ¿rrlrliliorr 1o 1,lur alr<lr<: t¿rsli. th<: ruril,s 1>çr.fi;r.ru

u'iliglif a<littsl,tltcltts of 1llc liuks lrctr,r'ccn t,hcnr rhu'ing tlur pt.c-r<:r:ss of'lcai'¡i¡g tlur lr.aitriug

lrir'l,tr:r'Is suJÌÙittr:tl r,o 1,lur rrctr,r¡olk. rlrt: iufor.ur¿ltiou l)r.o<rç;¡;¡;i1¡g ll.occihu.c is ll¿rsir:¿rlh,

lriualkll sirrr,0 1¡1¿1,11y rtilits carr 1>cr.fi>r.rn t;h<lir. r,onrltrtt¿ltiorrs <:orr<:nr.r.ctrtl1,.

Dcpolrcliilg ott tlicit' fiut<rtiort in thc uetr,volk. thlcrc typcs of ullits - inplt units.

hicldt:u ttlti1,s. ittlcl outJlul, uuits ul¿ìr, l)t' <lcfiurlrl. Thc urrits th¡,t ¡r:r:cir¡<r thr:ii. i'1;,1,s

fi<lttl ¿l sot.tl'(ìe r'vhirrlt is <txterlrt¿rl to thc ur:t¡,vollc. ¿rucl ther.efitr.e r,vlios<r ¿ìctiv¿ìtiorì ictvels

¿rt'e the irtputs fol the ttctr,vor'l< ¿rt'e c¿rllecl input ulits. Thosc units th¿rt ch.ive exteln¿rl

signals ¿rncl whose activ¿rtiotts t'ept'esent the outprlt of ther network ar.e k.olv' ¿ìs ou¡pr1t

units' Because thev ¿l,re not visible fi'om outsicle the netr,volk, the remaining units a'e

referrecl to as Ìriclden units. The input ancl output signals, ol activations, of hiclclen

units remain within the network itself. The input ancl output units constitute a¡ input

layer and an output layer, respectively, while the hiclclen units may be gr.oupecl into one

oI more hiclden layers. The network in Figure 5.1 consists of three input units, f'our

hidden units, and two output units ancl organizecl into thlee layers. The ¡urnber of

units in each layer of the network, ancl the number of layers clepend on the application

of interest and the type of network being usecl.
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Links (Synapses)

Itt genct'âI, tht; iilput l¿wel is crorrnectecl to the hiclclerr laycl r,vhich is in tum <roune.tecl to

tltt: otrtptrt 1a¡'1;1'. Rlt lt<ltr,r'rtt'ks r,vith rrro'c .h.n o'c ili<lclcu layer.. tir.s. l¿M'.s w.ulcl als.

lrtl r'otlrlc<:trltl st:c1ttctttially. p¡;¡ c:xarrrpkr. if thclr: ale tr,vo ¡iclc¡;ir layers, thc iultrit l¿ryc:r.

ri'ill l><: t'tltttlt:ctcrl to tlttt lils1, hirlclen i¿tycl i,vhicir i,vill Ìtc cronncctcrl to th<: so<:on<l hiclrk:u

l¿tv<lr' ¿rlitl lìuallY tlttr s1;¡¡1-¡ld hitlrlcr l¡vci' lrrill lrrr r:ouu<:cl,crl 1o thc .ut1>ut lav<rr. l-iur

liillis lltll'r'r'<:tllt tlttl llr'<ltr<:ssirtg ttttil,s alc tlilur,tr:<l r'orurcr,1,ir)us al<l 1,¡ç rlir.s<:tirli iu<lir:a1.s

1,lu: rlilucl,i<tn of'1,t.¿r,its1il. of infctr.nl¿r1,iotr. siguzils. or. ¿lc1,ir¡¿ltious. Tlrc rurits lir¡ltr r,vhir,li ¿r

r;rlltlttlt:l,itxl S1¿ì.t1,s, 1,hct sOur.r,c rilrit. tr'¿ursrÌits its Outpr.rt ¿rCtir¡al,ir>tr tO tlut Othct.ruri1,. lhr:

talgct t.ttlit. N4rrltiJrlc t:<iri[t:Ctions ltr:t'uv<t<:n onr: unit ¿ùlcl thc serrnc: i'put Jtort of ¿rìot]utr.

lulit a,r't: ltot aiior,vccl.

Ea<rh <'orlttcctiolt ltas ass<lcri¿rtccl r,vith it zr r,veiglrt ¡,vhi<,h t.<;¡rlgse¡ts t¡e ¡orrtli¡ution of

th<l output, ol' activzrtion, of :t Jtaltic;ulat sotlt:cc rinit towar.cls thc output. ol ¿rctivati.'.

signa'l of' the tz['get unit. In rrrost cases, siurple weightecl summatio' of t¡e ¿rctivation

signals of all soul'ce units of a given talget unit (a propagation lule) is perf'or¡recl to

obtain a single aggregatecl input to this target unit. Often, a bias or off'set term is

aclclecl to the aggregate input to improve the perf'ormance of the network. Thus, the

net agglegate input to unit m is cornputecl as:

\-r^.L*: )-Wrrncln I ?rn
n

(5 1)

r,vhele

Lm the net input to unit rn;
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Wrrr, : the ',veight of tl.rc connection fi'orn solu'ce unit r¿ to talget unit zlz:

ú,r¿ : the a<;tiv¿rtion valuc of soulr:c unit r¿ of thr: netr,volk:

H,,,, : the bias ir4lrt t<l tzrlgct z¿.

If thc v¿rlitc of' W,,,.r, is rtcg:ttivr:. tltclr this r,vcight ckrcr'(,.¿ìsr)s tirc ar:tir¡il,y of tli. ta'g<:t

tlttit attrl tltrl cotltlr:<rtiorl ll<tttv<x:ll uuits r¡¿ ¿rlcl r¿ is colrsirlcr.url as ¿iu iuhil>itor.v linlç. Olr

tltc oth<:t ir¿t,u<1. 1>osil,irrc rrâlu<:s {tfW,,,,,,. <tnh¿ìrr<r<t 1,hr: ¡c1,ir,,it}¡ of tilg tit¡g<lt t¡tit ¿ìtxl ¿ì,to

<'tlusirl<lIt:<l as rlxrlitat<lt1'' Ili srlttttt (:¿ìsos uror'c colrrplcx lttlcs frl <rornirinirrg ir1'rts i'..
iiscrl, ilr r,vhicrli a <listiur:tiou is uia<rc bctr,vccrr r:xr:it¿itor.y ari<i inrril;itor.y j11J;,,1r. .fhc

rtuits that fbllo¡'v the iÌ'o¡xrg¿rtiolt t'ulc in Equtt'ior¿ 5.1 ¿uc <:ailccl sigur:r units. T¡cr.¡ ar.g

othct less courrnottlv ¡¡;ç¡1 plopzrgatiou lules such as tirc sigrna-pi giv<rn as:

Lrr,: ÐWu,rrilbrrl, -f 0u,, (5.2)
]L A:

whclr:

brrk : the activation value contribution of source unit Å; towarcls the

activation of target unit n; ancl

all other symbols are alreacly clefinecl.

5.2.3 Activation functions

To obtain an output signal for a given unit, the net unit input computecl with Equation

5.1 or 5.2 is transformed using a squashing fu'ction as follows:

am: F*Q*)

11F
I.LÐ

(5 3)



rvhele

.tr t\_¿ ¡¡¡.\.J _ the ¿rctivation fìrnction ¿rssctci¿rtecl ¡,vith urìit 7Ì?.

OfieÙ. T,,,,(-) is ¿r nortclc<:r'casittg fìrnction of ttrc lct in¡rut i,,,,. into ¿ terr.get u¡it.

zrlthough a<:tiv¿rtiort fttnctions alc not lcstlictccl to nonclcclcasing fìrrictio's. Go'cr-

¿tllv. sotn<: fot'nr of thlcsholrl fìrnr:tiol is userl. Figrir.e 5.2 shours souì.c cotntnonly usr;cl

ar :1,iv¿r,tion firuc:1,ious.

In this th<tsis. thc sigrnoirl fìurr,tiorr is ris<tci to <rour¡lito ¿rr:tivatirln rr¿thics of tar.gct

rurits sin<rc il, tlrr: rnost poprrl¿rr. ¿rr:tiv¿rtiorr fìlu<rti<li rlsccl il 1,hc lit<:r.¿rttu.<t fot. ¿ru ANN

i,vith lron-clisclctc <lut¡ruts. This fìnlcticln is give, zrs:

F(t"') :

Srrbstituting f'ol L,nt, orr the riglrt hancl siclo

is c:orrrputed ers:

(5 4)

Er¡u,ut'i,ort, 5.I. T,,,,Q,,,r)

F(t \ -" \"m/ -

exl)-¿"r

Erlu,ut'i,on, 5.4 fi'orn

1

i + exp-(Ðnw*na,jo^)

The output signal of a unìt rnay be a stochastic f'unction of the net

unit. In such a case, the net input is usecl to cletermine the probabilitv p,

activation value is high using the following equation:

p(a- <- 7):
7 r exp-'*/s

1+

of

where

g

(5 5)

input into the

bhat the unit's

(5 6)

a parameter which determines the slope of the probability function.
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5.2.4 A simple classification of ANNs

The ¡rzlttc;t'rt of c:oltnectiotts betr,veen iinks ¿rnrl the rnethocl of clata tr'¿rnsrnissio, ,,vithi'

uct,r,vo¡l<s cl¿rssify ANNs into tr,vo l>ro¿rcl gt.oups. nzrrn<:]1,. fix:cl_f.or.¡,v¿rlcl ancl r.ccrlr.Lcut uett_

rvot'ks' Iu fbctl-folr'v¿lt'cl uctr,vorl<s. tho clircctioir of infoln¿rtiorì pr.oJ)¿lg¿ltio' is st'i<:th,

illtut trnit --+ hiclclcrr unil --+ (hidden unit) --+ outJrut unit. Irrfol.tnatiou c¿ìtì also Ìr<l

tt¿tttstttitl'<:tl rlit'r:r:tiV ft<ltti ¿trl itti>tr1, uui1, to ¿ì,rì olr1,l)ut rilril. For fixrrl-f.r.lira,r.rl 
'.tr,v,r.ks

lvitìr ,'rlti1ll. hiclrk,i lav<:r's. .'its iu ilicklcrr räy.r.s th¿it ¿ir.. <,krs.r, 1,. trr. iuJ'r1 rayci.

t'¿ilt scu<l ilrfolnl¿r,tir>u to othcr. hi<lcl<rl lrì)rct.s fät.thcr. âr,vi¡, fi.l¡1¡, thc inltut li.l1rt:r. t.rr. to l,lrc

output laxl'. if thc ¿rr<rhil,ccrtulc is <'onsicic:r'ccr to rrc ¿i str.ur:1,rn.<:cr r¿ryoilt i,vil rr scqucntitrl

tturnbct'ittg of thc lavct's fi'orrr irtputs to outputs, thern f'eexl-for.lva¡cl netr,vor.ks allow i'f.r-
tn¿ìtion tt'¿rnsfbt'fi'orn units in lor,vet' ttunrbc'r'ccl latu's to l,liose iri highcl nurrr6el.c¿ l¿rycr.s.

No fbeclback conrtections ¿ì,1'e pet'rnittcci, th¿rt is. r:onncrctions cxtcn¿ing fi'or' highelr.'rrr-

l¡elecl la,yers to thc sarne ot. lowcr.nurnberecl l¿ryers arc not ¿rllowe<l. Thus, l..eec1_f.onvar.cl

netwot'ks havc unidit'ectional c:onnectious. Exaurples of feecl-fonvarcl netr,volks inclucle

Adaline ancl Pelceptron ANNs.

Networks that are not strictly feecl-forr,varcl, but include clir.ect or inclirect loops

of connections fÏom units of a higher numberecl layer to those of the same or lowel

numbered layer, at'e often callecl t'ecurrent networks. Kohonen ancl Hopfielcl ANNs are

examples of recurremt networks.

5.2.5 ANN learning

Unlike standard computers which perforrn

laid out by a human programmer in some

their task by following a sequence of steps

form of algorithm, an ANN learns to solve
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the clesilecl task bv sti.rclying- a set of exanrple pattelns (tlaining <:x:.u,ples) suSr.ittecl

to it' Irlfoltria'tion nccclclcl to solvc zt given ploblcrrr is stolecl ilr the for.ln of co'.cc:tio'
r'veiglrts W,,r,r. Thlorrgh thc ruoclificatiol of the Wrr,,,, v¿1¡es. th6r nctr,vork is a.ble t<>

ltl¿it'rl to solvc Jrt'oblorrls th¿lt ¿tt'e sirnii¿rr', ìrut uot ue<:ess¿rlily irlcntical, t. tlur r:x.nr¡;¡:

P:tttt:rtis uscd to tlaiu it Tlnrs. al ANN has tr> Ìrc clcsignccl srrc,h that tilr: .pJrlic^1,i<lir

t>f att itl1ltt1, Pit,t1,t:t'tt. rvhich iics lvi1,hiu thc borrrlrls of thr: plobk:rn t,<¡ Jrs s.lv.cl. ¡lr.orl'r,cs

otttl>trt siguals tlt¿tt at'tl 1,ltc s¿inur ¿rs ot sirnila,r' 1,<t l,hc tär.gcl orrl,¡t1l.

il4ariv rv<lighl, rtto<iifir:¿i1,iotl ittttatioitfi ¿ìr'() ¡>clfiliucrl iir u¡rl¡r't¡ 6lr1¿r,i, thr:'r:r)r.r...t,

<rrtutic(:ti<trr wr:ights 1,hal, r.c1lr.<:sr;ut th<t s)/stclrr. Drit.ing car:h itcr.¿lti<lr. th<: <:r)nnc<rti<lr

r'vciglrts att<l ¿t'<:tiv¿tti<ltls of'thtt Jtloccssing riuil,s ¿lr'c nseci ¡o <:6urJ;r.rto ¿ì ¡e\,v ¿rc1,iv¿rtiorr

v¿riu<l fot t:¿r<'h uttit in thc tt<t1,r,vor'l<. Thcl orltprrt signal of thc uel,'uvor.k fbr. .¿r<:h t.zr,ini'g

<:xa'rrt¡lltl is corrt¡lal'c<l ¡,vitli tltr: exi>c<rtrxi solution. Thc cl'r.<>r. i¡ J'.rxli<rti'g thc cc,.rect

soltttions fol' thr: cxa'ttttrlie l,t'aiuirtg pattclns is nsccl to uJr<lzrtr: thc r,veiglrts ol tlle unil,

¿rctivai;ions. TheÏe ¿ìI'e sever'¿ìl nrocles of upclating the unit activ¿rtions, but they c¿ur

be categot'izec'l irtto syncluonous ancl asynchronous upclating. lvith synchronous np-

clating, the units change their activation all together after each iteration, while, with

asynchronous updatiug, each unit has a probability of nroclifying its activatio' clur.ine

a given iteration.

A successf'ully trainecl network has two main chalacteristics. First, by using the

activation functions, it is capable of transforming the input patterns of the training set

to output signals that match corresponding talget outputs of the training examples.

Second, it is capable of proclucing 'correct' output for new patterns that belong to the

class of the training examples. The former characteristic is referrecl to as the learning

ability while the latter is often calecl the generarization ability.
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The lcalning ancl gertex'alization pelfolrnânce of a netwolk arr: ofTen nleasurecl Ìry ¿r

fìrnctiotl of tlicl clìffclcnr:c betr'veeu talgct outprrts :rucl cornprltccl lretwork o¡tputs for

1,i'iriuing ¿rn<l tc:stilrg <txarrrplcl sclts. r.esllec,tivr.:ly. sultrnitted to the nctr,vor.l<. Ihc srnaller

tlt<l v¿rluc of thc: firntrtiotr tltc bcttel tilo l,r'airrirìg ol gcrìer.¿rliz¿rtiou capabilitv.

The sttt'r'r:ss rlf ati ANN ¿t irtarttirtg zr,ri<l gcne;r':rlizirrg clc;pcnrls on its ¿rr.<:¡it<;¡t¡r.r:. l,hç

1:t¿tillitlg <:xattll>lcs ¿irt<l rla't¿ Jrt'<r1ritlatioli. tlul llrir<: of lcirlnirrg alggr.it¡r¡ .ruirlo.rrcrl. t¡.
1't:<'ltttiqtlc tts<l<l to O1>l,itttizrl tlu: lc¿rlliug i>clfolru¿lrrr,c iu<kx. ¡ì¡d tlìo .x1,cu1, <>f 1,r.ai'iug

1lt. rurtlv.r'k rr'rl.r'grr:s. As sh.r,r,'i. Figri'r: 5.1. tlu: ¿,.r,hit.r.tr'.. ,f a giv.u lu:ti,v.r.k

r'otlsisl's <if i,lttl tttttrtll<lt' of ittl>i,t1 . hi<ltk:n. nu<l ou1,11r1, units ¿urrl thcir. irì1,sr.rr¡¡.¡ur:ti6¡s. ¡r
olrlcl to lc¿ùu to solvc: a givc;u typ<t of, ptol;lerrr. the s¿rlicnt <:ir¿rr.¿l<:ter.istics of thc input

vt:r:tot's. ot ptrttcttts. attri sotnt:tinrc's of the outl;ut siguzrls. h¿iv<: 1,o lrt: incrlurlc<l i' th.
tl<ltwot'k' I[ irnlloltzrrtt frl¿ittlt'cs of the input zrrrci outprrl, signals ¿i1cl lrot inr,luclccl. 1,¡<r

ANN llìi¡r 11e1- bc strcrcclssfìil at lea,r'ning erncl genclalizing. Orr t¡e ot¡e:r. h¿urcl. if ullir'-

Jlot'tzrtlt fcatuÌcs âr'c incot'tr>ot'¿lted in thc netr,volk, these fe¿rtur.es coulcl sc.ve ¿ìs 
'ois<r

terrns which rnzry clegrade the network's learning ancl generalization perf'orma¡ces. Al-

though ANNs ¿rt'e often tolerant against noise, increasecl noise may affect the network,s

perf'ormance. Also, noise terms tlray increase the size of the netr,volk unneccessarily.

The appropriate numbel of hidclen units is problem-clepenclent. There are techniques

in the literature for efficiently determining the appropriate numbel of hiclden units (see,

e'g' Ash, 1989; Fahlman and Lebiere, 1990; Nlozer ancl Smolensky, 19gg; Hirose et al,

1991; Karnin' 1990; Frean, 1990; Karunanithi et al, 1gg4). However, often a trial ancl

error pl'ocedure is used to obtain this nurnber (see, e.g., Ranjithan et al, 1gg3; Rogers

and Dowla,Igg4; Tang and Fishwick, 1993, Saad et al, Igg4;Rizzo ancl Dougherty,

1994).
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In gettet'al. atr incrlcase in the nilrubcl of hiclclen units increases the nurnbel of mern-

ory l¡r,,,trtuns irl thc lt<rtlvotk f'or nrerncllizing thc inf'olrrration rrceciccl to solvc pr.oblcrns

lvithin tltc bouttrls of intet'cst. As thc nurnbel of uliits ancl the rrrctrnolizing c¿rpacity i¡-
(rl'o¿ìses. thc gclltet'ztlizatiolr 1;ttt'fbt'ut:luc:cl also iu<rr'<t¿ìscs 1p to zr Jl¿irf,. ¿rficr. r,v¡i<:ir fìlr.thct.

itr<:r'tlasc irr tltc rtutttlt<tt of ttuits rl<:<'r'cr¿rscs the rr<:tr,wuli's gcu<t¡alizitrg r,apältilittr. ¡\lsg.

<:r't:tL slrt¿ill itl<'t't:¿tstls irl tltr: tttttrtitct of hidrklr rutits in<:l'r:as<:s 1,hc sizc of 1,lrr: u<:t,uwt.k

<1iLi<,ki1'. Itl<'l't:¿tscrl itctr,v<>r'lç siz<r ofi<:u iu<:r'e¿rscls t,lu: l,irrur lcc<lcrl to 1,1.¿riu 1,h<: ANN. Frlr.

it lat'gt: trtrtttlrcl of hiclclcn ttrtits. l,hc lirasibio sl)¿ì(:o of tlut ANN tr.aitrirrg p¡6<rgss <>ficlrr

has ¿t fl¡rt stil'f¿r'rl rvith s<trrr:r'¿il lor:al ¡¡J¡1i1¡ra,. l,hr:r'cfìu'c. 1,hc optirnizatir)lt l)l.o(:oss <lf th<r

irtlt'f<>t'tn:ttttrc itt<i<lx has a higli ¡rotontia,l of gcttiug tlzrppccl i¡ ¿l lor:al o1>tirnu¡r. Fur.t¡cr.-

rlole. iri<:r<:zrsiug th<t rurrnbrtl of iri<lcleri uriits in<:¡s¿1ss¡; 1,hc arlcquatc uurnl>er. of tr.ainirrg

c:xa'trtplcs. Thcrclfot'c. <ltltt:t'rttilling thc ltcst luunbr:r' of lii<1ck;n units is ¿ln irnD<>r.t¿lrrt stcr;

of thc uctr,vol'k clcvelopurent 1lr.o*tss.

The rturnbct' of tt'¿riniug exarnples ¿rncl thcir replesent¿rtiveless of thc p'obicrn sp¿l,ce

also influence the perfolrnauce of the netwolk. Generally, ¿rs the numbel of trai'ing

exarnples ancl the representativeness of the task to be perfornlecl inc¡e¿rse, the geuerarl-

ization pelfbrmance improves, since in such cases the netr,vork recognizes more pârrerns

that clescribe the system represented by the network. However, the learning time re-

quiled increases with the numbel of training examples. Often, thele are some sets of

input patterns that allow the network to achieve bettel generalization per.formance than

that clue to other sets of input signals. Such goocl training sets are more representa-

tive of the problem space and should be investigatecl ancl utilizecl to improve network

perfolmance. Like most types of black box modelling, some form of clata norm aliza-

tion or transfoi'mation rnay enhance the network training process ancl the performance
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ch¿rlacteristics.

Thc Ì;est lealuittg â,lgolitlrrri bv r,vhich the couuectiorr r,vt:ights ru:r r b<l lnoclified. a,u<l

tlt<: rnost aJ>pIoPIizrte teclttti<1tr<: fbl optirrrizilg the ler¿rlriing pcllfor.rl¿,¡cel iu¿ex. rlr:'.rr<ls

otl tlt<t t1r¡r<l of ANN ¿rr'<:hitcr'tur.c ¿ìnd thc sper:ifì<, pr.oltlcnr to llc sr>lvorl. Sclcr,tirrg 1,ircr

li::tt'tlittg algolitlrril ¿rttrl tltc optirnization tcclruiquc ofTcri rlc¡rgucls 6u <:x'.r.icu<:r: a'rl
souurtiiu<:s ou initi¿il sirurrlati<tu 1,r.ials.

Tlttl tlxl<lttt of lrl¿ttttittg 1,lttr trt:lr'wrt'li rrrrriclgor:s ri<rpc:nrls on llur t¡1.1¿¡i¡ç lr:r<:l ,f tlr<:

tlilliluur'c ltc1,r,i¡r:cu t;hc lrcst ilcissiltkt ¿ilul tlut ¿ì(:r:clt1,¿ritlc l<:v<:l of lcrri.ling itcr.lor.llriìrlrc

itt<l<lx' Tliis ttll<lÌa,ll<rtl l1;v1'1 tttri¡r i;1; cxirlir'itly spc<rilicrl fol zr giv<:l ustr,vor.k ,r.i'r'li<:it11,

itt<rot'ilorâtcld by sp<lc:ifviug tltcl rtutnÌ>et of tr'¿rining c'yclers ol itor¿ltions to b. 
'er.tor.nr.rl.Itt gcttct'it,l. if'tlt<: t<ll<lr'¿l.ur:<t lcrrtl is snall ol th<r urunber of it<;r.ati<lns is lzi,r'gc. thc lc.r.ui'g

attci grlneläliz¿ttiolr 1l<lt'fot'ttta,tt<rc:s irrtplove. Howcvrl', f'ol s<>lle nctr,vor.ks. if thc i'rl<:x is

st:t toO srllall ol' thc Durnber of itcr'¿ltions is sct too higli. r>vcr.tr.a,ilrirìg Ì¡¿ìy oc(:r_lr. ¡,v¡i.li

c:¿ur cleter iolate thc genelaliz:rti on per.f'olut¿lnce.

5.2.6 Learning algorithms

ANN learning algorithrns clifi'er in the way in which information is lepresentecl i' the

r'veights. However', for all these algorithurs, knowledge encoclecl in a network is clis-

tributecl âmong a number of weights or a number of units afTer the iearning p¡ocess is

complete. Storing the learned information in a large number of links or inputs is an irn-

portaut feature, since it allows the network a level of tolerance to incliviclual component

failule. Learning algorithms mav be classifiecl as supervised or unsupervisecl.
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Supervised learning

Fot' sttpclt'visccl or associ¿rtivc lcat'niug. thc rret',volk is traincrl Ìly s¡pplyirrg- it r,r,ith

ittptrl r¡<:<rt<)ts ¿itt<l t:ot't'crsponclitrg output 1>zrttcuns. Thes<l inprit-¡utJ>1t ¡tattçt.us ¡ì¿ì\/

Ìl<: i>t'ovicltl<l ft'<tttt <>trtsi<lc ot' rvithin thc ncti,volli. Th<l iriprrt vcr:tor.s ¿r.t: pr.'p^gatccl

f<¡ti'rtat'rl tltlorigh tlic rat'iotls l¿tvct's nntil it r'<t¿rr:lu:s tþ<: o¡t1>uts <tf thg fìnal l¿rver.. T¡<t

gt:ttclattrtl ottl,1>ttts ¿rc thctt (:ortrl)¿u'ct1 r,vi1,h 1,hc rlcsirt:rl or' 1,ii¡g¡t <trrl,1tu1, v¿rl¡<:s. ¿tul ¿i

frrrr<'1 ion of 1'h<t rlifl<tlclu:cs. tclul<xl ¿ìs (ìt.r.ot.frrn<,tiolr. is rtsr:rl to <rh¿rr.¿r,<:tcrizc 1,h<t ri<t1,r,vor.k's

lczittliitg ollol. Tht: l,¡tltrtl <tf tliis <:t'r'ol is nscrl ¿is a l;¿rsis fitl arljrrs¡íug ¡lut i,vcliglrts.

Titis ltlor:t:ss is lc1>cit1,erl urtrul' tiur<ts (of thit or.rlcr. of hunrh.<trls ot. thorrsaurls) rurtil an

zr<rcrtll>tâblt: valtÌc of tlit: ttt't'ot fìlnctiott is obt¿riuecl ol t|e si;c:cificcl ¡ur¡ber. of itcr.¿rtio¡s

is t'ca,<rittltl. The ob,jectiw: of this tr'¿rinirrg plo<:cdulc is to rnininrizcr tþr: r¡al¡c of thc r:r.r.o¡

fhnction oI to erlstlt'c th¿lt its v¿riuc: is J;elolv a r:cllta,in thlesholcl levcl. AfTe¡ su<:ç<ssfirill,

lc:u'ning thcl trainirrg pattcr.ns. thc uctwor'l< nl¿ry b<; nscd to rna,p ill>ut vcctot.s to or1tpn¡

pzrttclns. Thc proccss lly ¡,vhich the nctr.vorlç elror is usecl to rnoclify the <ronncctiorr

weights clistinguishes the various forms of supelvisecl learning.

The Backpropagation (BP) Algorithm (Appendix A) is the best unclerstoocl ancl

most conttnonly used supet'vised learning algorithrn. Tiaclitionally, it uses the general-

ized delta rule r,vhich perforrns steepest graclient clescent on the total quaclractic errol

t, given as:

t: *DÐvo- ol),
pk

(5 7)

where

+Put"

oi

kth element of the desired output for training pattern p;

kth element of the network output for training pattern p; and
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totai numbel of tr.¿rining pzrttetr.ns.

Dcspitc its apparent sucr:ess. thc BP lealning zrlgorithur has sor¡e r,veak'csscs w¡ic¡
iur;luclc a long tlzrining pt.occss. uetr,vork J;aralysis. ancl local niinirnurn entr.aprneut of

tltc <lt'l'ot' trtililrtiz¿ttiott ¡rt'occclur'c. Thc rnost irnpoltant clcfir:icncy of thc Bp lr::l'ni'g-

aigolitlrrn is the long tr.airriug l)t.o(:(,rss. Consecluetrtllr. ¿ì gtc)¿ìt alnonnt of r.csr:¿ir.ch has

r'<tti<:cutr'¿ltr:cl oÌ :r,ttcuritts to uu><lifl, th<: algor.itlulr to s1>cr:rl u1> tlxt ig¿r.rii.g 1tr.,r,r:ss l)r,

tc:Jll:r<:ittg 1,ltc: Stccll;<:st Desc<:ttt i\,'Ictlrocl r,vith othct'dir.clr:tiorr sc¿it.<:h nrethocls of 
'riui-

'riz¿ition 
sur:h as thc co'jrig¿itc G.acli.nt \4etirocl. Ncltwor.k rrar¿rh,sis o.(:rlrs cspcxriaily

r'vlicil sigmoid ¿rctivatiott fhn<:tiolts ¿u'c usccl. Fol such c¿ìses. thc total inJ¡.t r>f a ¡irlcl<;il

ot'oittpttt unit <:a,n Ìeacrh vcry high positive or.negative virlucs, aricl thc ac:tir¡atiort m¿ly

irtr vcly <rìosc 1;o oLle ol'zet'O (sec, Figrllc 5.2¿l ¿urcl Equ,a,ti,ort, b.4). Sin<rr: t¡e i,vcligirt acl-

justrnents ¿ìr'o plopol'tion¿rl t,o a,r(I - u,r) (sc:c:. Equ,o,tions A]2 an<i A.13), tirc t¡zii¡irrg

pl'ocess cìan conìe to a virtual stanclstill. Tlalsf'olrrring the in¡rut cl¿rta c¿r¡ elirnin¿r,tc this

pÏobleür. The problem of local minitnum entlaprnent occurs because the error surf¿rc<:

of a complex network is full of hills ancl valleys. This ploblem rnay be removecl bv (r)

choosing random weights so that the rnagnitucle of a typical net input to a given u'it
is a little less than one, (2) using a unit activation upclate mocle that selects t¡aining

patterns in a random order, (3) using probabilistic techniques) or. (4) searching arouncl

an optimal point to ensure that it is not a local minimur'.

IJnsupervised learning

Unlike supervised learning, unsupervised (self-organizing) learning is used for problems

which have training sets consisting of input vectors, but no corresponcling clesirecl out-
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put signa,l. FoI such pÌoblerns, the t'elevant infbrrnatiorr has to be f'or.r*cl withi' the:

i[put vectoi.'s of thc tt'ainirrg exanrples. Exarnpl<ls of such p¡oblclrns inc]ucle clirnensic'r-

¿tlitv t'r:chrr:tion (e.g.. plilciperl cÌorlìporìerìt nrraìvsis). ft:¿itlu'c rnzrpping. clustcr.i¡g. zrncl

v..t.r' clrrzr'tiz.,tio.. Tlurs. 1,ypes of p.obrc'rs <io 'ot .xplicitiy incli<:¿itr: 1,r> th. u.tlv.r.l<

r,vh¿rt thc: r:oLr'(:<:t orrtltrrts shorlld Ì;c fitr. rr gircrr iu¡tnt r¡cc¡(_u.. his1eacl. ¡hc nr:tr,v<tr.l< irrusl,

i<l<lri1,ifï tltc irttPot'1,¿ì,tf, <rìt¿t¿ìr'tctlisti<rs (sta1,is1,ir:s) of'thc l,r.aiuing r:x:r¡11>l.s aurl ,urst ¿u1-

.just 1,lrc ivt:ig-ltts itr olrlcr'1<l <lxtr'act tlu:s<l <rh¿lr'¿r<rt<tr.is1i<:s. Tir<t 1tr.6<rurlip.. ¡surl 1<l ¿rr:iri<:r<r

this clepcrr<ls otl tltc lr:¿rt'ttitrg algolithlu. wirich is irasr:<l on so¡ro t1,pc ¡f i'¡c:r.u¿rl cr.r.,r.

nìe¿ìslll'c' !\''hcil a 1la,t1,<lt'tt is itlr:scrttr:rl to thc lrctrlroi'k. it is J>r.oJt¿gat<:ti t6 tlr. o*t1'rts.

¿ittcl thc oll'ol llìc)¿ìsttttl is theu a1>plic<l to <txtt'¿r<:t th<; rclcv¿urt statistic:s fi..'t thr:set <;ilt-

puts' Tlrt: <:<lniltlctiotr lrcigltts ¿tt'e rnorlificcl iu <lr'<lcr' 1,o lrrinirnizer this er.r.o. ur.¿ìs.r'r¡ r¡i¿r,

thc l<l¿it'tlilg Ìultl. Tlttl Hebbizrtt lczrt'uing nrk; is zur cxarrrlrlc of ¿in uus¡i;cr.vis.rl l<:zr''i'g

zrlgolithrD. Dct¿riis lcltrting to urtsupelrrisccl lci:urrilg ¿rricl thc:rpp¡oJ¡'iatc lca,r..iug zilgo-

Iitltrns ¿l,r'cl not giveln iu this thesis sincc the ANN appliczrtion p¡escntecl cloes rrot Selouri

to the cl¿rss of netr,vorks that recluiles self'-organizing lear.ning.

5.2.7 ANN testing

After a pre-specifiecl training process for an ANN is over, the preclictecl outputs f'or

the training examples âl'e comparecl with the known targets. Often, this comparisorr

is based on the quadractic erÌor computecl in Equati,on b.Z, ancl sometimes basecl on

visual inspection of linear plots of the preclictecl versus target values. A small value of

the error measure or a linear plot that is close to the 450 line inclicates a goocl traini¡g
performance.
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If satisf¿rctorlz 1¡nit,ittg pelforntânce is obtairrecl. thc infolmation stolecl in the links

alcl units afIcl thc tlairting pt'ocess. ¿tt'c us<:cl to pleciiclt thc oritplt for.tcsti'g cx.'rplc

trliltt<:t'tts th¿lt r,vct'o ito1, iriclu<lecl in the tt'¿lining sct. The preclictcri outllut fbr. tir<:

tcstiDg exirnlirlcs ¿ì,1'c) (;olIU)¿ìr'crl r,vith knor,vn targcts f'ol' thcsr: cx:'n¡rlc's. T¡c tcsti'g

lltlt'frll'trtirttr'<l itlcl<lx is llìo¿ìslu'ccl in ¿i sirnil¿rr' trv2ì r ¿¡¡; tlic tr'¿riuirrg itclf<l.rnauc<:. Gori<l

1,t:sl,iug 1tr:t'folrrrirru:c iuclir,¿r,1,cs goocl g<tru¡.a,Ìiza,ti¡u. 6r, iutr:r.1t<tlal,i{'r. <:¿¡1¡¿..}¡llit1, 1¡1, 11r,,

,ANN.

5.3 Estimating the level of criticarness of, realiza-

tions in the MR model using ANN

This stl<rtion pÌcs<:ttts ¿i f'c<lcl-follvarci ANN ai,pplozr<:h fol cstirn¿rting th<t levcl of c:r.iti<:¿rl-

tless of each of tire t'e¿rlizatiotts usecl to t'eplesent a stclch¿rstic lvatc;r. q¡a,litv ¡r¿ì¡.agerìerìt

svstern. The tlaining exarnple set f'or this ANN apploach is basecl on the 1VIR rnoclel

solution using the INI Algorithrn clevelopecl in Chapter 4. Each exarnple, or.pzr,ttern, .7,

in the training set represents the characteristics of Realization.7 ancl the target level of

criticainess of this realization obtainecl from the NIR moclel solution with the IIVI Al-

gorithm. The number of realizations incluclecl in the MR moclel to obtain the training

examples is selected to be srnaller than that expectecl to be aclequate f'or representing the

stochastic management system. The goal is to utilize the learning ancl genaralizatio¡

capabilities of ANNs in order to rank the criticalness of the realizations incorporatecl

in an NiR model that inclucles an aclequate numbel of realizations ,S before solving

the rnodel. If satisfactory generalization performance of the ANN is obtainecl. the to-
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tal contputational tinte requilecl to solve the NdR moclel can be sig¡ifica,rrtly recluce¿

r,vithortt rlctcliot'¿iting tirc rcsults. cspcr;ially f'or.cases in r,vhic¡ S is vgr.1, l¿rg..

5.3.1 Architecture of the ANN

As <lisr'ttsst:tl catli<lt iu this t'1t¿lpter'. thc alc'hi1,<)(:l,r.uc of ¿ì,tì ANN gr.r:al,l1, i¡flut:rtr:<:s ils

lr:atniug iurrlgcu<tlrrlization ltrrrfor.inan<,r:. hr 1,h<r 1tr.of,otyl;c cxzuul>kl firr.cstiurtitiug U¡. il

i¡j li<l<rtlss¿t,t)'1'o irltltttif)'atrtl c:xcltr<lc t,lic ruriurltol'1,¿lnt ftr¿r1,ulcs. siit<,c 1,lu:sc fi:¿rtr'.c:s <,.rrkl

llc soiur,<:s of ll<lisc thrr1, rnay <l<:t<:r.iot.¿rtr: thc llcr.frl.nt¿ìn(:o of 1,hr: ui:l,lvor.k. Although all

ittllltlltaltt <:1i¿ita<rt<lt'isl,i<rs lt¿¡v1¡ to lr<r iu<,hlck:<l iu thc tr'¿iiling cxnurpks. sur,h illfor.ur¿itiou

shorrlcl }>e 1;t'esr:ntcltl to tltcl net'uvolk in a folrn that i,vill not u¡rìcccìssalih, i¡<1r:ase th.
siz<l of thc uclt'uvolk. Ttr drl this. it ttrat, lr<: rrscfìri to Jl'ocr<lss thc: irul;or.t¿ìlrt (:h¿ìr'¿l(Ìtcr.isti<:s

into lunrped fo¿rtulcs. ol to use clinrensictu¿rlity lccluction 1,ctr:irni<1rlcts. srich ¿is pr.inciltiil

(:onrlx)trotrt analysis.

For t'¿rnking the cliticalness of lealizations in ¿r surfâce r,vater quality nlân¿ìgement

probletn, the ìmpoltartt irlfolmation may inclucle the r,vastc¡ treatrnent cost coefficients

of the polluters ancl the following clata or palameters in each r.each of the river. sys-

tem: (i) low flor,v; (2) stream velocity; (3) strearn tempelature; (a) reaction rates; ancl

(5) backgrouncl water quality. Inclucling all this inforrnation in even moclerately sizecl

svstems could result in verv large networks. Such large networks may lequire a large

nurnber of tlaining examples to learn ho¡,v to preclict the U¡,s and a large CpU tirne.

These requilements are not favourable in terms of computational burclen recluction of

the MR model solution. Therefore, the solution of the manâgement program basecl on

a given realization is used to lurnp together the important characteristics of that real-
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izatiolt. Hele. thc oi;tirrtal ma,n:rgentent clccisiou v¿ili¿rbles ¿rncl the level of criticalness

¿tt c¿t<rli Clrt:ckJloilt i € O.,'¿r1.ri. clcrfilrcclir Equati,r¡n,¿1.8. al'c ¡sed to ¡cp¡csc't t¡c inpul,

vc<rtols of thc ttaining cxzrrnplcts.

FoI this ANN a,llproa,c'll. it is ¿tsstrrnerl that thc rraluc: of l/i clcpclucls olr thc oJrtiuraì

lll¿ìlì¿ìgclll(lltt rlt:r:isiolls ttf itolltrtct's rr1;stlea,ur of th<r rnost, r'l.itir,zrl c¡c:r:kpoi.i, of, R.c:al-

izatiou 7 atrrl oti 1lut rr¿lllrr: <¡f ttt¡.if<tr. 1,his criti<:al r,lu:r:kltoiut. Thus. str.r:¿rtli cr>urlil,ious

rltxvltstttl¿t.ttl tlf 1lttl ltt<ts1 <:r'i1,it:ill r'ltct:klloint of a. givr:tr tcaliz¿rtiorr tìt.ç <:¡¡11¡;j¡¡rr.<rrl *'ir'-
p.t'tirrl ti'rk:t.r'riuiug 1h<: <:r'i1,ir'aiu.ss,f tiris r..a,liz¿rtio'. c''sur1ri.r11,lv. r:a<,h tr.iiirriug

ot ttlstittg J>itl,1,<:t'tt fol this ANN trt¿w h¿rv<r a diflbr'cnt nurnb<:r'of ¿r<rtiys iu1;rr¡ r,ri1s (i.r:..

iuPuts tltzrt trDtilst;tlt, stlcarrt cottciitions rlpsbletrrn of tht: tnost <:r.iti<:al <lu:.k1t.i't). si'r:<r

tlrr: rnost crliticr¿rl ch<;<rkpoint is gcner.a,lly not cxpectcd tr¡ Ì>c tlu: s¿rrnc for.all r.c¿rliz¿itions.

TItc ttrosl, ct'iti<:¿rl r'hccrkl>oirtt fol R,e¿ilizatiou .7. A,I C C j, is clefiuecl as th¿rt c¡sck'oi't r,vi¡lr

tltc srn¿lllcst rrurnbcl of non-vicilaticlus of ,,v¿ltcl qr_rrrlitlr, r_rricl<tr. str.carn c<tnciitiorrs l.cl)t.c>

scnt<:cl bv this rc¿lliz¿rtion. if all SIOP sohitions b¿rsecl on othel r.ealizations i.cluclerl in

tlrc+ IVIR rnoclel zrt'e implementecl in turn. iVlathematically, AICCj is given as:

fu[ccr: ¿ ¿Í Pij min¡66.U¡,7 V ze O" (5 s)

If AICCi ]ras more than one value (i.e., more than one critical checkpoint), the ¡rost

dor'vnstrearn checkpoint among these critical locations is chosen as the most critical be-

cause the clo'uvnstream critical location inclucles strearn conclitions f'or. upst¡eam check-

points.

Since the number of examples in a training set may not aclequately represent the

joint probability distribution of the important features of the stochastic water quality

system, the same example pattern in two clifferent training sets may have significantly
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clifÍ'el'ent lcvels of c;liticaìrtess. Fot' exzrrnple, if ¿r tlaining patter.¡ h¿ls ti''ee ¿rctive in¡;rrt

collrpolÌelìts ot'units. â tvpir'ai irpitt vectol nìâ! l1ç r'cplesentecl as (7.5. 0.2.J.7).r,vhcr..

7'5^ 0'2' ancl 3.7 t'epl'clsettt tltc cluitrttit¿rtiwr ilrcliccs fol Fe¿rtur.cs 1. 2. ¿ulrl 3. r.es'.ctivciy.

Assurttc this inptit v<:<:toÌ coltstittlt<;s onc of 10 tlainirrg 1>attclus ¿r¡rl il¿ls ¿r u.r.r'¿r1iz<:rl

l<lrcl of <'litir:¿tlttcss (i.c.. cx1>cr'tr:cl ontpul, signal of thc,ANN) of 0.6. Tlur 0.6 vahr<.:.f

1'ltcr ttrrtttt¿tliz<xl l<lv<ll of ct'il,ic,¿illrcss iuclir:a1,cs thal, l,hc r¡cctor. (7.s.0.2.3.2) is 1,h. fifth 1,r>

lrr <ho1>1l.ri fi'.lli 1,1i. III sor'tit¡u r)lo.oss. rf trris iu1>rrt r¡c<:t.r.'.r,v rr.ro.gs t, a,rit>r,rulr.

sol of 10 l'r'ailiilg 1>nttt:tits ittt<l t'c¡rt'<rscuts l,hc st:conrl lr:aliz¿rtion 1g lrr: rh..1t1t<rrl fi.our

1'h<l IN'l solul,iotl. i1,s tt<.rl'ittalizcrl lcrrcl of <:r'itir:¿lhx:ss is c<trr-rirl to 0.g. Tlir:r.cfor.c. t, r.r:rhl<,r:

tlairriug cliffìcultir:s tha1, tn:r r l>c ilr.cscntcxi by sur:h ¿l situal,iou arul to tuiitilrizc tlur

Prr:clicti<>u ell'ol of thct ANN. tlic r.¿rnk (r,vher.c thc sur¿rllest vahrct is zrssignecl a r.¿urk of

1) of e:rrù (;olltPollollt of c¿rr:lt input vi){rtor', r'el¿rtivc to tlic cor.r,csJroncling corripor¡:ilt of

¿rll otltcl ittpttt vc<:toÌs. is ¿rlso in<rlilclc<l ¿ìs ¿ì,n inrpoltalt fc¿rtulc il iclcrrtifii'g th. levr:l

of clitir:¿rlnelss of tlte t'tlaliz¿ttions iu a givcu set. Tirus, thc r.el¿rtive irnpoltzr'cc,. of a.
ittput patteln in a given tlaining set is incluclecl as an importa¡t f'eature in cleter.r'i'ing

the level of criticalness with the ANN. Each of the important features fol each training

exarnple is norlnalizecl as follows:

Xsj - Xs,rni'n
Xsj

!ri

norrnalized feature

feature for training

Xr,*o, - X",*in

- 
Yrj - Y",*¡.n

Yr,^o, - Yr,*i.n

for training example

example y;
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(5.e)

(5.10)

where

X"o

Xsj

/t.:s th
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/ L S.IfLZfL

\a1\ s.nt,n,:t:

l)

\./t ,.i

Y- s.ilt,t,n

!'- s.tìt.(Ì.t:

: the nirìinìullì vallre of f'eaturc s \,vithin the sct of tlaining exanìples:

: til<l trt¿t,xirtlitrtt valuc of fcatulc s ¡,vithil thc sr:t of training cx:rnrples;

: rìolul¿ì.lizr:d lank of fil¿rtr-u'e s f'or trainilg exanrl>le .7:

: l'¿ìuk of'fcatnlc s for. tr.aiuing c:xärn1>lc .7;

: thct r'iuiururrl r'¿irrlç <tf'fc¿rtur.r: s r,vithi' thr: s.t

-- tlur nr¿xiuurur ra,rili of f<t¡rtruc s ri,il,hirr thc sct

of tt'zririilg <lxa,rrrplr:s: äurl

of tlzriuing cxaur¡lkts.

1Ìr terltr<'i: 1,htl ut-tiltlltli <lf itt¡;tt1, tllrits. fbr'<:¿rr'ir 1r'¿iiuing ox¿ìlu)lo. çat:¡ iur¡r.r.tzr,,t

f<l¿ituul ¿ittri i1;s (:ol'l'osPOtì(lilg lzurk ¿rlr: r:orultiu<tr1 iritrt ri si¡g¡t fi;atur.c. Th.sr: u<:r,v

r'<lttti>irìt:<l fi:¿t'tt.tt'<ls ¿t't'c tt'¿rttsf<llrttcd to lic Ìlctr,v<;c:n -2 ¿rn<l 2 iu olclcr. t<i ilnh¿rrurr: tl*r ANN

trâitlittg pl'occ)ss. Tlt<l lattgt: fol thc tt¿rnsfolrnec'l rr¿rluers is olttainecl tirr.o'g¡ a tr.i¿rl an<l

ollol'l)l'o(:(:ss r'r'itit thc Ob.jcx:tiwt of rrtiltitnizing tlaining cllor' ¿1u<i tiulc. Thc tr.¿r¡sfbr.lru:cl

v¿rlucls c:<lttstitttte thc: corrtponclnts of the input vectors of thc t¡iriui¡g r:vir.plcs aucl a,Lr:

corrrputecl in Eq'uat'ion,5.77 f'ol activtl inputs that lcplcsent fi:atures upstr.czr'r of t¡<;

most c'iticzrl checkpoirt. xtlCC¡. of the ;i th,ealization.

Zrj:4 (5. 1 1)

r,vhere

Psi the value of the input for feat'rc s for t'ai'ing exarnple 7.

For inactive input units that corresponcl to strearn chalactelistics that ale clownstream

of Iv[CC¡, the cornponents of the input vectors are set to a lar-ge negative number..

The ANN architecture shown in Figure 5.3, PANN1, classifies the input units into Z

groups' For a given training example, Input-s represents the active units if MCCjis the

s th most upstream checkpoint in the set O". For example, if the inclex s, of the most

X"jU"¡
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ct'itical chccf<point fol R,ealization.i. is eqr-ral to 1. only tr,vo BOD waste polliiter.s orr

th<l Willarrtctt<l R.ivct' ¿ì,r'c ttl)stt'c¿ttu of this c:ht:ckpclint, tliclrcf'orc thr.ee irr'r-rt units. t¡at
r'<ìprcsclit tlte crhara<:tetistics of lelnova,l lovcls (i.r:., nr:rgnitrrclc ¿rucl rel¿rtivc: i'r1lor.t^ri<:.

¿ì'mollg tlitl sct of r'<,'¿tiizati<ltts usccl fbl tlaining ol tcsting) fol thesc tr,v<l ltolliitr:r.s ¿r'rl

tltc rraltiit <'¡f 'tu¡..j fol this r,r'itir'¿rl r,hr:r:kpoint. r:otstitutc the a<:tir¡c iul>uts. Thc uui1,s of

tlii'r:lt gtotiJl <lf a<:tiv<: irlllttt tutits ¿u'c t'r:plcsr:utcrl by zclos iir thc l9'uv¡r.r.¡r:l,irrigrrl:rr. l¡rxr:s

shtlr'vlt irr Figiucl 5'il. IÌrI tlic s¿ttlit: r'o¿ìson fol iur'or'¡roln1;ing thc r.cl¿rl,ir¡c iur¡r.r.1,t'rr:<l ,f
1'1tt: <:rltltpoltt:ltl,s rlf ittlltrl \¡tx:tot's tts itrJ>ut li:atru'<ts. :r,u <tr.rttrtr.r1, sign¿l for. it¿i.h tr.airiiug

<:xä,nrJrlc is obl,¿rilrr:rl lrascri on (1) thc o1>tiural ob,jr:r;l,ir<l fiul<,tiou of tlu: l\,IR ¡r<l<l.l (rrsi'g

thtl Il\4 Algolithil) .just llt:fotc tltc tcaliz¿ttion r,vliich lcplt:scuts this tr.¿iiuing .x.,iri;1. is
lctrrovcrl fi'onl tlir: triorlcl. anrl (2) tht: r'ank of the ol;jr:ctir¡c fìlrrction rralur: ollt¿rinccl in

(1) abovc (r'vhelt: tltc sut¿rllest v¿ilur: is assiguccl ¿r lank of 1). 'Ihc values f¡orn (1) anrl

(2) at'cr uolrna'lizercl to litl llct'uvcelt 0 ¿r,ricl 1 using r;<lria,tiorrs siurila¡ tc¡ Ert,u,,tior¿s 5.g ¿lurl

5.10. The outprrt signals ¿rle then cornputecl as:

fJ-na + 0.1 (5 12)

whele

TJ

't)
ovj

output signal for tra,ining example 7;

normalized optimal objective function value of tlie MR

rnoclel when example j is the most critical realization;

normalized rank of oVa.
1).I'vJ

Although the outputs of the sigmoicl sqriashing function usecl for this research are in

the range [0,1], the target output signals in t]re training examples (Equati,on5.I2) are

transformed to be in the range [0.1,0.9]. The coefficients 0.g and 0.1 in Equati,on 5.r2

oV¡,V¡
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tt'ansform the outptlt signais fì'orrr the ïangc [0,1] to [0.1,0.g]. This t'ansf'o'n¿l,tio' is

risecl to ¿rllo¡,v for' Ì;oth interpolatiou ¿tncl cxtlapolatiolr if thc tr.ainccl netr,vor.lç is appiiecl

to cxzrtnllle i>:tttet'tis til¿rt ¿trc not iucluclec'l iri tlic tr'aining set. Sinc.t thc ruaxi.iur' a'cl

ltri.ir'u'r outl;.rt sign.ls fi'ol'¿rn ANN ¿r.e onc arrcl zcr... i..sJror:tivc:ly. tir<: extr..Jrol:rtiou

r'aJrirbilitf is tt<lcess¿ttY to all<>lv tirc klvcl of r:r'itic'¿rhu;ss to Ìrc illrlrlictr:rl fbr' 1>zrttr:r.us

1'it¿t1' ¿trtl rììol'o ol' ltxs <:t'i1,i<:¿tl th¿ur <:acrh of'1,hc tr'¿riling c;xiuu1>lcs. Thc 1,ra¡si6r.l¡¡l1,i6u

tllso itlt¡ltrlvcs tlttl trr:tu'ot'l< ltctfotrlirur'<r. Tiris tnay lrr: cxl;lailc<l lty tlur f¿r.r:t that 1Ì'.

1'ltc otrtl>ut I¿lllgc 10.1.0.9]. thr: signir>icl ar:tir¡atiorr liurr,tir>il is sclrsitiv<:1,O iril>u1,s. lr¡iril<r

ottl;sirltl1'ltis tiiitg<l it is itlsttltsil,irc to iu1lil,s. Exixx'icri<rc olrtaiucd tlrr.orrg¡ ii¡zrl1,7i11g ¡111¡

ANN rtctr'vot'k r'oufit'uts tltc: ittt¡rt'ove<l 1;clf'olrn¿ìlì(;o r,vhc¡ tjris tr.¿ursf6r.rl¿i,tic.ul is us<:cl.

Tlttl sct of hirlcl<:ri uttits r:ortnr:ctecl i,o thc ¿l<:tir¡cl iuput rrlits is hcnccfo'th 
'cfc'r.crl

to ¿ts ¿ic:tivc hidcleu ilnits. Tlte uurnbcl of ¿rctiv<: hiclclcn units v¿uies l,r,ith the loc¿rti.,

of thc rnost crl'iti<ral chtlckpoint fol zr givcn tlainirrg exerrnpk:. I¡ this t¡esis. 10 ¡iclclc'

tltlits ¿l't'c r.itilizecl bv c¿rch of Hiclclen-l, Hiclcleu-3, Hi¿cle¡-4,:r¡cl Hiclcler-7.,,v¡iler only

1 hiclclen unit is specifiecl f'or each of the remaining groups of hiclclen units. These

nunlbers ¿rre obtainecl through insight gainecl into the water quality system regarcli'g

the approximate proportion of training exarnples that corlesponcl to the differemt groups

of active input units and through a trial-ancl-eïr'oï process. This insight was obtainecl by

examining the ti'aining example set. If a small number of training examples corresporrcl

to a given group of active units, then for these types of examples, a small number

of liidden units and links rnay be usecl to store information regarcling the functional

relationship between the characteristics of a realization ancl the level of criticalness. The

factors considered in selecting the number of hiclden units are the network,s learning

and generalization performances ancl its training time.
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5.3.2 Tbaining and Testing

A BP AlgoÌitlrrn th¿rt ttscs l,he Conjug¿l,tc Gr¿rclient (CG) Nfclthocl rvith .cst¿rr.ts. irstr:ar-l

of tlt<l tr¿rclition¿rl St<l<:ltcst Gr'¿rclierrt Dr,'sr:clt tc:chnirluc. is ltilizcci to rnilri'rizc th.
1't'aittiltg olÌ'ol'. Althorrgh tltc CG N4ethocl is l<rior,vn to ¡relf'olur better. th¿ll t¡c Stc:o'r:st

Gt'a<li<llit 1,<lr:ittii<1titl. iu tclrrts of sit<xtcl of <:r.r111r¡¡1'g-cnr:<: ¿rucl iuscnsitivit), to iust¿rbiliti.s

¿ttirl osr:ill¿ttot'1'Þt'olrl<lrns (.Ioharìssou cl ¿rl. 1992). lh<: l>ossibili1,r,,f tiu..,tiruizal,i.ri

l)r'o(:osfì Ìtot'otrriilg stucii iu ¿r lor,¿rl ruiuirnuru <rxists fil. th<r CCJ N{cl,lrr¡cl. Th<:r.clot.r:. to

r<ltlttt'tl 1'lic likt:iilrootl of tlt<: ¿rbovi: llol>kln. ¿flcl a ruiuiruuur lroi¡t is ir¡rlrtifirrrl. .tlr.r.
Itcigltlitlttt'hoocls ¿ìl'o sc¿ì,1'(:1x:rl 1,<t <.'usulc th¿r1, th<: iclcntifìt:rl ltoiut is uo1, ¿r,l<tr:¿tl 

'rilriuru,r.
If a lor'¿rl rniltiutttrrt iloirtt is lo<'urter'l, thc sc¿rlch pì"'o(rcss leavcs the v¿rlley t¡¡r,t r:.rf,¿r,ilrs

l,his point anrl st¿rlts s<l¿rlrrhing for.thc giobal optiuu.ur ägaiu.

Otlcl titousart<l pntt<,'t'lls ¿ìl'c tlsecl to tr'¿rin tlic tctwot'l< ¿rncl ¿rlothcr, 1000 
':ltter.nsa't'e usc¡d to test tltc gcnet'aliz¿ltion pet'folrnancc of thc nctwor.k. Each <lf til.sc sets of

pattet'ns is obtairlecl by solving the iViR rnoclel thzrt incolporates 1000 r'ealizations using

the INI Algorithm. Basecl on a critical observation of the charactelistics (e.g., optimal

cost, clecision and dual variables, ancl reliabilitv) of the pzrttelns of the example sets,

and the cost-reliabilitv plots of these sets, each training or testing example set is cliviclecl

into t"vo classes before learning or generali zation begins. The optimal objective function

value of the lnanâgement program for each realization (or pattern in an exarnple set)

is used as the inclex f'or this classification. In a given example set, all patter's with the

value of the above index greater than or equal to $0.91 million/year form one class, while

the others constitute the seconcl class. This classification is a very sirnple approach of

clustering ancl ensuring that similar patterns are incluclecl in a given training or testing
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pl'ocess. Such an appronch urav irnpt'ove the training time significautly. especialiv for.

r:¿rsc:s iu r.vhicir tllc uilurbel of tr'¿rirring pattelus is lar-gc.

To ilt'evcttt ovet'tt'¿rining the ttertr,volk. a, t<lk:r'ancr: levcl fol the rlaxirnurrr ¿rbsohrt.

rliflct'<:ttcc Ìrt:tr,vr:tlrl thc talget otttJtrrt of tlaining cx:rrrrJtlc.7. É,/. ä1<l tlrr: <:or.r.cs1>o'rling

oittPttt sigiral fi'r>ltt 1,hc ANN, (Ji. is s<:t to 0.0005. This toler.au<,<: lcv<rl gi'cs tl.; irit.r.val

of ¿tt:<:c:llt¡ttl<r<r fill'agÌu:ltt<tttt llctrvcr:u a 1¿u'gct output ancl tlrc errtpul sigrral .l'tli.
n<11,r;vruli or'l,hc tlcgr.cc 1o rvirir,lt â no¿ìt.uriss'rvill <rouul, ¿is ¿i'hi1,,. T.lnrs. if au orrlltrrl

sigual li<ls irl lllis iilt<ll val. th<t <:t'tot iu th<: signal is 1>r'o1;:rgri1,r:rl ba<,k ?ìs zor.o. F,r,crx.ur1rl..

if thtl 1,:tt'gt:l otttPttt lirt tt'¿riltittg cxrtltrpk: 7 is 0.80 ¿rlrcl thc l,okl'aucc k:vr:l is 0.(XX)5. l.lu:lr

iì'lìv 111¡¡1r,l1, signal fbl tilis t:xzrrnirlc ill thc ilr1,r:r'v¿rl [0.79gb.0.8005] is r..g.r,rl.r1 as 0.g0.

Th0t'tl ¿ìtll tr,vo w¿ì,\/s ill r,vhir'h tltc tellrriri¿ition <'r'itr:r'iou for. thc uctr,volk 1,r.:riuing

l)I'o(ress trl¿rv be sptlcificd: (t) it can bc- givcn in tclrns of tir<: acr:cpt:rblc rrra,xirnilrn v¿lirl.

crf tltc ct't'ot' fìltlctiori (i.<1.. the value of á fì'onl EEtu,ti,rnt, b.7) or. (2) it rn.y 5c clefilrcci

in teÌrtls of thr) rna,xitnurrt nurnb<:r of tlainilg iter'¿rtions ol cyclcs to bc perf'orrnecl.

CriteÌion (2) is usecl in this thesis, since the tirne requirecl to tr.ain the networ.k coulcl be

estitrtatecl a-priori based on the CPU tirne risecl by the first few ite'ations. On the other.

hancl, for Criterion (1), the time neeclecl to train the networ-k, which is a ver.y important

factor for cletelmining the architecture ancl the number of training examples to ¿tilize

in this plototype network, cannot be preclictecl. This tirne is obtainecl only after the

training process converges or terminates. In such cases, for the acceptable maximum

value of t specified, the training may proceecl for a very long time. Furthermore, for

tlre case of learning to estimate the level of criticalness, the error value t rnay not be

the best measure of the network performance. In this case, the goal is to obtain output

signals that have the 'same' order of ranking as the corresponcling target outputs.
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To tcst the PANN1 netr,vork, thc learnirrg ancl genela,lizzrtion pelf'ornì¿ìncc of the

nctr,volk ¿ìt'c assessccl basccl on Kcncl¿lll's r.anl< <rolr.cl¿rtion coefficicnt anrl on rrisual in_

sJre<:ti<ltt of plots Ìlctr,vetln thc pt'eclictccl ¿tn<l a{:li1¿¡l lcvel of clitic¿il¡çss. Thg ¡ig¡er. tl*l
valilc of Kcncl¿rll's t'¿ttlk <rott'elation <rocfficieut ¿rucl thc c:losel tlrt: ltle<lictecl-a,<rtual lewrl

of t:r'itir:¿tlttcss Þlrlt is to tiitt 450 liuc. thc Ìrcttcr' f,irc lcalnirìg or ggrìcr.aliz¿rtio' p.r'f'r-

lìl¿ìlì(ìo. Althtlrgh I(rlrrrlall's t'¿i,rtli <'ot'tt:latiorr c:ocffì<ricrrl, is nrolc u.olrl)¿ì,t.¿¡¡ìçtr.i<:. ¿1,11¡i 1191¡¡;

a lrrc¡l<<:r'1tlo1>cr'1rr of r1¿rl,¿r. thau SJtciu.ur¿ut:s r.âuli r,or.Lclation <:ttr:ffi<:icut. it is a Ìtcttcr.

Icl;r'csrltltttti<lll of tltc 1lt:tf<ttuì¿ìn(Ì(ì of thc u<:1,r,volk ilr ti:r'rns of r:or.r'<t<,th, irlg¡tifyiug tlrrt

t:ltltrltlnts iu <Þa ¿rt tl¿t<:li lttlialtilitr, kxr<i. \4¡hikr Slrcirlrrrrur's r'ecffi<:ig¡t is ìr¿rs<rcl .' t¡<r

uruuclical riiffclcrr<:c ol'r'¿llks. I(clnd¿rli's r,ocffi<,i<:rrt Lrscs oril1, ¿r r.cl¿rl,ivc or.dcr.iug of r.¿rul<s

r,viii<rh cletct'rnittcts ¡,vhctiretl a givc:rr clzrta point (i.r:.. l<tvr:l clf <:r.itic¿rlness for.a r.saliz:rtio.)

Itas a highc:r' rlÌ ior,vrll estirnateci r¿rnk th¿in th<t ¿rctu¿rl r'¿rnk. This is appr..i>r.iatc: for. ¿rs-

sc:ssiug thc ANN 1t<:r'f<>r'urarx:c in cletcr.rrrining rvhcthcr. or. uot a givcn r.c¿rliz¿rtion bclongs

to the set Õ¡¡. ¿rt ¿lll leli¿rbiiitv levels.

Fot' a giveu training or testing case, Kenclall's rank conel¿rtion coefficient is calcu-

lated f'ol all patterns that belong to the cou'esponcling case. Rx example, if the testing

case consists of 1000 patterns, Kendall's rank correlation coefficient is calculatecl basecl

on the actual ancl predicted levels of criticalness of each of the 1000 patter's. However,

f'ol sorne water quality lnanagement systems, the perfonnance of the ANN in preclicti¡g

the higlily critical realizations is needecl, since these realizations are utilizecl to obtain

the cost-reliability relationship, often requirecl by c-lecision makers, at liigh cost ancl high

reliability levels. To assess the performance of the ANN in estimating the level of criti-

calness of these realizations, the Kenclall rank correlation coefficient may be computed

for patterns that represent such realizations.
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5"4 Performance of prototype ANN in predicting

level of criticalness Ul

Tlt<l lcat'rtittg iut<l gctieÌaliziition ¡tr:r'foIrn¿ìrì(:o of thr: ANN rrctr,voÌk. PANN1. rlcsc,r.ibcrl

itt Scl<rtiott 5.3. ¿rfT<lr'1000 tlaiuiug iti:r'ations. iì,r'o shor,r,u in Figru.r:s b.a(a) ancl 5.4(Ìr).

t<tsP<tctiv<:h'. Visu¿rl iDsJtrlr'tiori of thcsc gr.a1>hs aud l(<:urlall's r.aitli colr.r:latiou co<tffì<:icrrt

Jr<:tu¡r:cu 1,lur cstiiu¿t1crl anrl iì,<rf¡1¿11 l<:vcl of r,r.i1ic,¿rllu:ss srrggcsts thal, 1,h<: p¿\NN1 ar.<,hi_

1,rrr:1,ru'<:. liic nluulrcr. of tr.¿iiuiug <txairr¡;Ìr:s. ¿iurl tlrc 1l¡f 1;111 of tr.äirriug ìn¿ìy l)o nrlr:rluiit<r

lor'<:stiltt¿ltiug [/i. Firt l,ht:sc glaJ>hs. urosl, r>f 1,hc points 1;i61 rrur¡, r,¡rsç 1,o tlu:45,,]i'.
¿ttltl l(c:lt<lall's t'attk c:orlt:l¿ttiotl <:<icfficic:ut is high. Thclefor.c. th<l <rorrnec:tiorr r,vciglrts

W,,,,r, <:1;>t,ttjtrecl ¿rlttlt'1000 ttaining itelal,iorìs nr¿ìv ltc a<la,ptccl ¿¡rrl ¡sçcl to cs¡ilu¿rtc t¡cr

lcvci of <l'itic¿rlness of lcaliz¿r,tiolrs inr:lucle<l in thc N4R. lroclcl.

As r:xllectccl. thc lc:nrtrittg pett'fot'rnân<rc of thc nct,,voIk is llcttcr. thal the gclileÌal-

iz¿l,tiotl oÏ testing pct'f'ot'rnance. \,Vhile Kencla,ll's r¿l,nk cor.r.eti¿ltion coeffìcient Ì>etlvec'

estimated ancl actual v¿llues of. tJ¡ is 0.9823 for the training example set, its v¿rlue is

0'9763 foI the testing set' Furthet'rnore) thel'e are fer,v testing exarnple patterns whose

estimatecl level of criticalness are vely cliffelent fi'om the actual level of criticalness,

as indicated by the numbel of points that lie very far from the 4bo lile. The poor

generalization perfbÌmance with respect to some testing examples, e.g., Realization A

in Figure 5'4(b), suggests that the training example set inclucles patterns that clo not

have similar characteristics as those of the poorly performing testi'g patter's. I' such

a câse) one way of improving the generalization performance is to include the poorly

perforrning testing patterns in the training example set. However, for the application

in this research, such au effort to improve the generalization performance is not pur-
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suecl. since thc over'¿lll netr,volk perf'olrnanc<t

thcl irnpoltant lc¿rlizatious tecdccl to oltt¿rirr

firnctiol-r'eliabilitt' tl.¿i<l<r-off r.clatioushi¡rs.

is ¿rssurrrecl to be aclequ:rte f'ol identifViug

cffir:ieut soiutions aucl devclop oltjcr,tiv<:

T(l iihistla,tc tittl strpct'iot'itlr of thr: ANN applir:¿1,fi611 rrorrrpzr,r'ccl 1,o thg us. .f .ptiur:ri

oll.jcl<'l,ir<l fìtttr:tioti v¿i'lut:s ftoilr t,lt<: SIOP solutir.ru iir cstinr¿rting l,hc ¡rwrl .f <:i.itir,¿rl.css.

tltc t¿ttlk of th<: oltlinrirl oJt.jc<'tir<: fìructi<lu rr¿t|ut fr>r.<rar:li r<taliza1,i¡¡ i¡ 1lu: SIOp ¡urrli:1.

Dr. is Pio1,1,<:tl itgitittst 1,lt<: a,rrl,ttal icrrt:l of <'r'itir'¿thlc:ss oJ>1,¿,iucrl fi.our 1,hc 11\{ alg,r.il,¡r'.

[/¡' in Figttt'<ls 5.5(a) arrcl 5.5(b). T]lcs<: ul¿r1, lrr.r,onr¡>a,r'<:<l u,ith tirr: r.csrrlts sh.r,r,'

ilr Figttlcs 5.a({ arrcl 5.4(il). Frrr'}rotlt 1.t'¿riuiug aud tr:sting- r:xanr¡>lc scrts. tlx: ANN

llu;thorl Jtr'<>rlur,cs plo1,s that ?lt.o gc)tìot.¿tlhr l:1ur,,r. to thc 4b,, lincl (s*:. t,igur.cs b.4(a) an<l

5'a(b)) ¿lticl lt¿tvr: higliol l(crtcl¿rll's t¿lul< collr:l¿ition cocfi<rielrt th¿ul thosc ll¿rs<r<l on thr:

iauks of th<l oJrtittial oli.jttr:tivcr fìrti<:tiou v¿ìlllc-s fi'orrr the: SIOP sr>lutious. Thc r:or.r.r:latio'

r'<lcfficiertts <tf the tl'aitting ancl testing cx:rrrrltlc scts f6r' t¡c PANNl n<:twor.k ar.. 0.9g28

ancl 0'975i, res¡rectivcil'. lvhilc tltosc f'or the tlcthocl basccl on o¡;tirnal ob.jcctiv. functio'

v¿rlues f'or singie realizations ¿rre 0.g171 ancl 0.9150.

As indicatecl earlier in this chapter, the perf'orrnance of au ANN ge'erally var.ies

r'vith the extent of learnirrg ol the uurnbel of iterations the network u¡clergoes. Most

of the salient input patterns in the training set rnay be learnt by the network clu¡i¡g

the training process well before the error critelion, which is normally assignecl a very

low value, attains its desirecl value or the training process converges. Thus, there may

not be significant advantage in network performance by allowing the training process

to continue after a certain number of training iterations. Figure b.6 shows Kenclall's

rank correlation coefficient ancl the value of the error criterion €, for training iter.ations

of 10 to 26,097 for the PANN1 network. The training process converges after 26,0g1
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itct'¿rtions. Ft'out thr: graph in Figule 5.6. Kenclall's rank r:or.leiation coefficient ancl t.
ilu:r'case ¿lncl clecre¿rsc. r.cspcctivcly. rluicl<ly as thc mrmber. of itcr.ations inctr.c¿rses fi.onr

10 1'<i 1000 for' Ìloth the tr'¿iirlirrg ancl testiug r:xzunplc sr:ts. Afiçr 1000 tr.ai¡ing it.r.¿ltio.s.

thc:sc v¿rlur-:s lcrn¿l,iu f¿lir.ly r:onst¿urt r.urtil tirc tr.:rining pì.o(ìcss col.tvc)r.ges. .l.h<l CpU tiurc:

fo. thc t'airii'g r)ro('oss va'i<rs ¿ri)l)r'()xirì¿ìtcly irr.olro'tio'¿rlh, to thc u''rbci. .f it.r.ati.'s.

Thc ollsct'v¿t,f icltts itt th<r pÌcrrious palaglaltli srrgg-cst th¿t1, afÏcr. 1000 1,r'ailritrg it<lÌa-

tions thc 1tr:r'foluraur'<t of tlur nctr,v<>r.k rl<t<:s uot gain auy siguilir:arit iur.Jtr.<trrcur<ltl fi.our

fìuth<:r' tlaiuilg. alth<tiigh srrlistatrtia,l <,onr1;rrtcl tituc t.osolu.(:os lnâ¡, lx. r.r:<1rrir.rtrl. Lirr_

cär' ¡tlots of th<: 1>r:r.fi>r.nran<r<t <tf thr: luttr,vor.l< fil. 2(XX) ¿lrd 26,0g1 l,r.ainiug i1,t:r.a,1,ious ¿tr.r:

shou'tt iu Figui'c 5'7(a) autl 5.7(b) fol tirc tlaiuing sct ¿rnrl iu Figrrles 5.8(n) a¡rl b.g(Ìr)

fot' tlu: t<:stirrg sct. A <Ì.iticral visu¿rl cornpa,r.isou <tf tircsc ltlots i,vith thc <ror.r.<lsJroncliug

Plots for i000 tlaining itclations (Figules 5.a($ nncl b.4(Ìr)) srrppor.ts thr: ¿issc'tio' that

1000 iter'¿tious is a<lec¡rzrtc fbl tr'¿rining 1,irc pANNI uetr,volk.

Thc pelfornì¿ì,ncìe of a thrce lavel fïrlly connectecl netr,volk (i.<:.. ezlcìr input r1rrit

counectecl to each hidden unit ancl each hiciclen unit connectecl to each output unit)

is investigatecl and compared with that of the PANN1 network. This fì.rlly connectecl

netwolk is hencef'orth referrecl to as PANN2. The PANN2 network uses the values ancl

ranks of the optimal cost, decision variables (waste removal levels fol10 clischar.gers),

and clual variables (for constraints that ensure acceptable wate¡ quality at the seven

checkpoints that belong to O") from the SIOP solution, and w¿¡ for all seven checkpoints

to represent the important input characteristics of a given realization j. The values of

the input units are computecl usiug Equati,ons5.9, 5.10, ancl 5.11, ancl the target output

values are obtained as in Equati,on5.12. The architecture of the PANN2 network consists

of 25 input units, 15 hidden units ancl one output unit. The number of hiclcle' units was

1qry
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optintizecl using ¿r tri¿rl-arrc1-etÌot' rnethocÌ. The nurnbcl of hiclclen units was gr.zrcluallv

itlct'easccl fi'orri otle ttntil no significarrt irnproverncnt in the tr.airri¡g Jlcr.for.r'a,u.c w¿ìs

obselvccl.

Figttt'cs 5.9(a) anrl 5.9(Ì>) slior,r¡ tlt<; Jrlots of cstilrr¿rtc:cl valucs of r:r.iti<:¿lllcss fi.,ur

tht: PANN2 ltt;tr'r¡ot'lt vcl'slìs l,lttl ¿r<rtu¿rl rr¿rlues fol thc tlaiuiug anrl l,cstirig ex¿ìuìplo sots.

lr:sllt:tiw:11'. fbt' ¿t r:¿ìs<: itt r.vhir:li 1000 tlaining itclati<)trs ¿ì,tc 1t<:rfor.¡tur1. Kçurlall's r.¿ruk

<:tri't<rl¿tl,iott r'<>tlffirriclrt frlr'1h<: ttitittilg ¿ìn(1 tostiug ()x¿ìnll)10 s<:ts a¡¡ 0.gTTB ¿r'rl g.971g.

t<lsl>t:<:tir"tlh'-. Frlt'1lt<: s¿ì.Ìuo 1,t'¡ìirtittg tirr<l 1,t:stirrg <:xa.1rlc scts. r,vlrr:lr tl¡rs<r <,¡<:ffir:i¡¡ts

¿ìIo (x)llll)¿ìt'tl<i wi1,h tltcl <:rlt'r't:s1;ott<litig coc:flìcir:lrts for tÌur PANNl ¡r:¡r,voi.k (0.gg23 a,rl

0'9751. r'csJr<:t:tivcl.l') tlrt: PANNl rtetr,v<.1'l< ¿ìptr)c¿ì,r's to h¿rvc a slightlv Ìrctt.r.tr.aiui'g irurl

g<:uclalizzrl,iou ltclforrìt¿ìu(ìe aÌ>ilitv. Visr.r¿il r:orrr1>¿r.isolt of thc t¡¿iuiug ¿ucl l,cstirrg Jrçr-

fblur¿trtr:t: Dlots for tlic PANN2 (Figrirc:s 5.9(a) zrlcl 5.g(b)) arr<l PANNI (Figi.es b.a(a)

arrd 5.4(ìr)) also stiggcsts that tire PANNl nr:tr,volk is Ìrett<:r' for plcclicting thc lcrcl of

cÌitic¿rlttclss U¡. TIrc observ¿l,tion of goocl genelalization pc¡f'o¡¡ìa¡cc of thc pANNI 
'ct-

¡,vot'k r'vhen cornpared with the generalizzr,tion capability of thc PANN2 netwo.k suggests

that, for zr given realization, the optimal clecision vai'iables upstr.ean of the most critic¿rl

checkpoint ¿rncl the probability of water quality violations at this cr.itical checkpoint a'e

irrrportant chalacteristics for preclicting the level of criticalness.

The CPU tirne used to generate each of the training ancl testing example sets is

approximately one hour on the University of Manitoba Sparc2 UNIX system and the

training tirne for 1000 iterations was approximately 13 minutes for-the pANNI network

and 11 minutes for the PANN2 network. The training time for the networks may be

reduced since the learning process can be implementecl on a parallel compurer sysrem.

Thus, the time used to generate the training ancl testing patterns for the letworks mav
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be a signifìcant J>t'oJlot'tion of the totai tine neeclecl bv the ANN app'ozrr:h to esti'r¿rtc:

thc icvel of crl'itir:alrlr:ss of t't:¿rliz¿l,tions ilr thc i\,'IR. rnoclel. Br:c¿ursc thc CpU tinrc ncr:clecl

to genctlzrtc ¿i tl'¿riling set incr.cases cxpotìenti¿rlly ¡,vith thc nurnbel of exztrrrltl<ts iu this

sct' thc ¡;ossillilitl'of ttsitrg a ttttrnbcl of srn¿rllcl tr':rining scts iliste¿rrl of ouc lar.g<: sct is

itivtlstigatcrl. FrlI oxatttlllc. tltc 1t<tlfolnt¿ul(:o <tf ¿i uctr,vork t[at ltilizr:s ¡r,wt tr.¿i,i'ilrg- sr:ts

tl¿ìt'ii t:tltt1¿tinirrg- 500 cxarttltltt 1>attr:t'ns is r:ourJl:rrcrl r,vitit 1,h¿rl of'oucl i,r,¿ri¡i¡g sol r¡I 10(X)

(.xiì tìll )l(' l)¿ìttonts,.

Figtttrr 5.10 slrtlr'r's J{crr<lall's t¿lttk r'oLrclatiou coc:ffi<:i<:nt aurl th<r cr.r.or 
'ìc¿ìsrir<; 

t
1rkr1,1;c<l loi tÌut nuutlrct. of l,r.niuing sc1,s 1,Ìrat r,otrsti1,r.rl,c th<; 1000 l,r.zriuing crx:lnrlrkts rrs<tri

itt tht: PANNl tt<ltr'votk' hl this glaPh. thc: s¿r,rnc 1000 x:¿liz¿rtious a,r.g lsc<l t6 gt:'er..,tr:

1'htt 1,t¿tittittg scts,fil cacir scclr¿¡1.i,r. Rtl cxa,rnl;lc. in tlì<,. sr,<)u.¿ìt.io r,vith fbru.tlzr,iuiug

scts. tltr: 1000 r'<;¿rliz¿itiolts ¿rt'c diviclcd into foul cclunl grol,u)s ¿r¡cl 1,¡ç i\4R. rriodcl is

sohterl fol cl¿tr:lt g-I'olli) of 250 r'<talizatious 1,o obt¿rilr the fou¡ tr.ai'iug s<,.ts. Thc 1,o1,¿rl

tinre fol gett<)t'âting thcsc sm¿rll nrultiple tlaining sets is siguificantly iess th¿rn t¡¿rt

Iecluired to generate the pattet'ns f'or er single largc set. For the multiple trainirrg set

scenalios analvzecl, tire foul set case lequirecl a total of 20 minutes to generate the

training sets comparrecl to one hour f'or the single set of 1000 training exarnples. Figure

5'10 shor,vs that both training ancl generalization perfo¡mance of the PANNI uetwork

generally wol'sen as the numbet' of multiple sets increases. Ho.wcver., the deterioratio¡

in pelformance is small r,vhen the number of training sets is not greater than four.

Linear plots of the estimatecl level of criticalness versus the actual level of criti-

calness for both training ancl testing example sets for the two, four, and ten multiple

training set scenarios âre shown in Figures 5 . 1 1 - 5. 13. visual inspection of these graphs

clearly shows the extent to which the network performance clegenerates with increase
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irl the rtuutbet' of rnultiple tlairring sets. This suggcsts t¡¿lt inrpor.tant inforlnation is

itlr:tc:tsittglv lost as tlt<: r'e¿llizations usecl tr> obt¿riu thc tr¿rining <:xanplcs ¿,.<; clivicleci

into a lalgrll nuntbr:i of'slnaller. s<tts.

5.5 {Jsing estirnated levels of criticarness to solve

the IWR rnodel

r\fi,tll iitlctlttei'1,<l ltlattttittg :itttl gt:rul'zilizing lurtr,vor'l< ller'hr.¡r¿¡c:s is ¿r,¡¡ir:vr:rl. 1,hç r,6¡-

Ittl<:ti<llt lvrligitts r,att llcr atlaltt<:tl ¿ruci usr:ri tr> r:still¿,tc tlur l<:vcl ef <r¡itir:¿iirrcrss ,f .¿r,r:lr

tcalizatiolt itl<rltrrlcrl itt zt, givc:n l\¡lR rrroclei. If thc r:stirn¿rtiou is cx¿rct. the sct Õ7¡ irr

E qu,rt t'i,ort, 3. 20 r'¿iu l>c oÌ;tailctrl a,<rcrr.u.¿rtclr,, ¿.,r,

Õn : {G.¡ : Û¡> (1 - n).9 + r}

whele

V 0 < fi < 1; 1? x 5' e {irt,teroer'} (5 13)

estimatecl level of cliticalness fbl Realization r, basecl on

the PANN1 network, ancl

all other syrnbols ale aheadv clefinecl.

However, in a practical situatiou, the estimation of the level of criticalness is often

not perfect. Therefbre, â successive solution algorithrn is usecl, that screens the elements

of Õa obtainecl by Equati,on5.I3 to remove any group of realizations that might have

been identified as the set of bincling realizations at some earlier solution stage. This

screening process helps to prevent situations in which realizations with unclerestimated

levels of criticalness (i'e., Ûi , U) may continue to appear in the set Õ¿ obtained from

rT.
".1
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Erlurt't'iort,5.13. cvcn thoi.rgh these t'ealiz¿rtions should have l¡ee¡ c¡.oppecl fror' t¡e NIR

Inoclcl a,t ¿rri callicl solution stagc:. By scrccuiug orrt sets of r.<lalizatious th¿it colttr.ol

tlte optinrill N4n. uloclcl solutiori at a highcr. r.<lliabilit), level thau A, thr: lik<:lihoocl of

obtainiug irrcffìcicnt solutious is rnililrrizccl.

Tìtil tlrr:tltorl <lrtrrttlol;<trl ts t'r:fclr'<Xl to ¿rs a Nculal Nr:tlvor.k basccl Iù,,I (NNIN,I) r\lgr>

li1,hur. This algr>tithut is girrr:tr Ìtr:lor,r,:

The NNIM Algorithm

Stepl Usrla<lairt<:tltll¿ì1,t'ixof'ANN<roulrc;c1,ionlv<riglrtstoolrtain ùj V ;j :I,....,g;

Step 2 Set /?: 1.0 au<l Õt.o : {G.r

Step 3 Oirtairr tlur sct of potcrrti:rl critir:al r.<:¿rliz¿itions [)¡¡ fì.6¡r Õ¡¡ ]t1, scft:<:ti¡g ¿r s¡rall

tlt'ttttllet', ¡;. of tltc inost crriti<r¿ll lc¿iliz¿rtiolls ¿it c¿r<:h Circ<:kpoint I e O.. Nl¿rt¡.r'a1,-

ir:¿rlly.U¡isgivenas: U¡¡:lji€o.,û¿; \,vhetc u¿:{G.,¡ :ru¡¡1t\f,, V .j e et¡}
arrcl -A.fn is the r,; th highest value of ,u)ij v ) € e n.l zi € o,, . Replace the water.

qualitv constraint set in Equati,on B.20 bv p,¡(X) >_ b¿¡ V ,¿ € O,,; j e I)n ¿rncl

solve the lesulting MRmoclel. Iclentify the set of bincling realizations, {Jn,for this

solution;

Step 4 Evaluate the reliability of the solution obtainecl in Step B with respect to all

realizations included in the 1VIR rnoclel. This is necessaly since the value of A
in this algorithrn may not be equal to the actual reliability of tire solution, if
the estimatecl levels of criticalness for all realizations are not the same as the

corresponding actual levels of criticalness. If the reliability level obtainecl is less

than a pre-assigned minimum thresholcl TREL, STOp;
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Step 5 Obtain ¿ì, llew v¿lluc of fi at a new stzrge of solution as: -R - R.-AÃ r,vhe¡e AÃ

is a, small positivc'urnbcr. ancl AÃ x ,g is 
^n 

i'te'g.t.:

Step 6 Olrtain Õ¡¡ using Er¡,u,u,tìnn,5.13. Sr:r.ccn Õ¡ 1,o

ti.trs that h¿r'. ¿rh.c¿r,ch, 1r,,,,u idcritifìccl irr St<:p 3.

r'0urovo s<ti,s of ltincling r.c¿lliz¿r-

Go to StcJr 3.

Ijuiil<r Ì\,iolgatr ct ¿ri.'s hculisti<, atul IN4 Algor.itlrrns. l,itr: NNIN,I Algor.itluu rkrcs uot

lt¿ilal l't; solwl i,hrr N'IR. ilrotl<tl at ,5'stagcls irr olclc:r'to gciulrit<: r:,st-r.r:li¿rllility ti.¿rr¡r-rff

t'<fati<lllshiPs fol lcliallilitr' lcvcls llcl,lve<:u 1 aurl i). DcJl<lrcliug on ¡hç v¿rl¡<: of A/l ris<:rl

a1':t giv<ltt sf it,g<1. ¿ì lìlllllÌ)ol of't'ctaliz¿ttions. AII x,9 alc rh'<t1>pcrl flo¡t t¡cr ul.rl.l al l¡is
sl,ngc:. F<Ì' rlxirtrÐlc. if the t't¡s1-t'eli¿tbilitv r'<rlationshìp a1, ali r.cli¿rl>ility icvr:ls is of i'l,<'..st

ancl 1000 t'caliz¿ttiotts ¿ìt'o itxror'Pot'ate<l in thc 1\4R. rnoclcl. thc I1\4 ¿incl l\,Io'ga' ct ¿rl.,s

(1993) algolithrns r'vill solvc tlie trtoclell at 1000 st:igr:s lc:<lucing the sizc 6f t¡c l'o¿cl Ìry

onc le¿rliz¿r,1;iori ¿lt each solution sta,ge. Hor,ve\.cr., if thc scnsitivity of r,ost tcl r.cli¿rbility

¿rncl otltel factot's l'clclt.tit'e thel ¿rc<rut'¿rcy of rcliabilitv v¿rhies to be on the o'cler. of 0.005.

then Afi can be set to 0.005 so tlt¿l,t 5 r'e¿rlizations cìân be rernovecl fi'om thet 1VIR rnoclel

after each NNIlVi solution stage. In this case, only 200 solutions neecl to be ploclucecl

by the NNIM algorithn to generate the cost-reliability relationship at reliability levels

between one ancl zero. Also, the NNIM Algorithrn cloes not lequire solving the NIR

moclel several tintes at a given stage in orcler to create cancliclate solutions f'or the next

stage' However, to produce efficient solutions, goocl generalization perf'ormance of the

ANN used to preclict the level of criticalness of the realizations incluclecl in the NIR model

is required. Furthermore, the value of AÆ shoulcl not be too large. This thesis cloes

not investigate any generalized procedure for selecting the best value of AÆ. Although

a high generalization performance (i.e., high Kenclall rank correlation) is attainecl by
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the ANN usecl f'ol the case stuclv in this lesealch. the thresholcl of ANN genelalizatiou

pet'fbt'trta,tl<rc th¿rt is är:r:eptable irr the NNIN,I Algolithtn is not cxa,miuecl.

5.6 Ðiscussion of, results

Th<l NNII\'I Algoritlrut is ttsc<l to s<>hr<r th<: NIR ulorl<rl firr' l lrr: LC 1>r.ogrrrrlr fri. f.ru.

tlifttllrlrit sr'tltt¿l'irls itt r'vlti<rlt 2000 i'<:aliz¿r,1,ions ¿rÌc irìcoll)or'¿r1,<lrI iu t:¿r<,ir sr,ç¡¿¡.ir.¡. 'I'lir:s.

ftlttt'st,t:tt¿tt'i<ls ¿u'<r tlut s¿litu: ¿rs tli<l s<tts siN,.I-1. sll\4-2. sIi\4_3. arrri sIN,l_r1 th¿rt i,vcr.<:

g<:rxtla,1,erl il Chal;1,r:r. 4. B¿isctcl <tn il,s 1tr:r.f<tr.urrru<rc ltr.cs<lrtc:rl ilt Scction b.4. tlu: pANNI

ttt:tr'vol'k th¿1t ttsr:s it singl<: tlairiing sct of 1000 cx¿lulpk: pzr¡ter.r1s ¿t¡(1 1000 t.airri.g

cyclos is utilizccl to oltt¿riu tirc lrr¿:¡ttix of <:ouuc<rtir>n lvciglrts aclap¡ccl to cstirnal,c thc

lcvcl of'c:t'itic¿rltl<lss of t'c¿lliz¿t,tions iucor'polzrtecl in thc iVIR. r¡o¿cl. Thc pANNI 
'etr,vor.l<

is testccl r'vith ¿rnotltcl sct cotttaining 1000 cxarrrplc 1>attelns. Ther.c rn¿y bc: ¿r l>cst v¿rluc

of'rc to us<l in tlrc NNIN4 Algorithnr to obt¿lin efficient solutions r,vhile rninir¡izi'g thcr

cornputational tiule Ìecluirernent of the NNITVI Algorithm. This best value of rc may be

obtainecl using a trial-and-ert'o1' proceclure, but this is not investigatecl in this thesis.

The value of rc is arbitrarily set to 7 for this resea,rch. Thus, to solve the MR rnodel ¿rt a

given stage, the NNIM Algorithm selects ancl incorporates a maximum of 4g potentially

important realizations (i.e., 7 rcalizations for each of the 7 critical checkpoi'ts) in a
single optirnization rnodel to obtain an efficient solution.

Figure 5.14 compares the tracle-offrelationships between cost and reliability obtainecl

using the IM and NNIM Algorithms to solve the MR moclel that incorporates each of

the sets sIM-i, sIM-2, sllvl-S, ancl sIM-4. The graphs in this figure suggest that,

in general, the two algorithms produce similar cost-reliability tracle-off relationships.
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In palticttl¿rl. f'or SINI-2. SIN4-3, ancl SIN{-4 (Figur-es b.14(b) - 5.14(cl)), the NNII\4

AlgoÌithnr geuct':rtcs solutiorls that lie on thc crrlt've ¡rlo<luced by thc INi Algor.itlurr.

Holv<lvcr'. the soir]tiotts of'tlu: two aigolithrns f'ol SI[,I-1 (Figiu'e 5.14(a11 ¿ì,r.c not ¿ìrj

t'losc ¿ts tlt<lse fol th<r otltet'scts ¿rt leli¿rbility levcls gÏeatcÏ tilan 0.g5. FÌtr.SIi\4_1. at

Ir:li¿lbilitv lcvcls lcss th¿ut 0.95. thcl solutions b¡rscrl ou thc NNIX4 Algor.itlir' *r.c sliglrt¡,

l<lss cffi<'itlill l,ltatl tltt¡s<; l>¿ts<:rl on thr: IN4 Algolithul. llrt, at r'¡lial>ility l¡vcrls lt.l,r,v<:.tr

0'90 arlrl 0'85. l'lrtr NNI\'I st>lutiotts ¿ìr'o ulor'o cfflr,icui t¡¿rlr tlu: IN,I s¡¡rtio's. Err<'r firr

SIN'I-1. 1h<: tlilfìlr<ltì<rt: <;bst:Lr¡r:rl lr<rtr,vccri tirc sohrtious olrt¿rint:rl rrsiug thc INd a'rl NNII\,I

Aìgolitlinis is stll¿tll cnoug-h lil thc tr,vo so|rti1¡¡s 1,g lt¡ <,ousirlcr<t<l si'ril¿rr..

Thc tot¿rl cPU tirrur usc:tr 1,o 1;r'ocruc'r: ilr<; <:ost-r.cliarririty tr.¿rrr<>ofí gr.a¡rrrs. Ìr¡rsc<r ou

tiu: il\,I anrl NNII\4 Algor.ithurs is signifìcr¿illtly cliffer.cllt. On tlrc Univ<tlsi1;y of ÌVl¿rnil,oba

spzr'c2 uriix svsterrn, r,vhile thc IN¡I .lgo.itrrrri 
'tiiizcs 

aptr>r.oxirna,t<:ly 42 houl.s to pr.ochrr,.

thc foi[ tt'acle-off (Ìul'ves, the NNINI Algolitlrrn uses ¿rbout 5.5 houls to o]rt¿rin thc <:ost,-

reliabilitv t'cl¿rtionships. The tot¿rl tirnc of 5.5 hours utilizecl bv the NNIIVI Algorithrn

is comprisedof 2.0llours used to geuerate the tlaini¡rg ancl testing exarnple sets for thcr

PANN1 n'etwork, 0.3 houls usecl to tlain the network, ancl 0.8 houls usecl to solve the

IVIR moclel for each of the four cases in which SIIU-I, SINI-2, SINI-3, a¡cl SIVI_4 ar.e

incorporatecl.

The process of obtaining the matrix of connection weights (i.e., ¡4enerating trai¡ing

and testing examples sets ancl training the ANN) usecl to estimate the level of criticalness

constitutes a significant percentage (about 42%) ofthe total CPU time requirecl by the

NNIM Algoritlim to generate the four cost-reliability relationships in Figure b.14. This

percentage will be higher (about 74%) if only one tracle-off relationship is clevelopecl.

The analyses of stochastic water quality management systems often require several
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sirtltrl¿ttion t'utts. Tltc rn¿rtrix of connectiorr r,veights aclaptecl ¿rfter training t¡e networ.l<

rtt¿tv Ìr<l irsr:<l f'ol ea<'lt of tltesc l'uns if thc NNIN4 Algolithrn is r.rtilizccl. hi sil<:¡ r:¿lscs. th.
r:ottt¡;utâtioila,l tiillct cffi<'ienr:1' of tilc NNIN4 Aigor.ithrn lrr¿ry bc ouotrtous r,vhcn r,onlll¿rxlrl

to thc CPU tinrc r.cc1i.rir.crl ity ¡1r,, JN,,l Aleot.ittlrn.

T(l <;lll aitl a l;<:1'l;cr (rolìvot'golt(:c of tlxr out¡l,it fì'olu th<; N,IR. rnorlcl tha. th¿rt sh<t¡,vu

itt Figttt'c 4.1 foi 2(XX) r'tl¿ilizal,iotts. lbtu sr:ts of 2100i) r'calizal,ious ca<rh ¿u.c iur:or.'or.a,1rrrl

ilt 1'ht: Ndlì ruotlcl ilt ltttti. Tlu:sc scts ¿rr'c lcfilllcrl to as SI\JUL-1. SII\,,IUL_2. SlÀ,IUL_3.

anrl SIN4IIL-'l'. Figtttc 5.15 sltor,r,s Plt>ts of filrl cr>s1,-r'ciialrilit,r, tr.¿rrl<r-6fl r.<rlnti.ris¡i1>s

1>t'o<lttr'<lrl b-r' 1,1t,, NNIÌ\'I Algolitlurr for' tlu: LC N,,IR ulo<krl 1,¡¿1, i¡cr.r.1)ur.¿rtr:s SIN,{UL_l

Sli\'IUL-2' SIN4UL-3. antl SII\4UL-4. The <:ouuec:tion rvr:igh1,s nclaptr:<l h.oln tl¡: pANNI

tttlt¡'vrllk a't'e tttilizc<l in 1,lit: NNIN4 Algolitlrur. Thr: fbur.cos1,-rclial>ili¡y tr.:r<lt>off plots

vit'tually 1i<: ou thc s¿lnr<: (Ìtìr.vo. This inrli<,¿rtcs ¿r, vcly g<>ocl (Ìolìvct.gotì(:e of th<: outl>rit

fi'ont thc N4R' rnorlcl. The CPU tinre uscrl to plorlucc thc lr:sults for. e¿lch of thesr: tr.¿rrlr>

off'r'elatioltships. exclucling tlte time utilizccl to olltain thc rnatr.ix of connectiorr r,veights.

is apploximatelv 2.9 hours. Even if the tirne utilizecl to obtain the connection r,veights

(i'e',2'S houls) is aclcled to the CPU time utilizecl by one set of 4000 realizations, a totai

titne of 5'2 hours is obtained. This total time is less than the CpU tirne of 10.b llour.s

usecl by the IIVI algorithm to solve the NiR rnoclel that incorporates 2000 realizations.

All the cost-reliability tracle-off relationships clevelopecl so far in this thesis are f'or.

an LC progrân. However, in orclet'to clevelop politically acceptable ancl implernentable

pollution control plans, lnany water quality management moclelling attempts have con-

sidered equity options since fairness among waste clischargers, in terms of their pollution

reduction effort, has historically been consiclerecl as an important management objec-

tive' Also, because a trade-off exists between waste treatrnent cost ancl equity, equity
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options lnâv be use(l to ge[eÌ'¿ìte altelnative r,vatell qualitv nânâgel¡ent clecisions a.cl

to gairt ittsiglrt iltto th<t ilt¿llì¿ìgerncnt systcrn. Thclefole. tlacle-off r.el¿l,tionships b<:tr,ver:u

rrost ¿rlcl r'<:1i¿rbility ¿ìt'c (icvelopccl fbl c¿rses in ¡,vhi<:h equitv goals ar.ct iuc:h.rclccl in thc NiR

ruocicl <lcsclibccl jt Eq'uut'i,or¿ 3.19 - J.25.

.Att a<;<'c1>1,¿rltir: uutasut'c r>f thc cquitlr ¿ìilìotìg r,v¿istr: <lischargcr.s for. ¿t givcu r,v¿i,tcr.

<lualitv uì¿ìu¿tgotu(:nt i>r.r;gr.aur h¿rs bcili tlu: fitcris of srtnur <lis<:ussiorr (BLill rf ir1.. ,OrO

alrrl Cha<1rl<lt'tritt alrtl l(r'<t1>1t. 1985). Difftlr'<ll<:cs iu.uvatcl <Irrality i¡rp¿rr:ts. 1,ot¿rl r,v¿islr:

<lisch¿''g-<r<1 irrto a.ir¡.r's\rstr:,r. crfflrr.rrt..lr.t:rrtr'¿rtior. fi.¿r.ti,'rv¿ìst.l.r:rrr.v¿tl lr:v.ls. arrrl

th<: clistlilitrtioll rlf thc <;f r,v¿tstc: tlc¿ttrlcul, r:ost ¿rnr.oug ilur pol¡Ìlor.s lì¿ì.vo lrt:.. usr:rl 1.

cal<:ul¿rtt: tlc¡ritf iltclir:c:s (Chrrdrlcltou ¿rlcl Klct¡r¡r, 1985). N4r:¿rsur.c:s <;f, ccluity b¿rscrl ori

w¿istc lcnr<xr¿ll lcveis ¿rr.c thc it¿rsicst to applv au<l thc luost cornruouly usc<t in clirect

tegulâtiorl r,v¿Ìtel c¡ralitl' Lrì¿ìtì¿ìgontent rrro<iels (BLill <;t ¿rl. IgT6). Eq'itv 
'le¿ìsi.ltos

basccl <lll r,v¿tste l'crlrov¿rl lcvels ¿ìssurne th¿lt ¿r unifblrn fi'¿rction of'lv¿rstc r.ern.rv¿rl ¿ììlrorg

thc; clisclh¿rt'gels is fair'. Rtl sucrh nte¿lsr-u'cls, UT rnoclel solutions, r,vhich spec:ify the sarncr

retrlov¿rl efl'oÌt f'or all pollutet's, ale consiclelecl to be the most attractive fi.om the poirrt

of view of equitv.

In this Lesearch, the cliftèrence between the rnaximum ancl the mini'rurn waste re-

moval levels of point source pollutels is usecl as a measure of equity. This simple

measule of equity is used to dernonstrate the capability of the IVIR. moclel and the solu-

tion apploaches, to include an equity objective in a watel quality management rnoclel.

The smaller the measure of equity, the "fairer" the pollutio¡ abatement effort of the

polluters. This equity goal is representecl in a ïnanagement moclel as:

ï¡-fr7n¿nlQ
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I¡-!.ürrrr,.r.{0

:t:,¡t¿¿l. - !t¡p.¿\¿ I EQU ITY

(5 15)

(5 16)

\,v1l.or'o

:ü¡, : fi.¿rr,1,iolr w¿ìste l.cntov¿ìl krvel fbr. lloliutrr. À;

tt)¡¡t,,,r' - nr¿ìxinìllltl fr'¿rcrtiolr w¿ìstor'onov¿ì.llcvcl p<lr.fbr.nrctl:

ttt¡¡¡i.n :: lttittiuttitil fi'¡tr'1,iott vv¿ìs1,() t.e¡ìov¿ìl l<:rr¡l 1t<tr.fgl.rtr¡rl: ¿trttl

EQ[] IT)',= rl<rsi¡1¡11 ccirrillr l1;ya¡Ì.

Ttr ittr'ltrrl<l tlr¡ritv go¿ìhì itt thc N4R uroricl. Er1'rull:i,ott,3.21 is r.cplil<,crl l-;v Er,t,a,t,i,or,s 5.1!L-

5.16.

Figulcl 5.16 shor,vs plots of thc tlaclc-off llc:tr,r,ecn cost arrrl r.<:liability {¡¡ rliff'cr.elrt

c(luitv irlvcls. All thr: solutiorls irt this figure incoliror':r,ter 4000 r'caliz¿rti'ns. A':r't fi..ru

thc UT solutioli r'vltir:lt is ltasecl on thc SIOP ruoclcl. all the othor. solutions ¿ri.c .btai.r:<l

using thc NNIN'I Algorithm to solve thc 1\4R, moclel. R.<:c¿rll fi.om Cherptcr. 3 th¿t for. ¿ur

UT proglarn, thc solution of the traclitional SIOP rnoclel is the sanle as that proclucecl

bv the 1VIR moclel. The 1VIR moclel that procluces the LC solution cloes not have any

equitv constraints, Equat'ions 5.14-5.16, while the UT solution has EeuITy :0. The

LC and UT solutions represent the upper ancl lower limits of the equity measu¡e. The

0'5 and 0.3 equity solutions ensure that at each reliability level, the clifference between

the highest ancl lowest waste removal levels cloes not exceecl 0.5 ancl 0.3, respectively.

At a given reliability level, the clifference between the waste treatment cost of the

solutions, for any two equity scenatios, replesents the cost of maintaining fairer pollution

control decisions for the more equitable solution (i.e., the cost of equity). It is observecl

from Figure 5'16 that, in general, the cost of equity clecreases with a clecrease in the
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.eliabilitv level of the solutions. This is expectecl sincer highcr. r,vaste rernov¿ìÌ lcvels ar.<:

rcqtrit'e:rl to nrcct the ¡,v¿ttct' qrtalitl' goerl:rt higircl lcliabilitr, lcv<tls. T¡esc ¡ig¡c. r.cllroval

lcvc:ls (:ol'l'ospoll(l to stccJlcr' ltoltiotts of r,v¿rstc tlc:¿rtrnont cost cur.vcs. r,vhcr.c tlie llr¿,.giu¿rl

cost of r,vastr: 1,r'c¿r,tulcnt rs itighcr'.

Figulc 5.16 ¿ilso slu;r,r's 1,hal tlut r,ost <tf r:r¡iity at a givctu r.eii¿rl>ility k:wtl ur¿ù, lrc

uonlilit:¿it' rvil,h lcslt<tr:t to <:halrg<ts iu rtrlrrit¡r Fot. r:xautplc. ¿r,1 a l.clial>iÌity iç1a;1 1l : 0.g.

llttr <:<rst of t:r1tti1,r'lrcl,r,i¡ct:u tiur LCI (EQUIT\'=.0.68) a¡cl 0.3 s<1rLi1;y s<;¡rti'rs is

$ -l'58 rrrilli<lrr/r'tr¿tt. u'hilc tltat l;cl,rvccn th<r LC-l ¡rnrl UT (EeUITy:0) srlrrti,,s is

$ 7.111 uiillirtrr/t'car'. Tllls. l,hr: <:r¡sl of c<1rri1,1, ftl.a 0.63 iurpr.<;r,ctn<tu1. iri llxr iu<lcx for.

f¿litrtr:ss is ¿rbottt ¿1.7 l,itucs 1,h¿rt for' ¿r 0.33 irnltlorrerncnt i¡ tlut in<lcx filr. iâirucss. Thr:

iufolurati<tn iu Figulr: b.16 ¿rl>ont <:ost. r.r:li¿rltility. r:qrlitv. ,lrr,, thc t.elationshil>s ¿tìnorìg-

thetrt is irttilc>t'1,attt to clt:<risiott nr¿rlçcrs r,vho ofien havc to ¿ìssoss sur:h infbr.ur¿l,tion ¿r,n<l

otilct' i-ttttnorleileri isstrtls in ot'rlct' to irn¡tlcnrcnt pollutiou r,6lltr.ol ¿scisious fÌ,. ..'r'lcx
r,v¿l,ter <lualitv systerrrs.

Aithough tire measui'e of equity usecl in this research may not be a true lcfìection of

fairness alllong polluteÌs in a real system, it can be usecl to gain some unclerstarrcling of

the physical water quality n'l.ar.agenlent svstem. For example, if the cost of ecluitv f'or.

using a UT prograln instead of an LC pïograrn is high at the leliability level of interest,

then the distribution of waste treatment cost among polluters has a high variability clue

to large difl'erences in the efficiency of the waste treatment operations of the polluters.

A high variauce of the distlibution of waste treatment cost may also be caused by

stream conditions that are significantly clifferent for the sections of the river where the

polh'rters are located. While some polluters may be situatecl in a high assimilative

capacity section of the river, others rnay be locateci in critical reaches where a high level
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of treatntent elfiblt is rtlquirecl to ¿rchievc acceptabic r,vater qrialitv stancl¿l,r.cis.
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11
Hidden layer Output layer

Figure 5.1: Basic ANN architectur.e
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Output

00 0 0 0

00 0 0 0

00000 000000000 00000
000000

Input_l Input_2 Input_3 Input_4 InputJ Input_6 InputJ

Figure 5'3: Prototype ANN aïchitectule (PANN1). Each unit in Input-s is colnectecl

to every unit in Hiclden-s, and all hidden units ale connectecl to the output unit
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r57



1000

a.) 8ôôõ --"

(J 600

O

l¿ +UU

c.)

Ìõ

ó ¿vv
q

o

Ke nd¡rll's corr. c<r lf. - O.9773

200
| -------- 

--------l
400 600 800 looo

Actual level of criticalness

(n)

l 000

800

600

400

200

o

(b)

Figure 5.9: Performance of pANN2 network

Testing set

Kc¡rdoll's corr. crrcll. - 0.9718

400 600

Actual level of criticalness

o

'a ,<

o

!)
()

trì

1000

158

after 1000 iterations: (a) Training set; (b)



.a

9R
O

X2-
L

a)
1.5 :<

=,o1c
E
L-

0.5'

n

.98

96

94

92

0.

n

c(l)^
it
a)

O
coo-'.F
(ú
õ
onc)''
a
õo
aõ
(I)
Y

- 

Kendall's coeff. for training set
----- Trainingerror
- - - - Kendall's coeff. lor tesling sel
- -.- - Tesling eror

34567
Number of multiple training sets

Figule 5'10: Performance of PANN1 network for clifferent mrmber.s of multiple training

sets âfter a total of 1000 iterations

i59



Ø
C)

ñ

o

()

õr!

Kcnd¡ll's corr. c<rc|f. : O.966fl

m €""

"a

Ir
200 400 600 8oo l00o

Actual level of criticalness

'974"

\a/

1000

()

'-

()
()

()

rTì

200 600

Actual level of criticalness

(b)

Figure 5.11: Performance of PANNI network with

patterns each after 1000 iterations: (a) Training set;

¿100

two training example

(b) Testing set

160

sets of 500



I000

Kcncl¡ll's corr. ccrfi. : 0.9659

,Þ,
w

400 600

Actual Ìevel of criticalness

400 600

Actual level of criticalness

o
cú

O

O

'õ
O

ûl

I 000

(a)

O

k
O

()
C)

C)
cü
d

rrì

(b)

Figure 5.12: Performance of pANNI network with

patterns each after 1000 iterations: (a) Training set;

four training example

(b) Testing set

161

sets of 250



1000

a) Rnôõ
G

(-) 600

AJ

I 4oo
O

ã 2OO
f r'ì

o

(â)

Actual level of criticalness

r000

800

600

400

200

o

400 600 800 tooo

Actual level of criticalness

(b)

Figure 5.13: Performance of PANN1 netwolk with ten training example sets of 100

patterns each after 1000 iterations: (a) Training set; (b) Testing set

0)

'-

c)

-
Øfrì

762

400 600



9)

o
F

Ø

Ê

fr-¿Ð

F

7

6

5

4

2

I

o

7

6

5

4

2

I

o
0.ll 0.6 0..1

Rel iability (fraction)

0.6

Reliability (fraction)

(b)(a/

o.fì 0.6 0.4

Rel iabil ity (fraction)

0.8
I

0.6 o.4

Reliability (fraction)

o

o

Iõ
g

F

I
a

F

7

()

5

4

3

2

T

o

(c)

7

o

5

4

3

2

I

o

(.1 )

Figure 5.14: comparison of IM ancl NNIM solutions basecl on

SIM-I; (b) SIM-2; (c) SIM_B; (ct) SrM_4

163

2000 reahzations: (a)



Í-<

()

-1

-1

Ø
Ð
CN

ÊJ
f-1
()
-1--ñ()
¡r

Ð
U)
ñl

11

Reliability (fracrion)

Figure 5.15: Trade-off plots for four sets of 4000 realizations each

t7

'.¿,

()
Ëì

K

tåo
f,Ïg

@.
B
B
ø
Ilt
q
'a
Þ

þ
Point E

SIMUL--I

SIMUL-2
SIMUL-3
SIMUL-4

Q{)l .-,.*..-- .v...oL4J 
o{¡(?,{Þ.a¡rsËRãH}@ 

ru¡¡"çæcro 
n.iJrr} (ùq ,0 ,XO,QI 

^

164



!

()
>¡
-

Ø
Øo

-0)õ

l)
()
Ø

r¿

35

30

25

20

r5

l0

5

0

u.õ (J.ó o.4 0.2

Reliability (fracrion)

Figure 5.16: Trade-off plots f'or equity scenarios

UT solution

0.3 equity solution

0.5 equity soh¡tion

LC solution

oo oo ô
ofo r¡!úrro. ; ",.,î9 n,,,rgp*.*.c: crrrl.+0Èo oo oo €oo

165



Chaptey'6

SeasomaÏ \Mater Qualåty

vaanagenßemt EJsång a. TWark@v Chaiga

lVfodeå

6.1 trntroduction

This chapter presents an approach f'or incorporating the stochastic nature of stlealn

backgrouncl conditions ancl the spatial clepenclence of these conclitions in the clesig'

of Ìobust seasonal waste management programs using Markov chain rnoclelling. Such

robust designs âre necessâry fol seasonal progrâms, because seasonal water quality in-

formation is often sparse or limitecl for many river systems. Furthermore, techniques for

incorporating input information uncertainty in non-seasonai programs may not be eas-

ily used to acldress concerns of limited historical information which may be of particular

importance to seasonal management models.
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For the N'Iarkov ch¿iin appt'oach, transition plobabilities between possible states of

the 
"v¿rtrlt' 

qunlitv sl'stern for a giverì season ale cstirn¿ltccl base<'l on sir'plc reg..ssiorr

Iel¿rtiolships betwccri lor'v fl<tr,vs at äcljaceut flor,v stations. The probability of ,uv¿rter.

qualitl'viol¿rtion is clctet'rnittcci b¿rscci on the tr'¿ursitiou plobabilities. orì ¿r solecrtccl r,v¿.ter.

rluality lll¿ì'lì¿ì,gerììcttt irioclcl. ¿rnd on Bavcs' thr:olcrn of r:ourliti.'a1 
'r.ob.bilitv. 

Tli.
i\rlarl<ov a1>Jlt'<lzr<rlt is rltttttttttsl,t'atcrl fot'¿r sc¿rson¿rl uuifoluì pr.ogr.¿ìuì that r¡r¿rirf,a;'s . 1lr.cr-

assigtttt<1 r'isk of r,v¿r,teÌ qualitl' rriol¿rtiolr. Thr: sr:lrsitirritv of th<l solutious of thr: N,Iar.krlv

t'<>rk:Ì t. lir.itc<i rv¡rt.r' qrralitl, Ìräckgi''.urrl i'fo.llrati<-¡' is ..'rrr¿rr.erl lvith trr¿rt r>f thc:

stl¡tsorl¿rl i\'Iitiiltturtt Av<;titgc Unifolln Tlc¿itnrcut (N4AUT) iuo<icl <l<¡4lopçrl Ì15, ¡,,.,r.',,,

ct al' (1990)' Th<: Ì\4AUT ltto<lci is ¿r <rotlJ>r'chcnsivc scasorr¿l uroricl for.crg¡tr.olli¡g

rn,ltiirle r,v¿rste rlis<:ha'g.s iu tc'rns of co'sider.ing thc stochasti<: 
'¿ltur.. 

of i'J'it ,uv¿rter.

clualitv infolnl¿rticlll. Fut'tltelnìotc) i;his ulo<lcri etìs.tlcs c<¡ritv ¿ì1ìo¡g r,v¿rstc cliscrh.r.ger.s.

¿rchicvcs <rost sar¡ings rclativt: to equivalent non-scasclu¿rl plogr'¿lnrs. ¿rncl is sig¡ifi¡zr¡tlv

less cornplicatecl to ¿rrtalvze th¿rrt othel non-se¿ìsona,l plogranrs (see, e.g., Lcncc r:t ¿r1..

1990 f'oL a cliscussion of the complicatecl natule of the rnoclelling process a'cl the analyses

of ¿r seasonal least cost program). The NIAUT program is reviewecl in the next section.

6"2 The seasonal Minimum Average {Jniform Tbeat-

ment (M,A.UT) program

The MAUT program divicles the year into seasons ancl specifies the uniform fïactio' of

waste removal efficiency required for each season so that the total annual cost of waste

treatment is minimized ancl the number of years in which water quality violations occur

LOí



cluring thc tccorcled peliocl are lirnitecl to a pre-assignecl v¿rlue. The sol'tion appr.ozrclr

is ¿r tr'vo stage pl'ocess. The first stage solves ¿r iincal pfogr'¿ullrìing (Lp) rrroclcl f'or.c¿rc¡

so¿lsorl s, of eac:lt Yc¿ìl' y, irl the histolical rc-:colcl. Eacli of thcse Lp rnoclels 
'ilri'rizes thc

urtifbltn fï'actiorl r'v¿tste l.eillovâl rcciuilercl UT"u,given stlict r,va,ter.<1ualit.y cr¡nstr.¿rillts t¡¿rt

li¿ritlt¿ritt tiitl ti<lsit'cci r'v¿tt<ti'qualitv goal (r:.g.. thr: clissolvccl oxygcri, DO. st¿r,lrcia.d at all

l<t<:¿t,tiotts iu l;lic sttcanr). hllit¿t<,t ol.tlalrsfer.<;ocffi<ricu1,s for.thc w?ìtot.clualitl, <:r>rrstr.¿iillts

ar'<: ltas<t<l <lr lc:srrlts fï.orl silruil¿itiol ulct<lc:ls for.stcirrll,_¡;¡¿¡1,c str.<l¿r,nr <rr>lrclil,irlrs f<>r.ca<,h

¡lclio<1.

Duliilg l'lttr stl<rtlttcl sl,itgt: of thc \,I¡\UT l)r'og-l'¿ulì a, uoll-lilre¿ìr. l)r.ogr.¿ìnurriug (NLp)

rur<>clel s<;ler'ts a rl<:sign sctt of sc;ason¿l,l unif'ollu lì,¿r<rtion r,v¿rst<: r.curctval levcls r7.. This

tltoclt:l nlinirltiz<ls tltc ¿t'ttttt.ta,l c:ost of r,v¿rstc tLcla,tnrcnt subjclct to ¿r r.isl< r:quiv¿,lcn<:y (ìorì-

str'¿rint' The.isk r:quivalencv const'ai,t iir'its thc riu'rÌrer. of ycl¿r..s, o, ¿ìver.¿ìgo. i'¡,vhich

¿rt le¿rst olt<" r'v¿li'el' <lunlitv violation r,voulcl o(:(Ìur'. Onr: ol nrolc r,v¿l,tcr c1ualit1, rrioi¿rtious

occìtll's in a givel vc¿u' if the clesign unifolm fi'¿rction lemoval ievcl in eithel or. both

se¿ìsolls is iess th¿rn the historical value UTru, obtainecl fi.onr the first stage. The NLp
rnoclel also has constraint sets that limit the clesign unif'orm fì'action waste rernoval in

each season 4r, to lemaiu between the technological rnaximum ancl minimum levels of
waste rerloval.

Although a novel approach to clesigning seasonal waste clischarge programs, the

MAUT program has several clrawbacks. The probability clistribution of waste removal

levels for each season (i.e., the clistribution of [JT", for each s) is based o' the lirnitecl

amount of discrete data available ancl as such is not smooth. This short-corning is par-

ticularly important at distribution extremes. In addition, the risk equivalent constraint

in the NLP rnodel allows only a few discrete points in the feasible solution space to
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be consiclelecl' The clisclete n¿rtule of the MAUT plogralìì. given thc li'riteci historic¿rl

irtJ;ut dat¿l rtot't¡lalll' ¿¡lr,ti1',bie ancl the clcfinition of lisl< on which it is b¿rsccl. <:,ulcl 
'c-

srtlt in thc ovcr- <lt' ultclct'-clcsign of r,v¿rste lenroval krvcls. i\dor.e irnpor.tantly. thc N4AUT

pt'oglâ,nt ¿ìsst_utìcs th¿lt u<; r,oulltination of' stlc¿rru c:<tuclitious th¿rt is nror.c critic¿ll for

t'r¡¿tl'ct qualitl' lll¿ìll¿ìg-clllout tlt¿iu th<: ol>s<:r'vc<i rl¿rta <:xists. Tlllrs. tiut N{AUT J)t.ogt.¿ìÌn

<lislcgar'<ls oth<l' ¡tossibl<:. irucl ltclherl)s r,vot.so stt.r:¿rnr backgr.orutd r:o11¡li¡11,'rs. Finalll¡. 1,o

1>r'rl<1tt<'rl t'tlsttlts tltal' atrl tt<lt scttsil,ivr: to rurr:clr'1,a,iutics in str.<ra,nt <:ou<liti',s. th. N4AUT

I)l'og-.l'¿ìllì t'<llirls olì ¿ì l¿ìl'gc ¿ult<ltttlt of rttcr¿tsruc<l rlat¿r. r,vhir:h nr¿rv Ìrc uuarrail¿rllÌcr lbr.rual^,

l'ivct' s\rstcrtts.

6"3 Non-stationary Markov chain (MARK) Model

The 1\4AR,K r¡rorlcl clevelopccl in this lese¿r,r'r:h cliff'ers flour thc I\4AUT tr)rogr.¿rlr ill 1,h<:

rltethocl usecl to calcul¿rte tire plobabilitv of r,v¿rtcr querlitv violatio¡. Fir.st, t¡e tr.¿rnsitio'

pt'obabiiitv matlices fol lor,v flows ¿lt acljacent gauging stations are clevelopecl, ancl ale

usecl to detelruine the probabilitv of all possible critical states of the ¡,vate. qualitv

system for each season of the year (i.e., the cornbination of low flows f'or gauging stations

throughout the stream in that season). For each possible state of the system in a

given season' a uniform treatment manâgement solution is obtainecl. Finally, an NLp
model is applied, which selects the clesign seasonal uniform fraction lemoval levels 4",

that minimize the total cost of waste treatment subject to a risk constraint. The risk

constraint limits the joint probability of violation of the water quality stanclarcl for

all seasons, given that the probability of violation in each season is the sum of the

probabilities of all states that require removal levels higher than 4".
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In the NIAR'K rnoclei. tlte t'ange of'potential values f'ol each stoc¡astic i'put claturn

(c'g" the 7-cl¿v :lv<lt'âgecl lo¡,v flows ¿rt e¿rch gzr,uging station) is clirriclclcl i'to cliscr.etc

irltct'v¿rls inclt"xecl by cliff'elertt integcls. Discletc leplesentativc rraliles ¿rr'e usercl to :r¡r-

Jlt'oxirrtat<: ther continuous stoch¿rstic: cl¿l.trrrn i¡ c¿rçir irf;clr.rral. Eac| urri<ir.¡t c:ol¡bi¡¿rti<¡r

of irttt:t'vals in tltc r,v¿ltel clrrality s]rstcrn's d¿rta rlclfincs ¿ì st¿ìto of th¿it systont. If thci.c

¿t'tc 1 rturtrilct of tliclrt<;ttts itt an irtitrrt rlat¿r sct ¿ru<l ly' rlis<:r'c1,<t ilrtr:r.v¿rls fbr. 1,h. v¿¡l'.s

'f .¿t<rh i'J'rt cl¿rtul'. 1,h. r'¿r,xil'ill'u'i,r>r:r'.f 1>rssillrr: s1r¡;1ç;1¡1 st¿rt.s lrriil Ìr. r//. s'<:h

iì s'ysf¡¡111 is sairl to Ìl<l itt st¿tt<: t: (u,1,il,2,...,(t,¡,...,rtt) if'rlatuul 1is i¡ i¡t<1.r¡al ¿¿1.

<la'tuttt 2 is iri illtct'val il'2, .'.. cl¿ttuui r, is in iutclr¡¿ll (1i,, .... ¿r,¡rl <l¿rtur' 1is i' ilrt.r.rr¿il

í/. rvlìcx) (.11.a2,... ,o,¿,...,e,r rrlc irttr:ger.s br:ti,vccn 1 a¡<l 1v i¡clusivc.

Thc rltttnbel of cliscrt'ctt: irlterlvals 1V. ¿rrrcl the lalgcs of these intcr.v¿rls rn¿ry irc .¡os<,1

ill ¿r heulistir: f¿rshion. Snt¿rller. inte;r.v¿rls rn¿ry bc; selectecl for. the t.¿lnge of clat¿l v¿rlucs

cxpilctecl to proclucc thc clesign outprlt. Yerpo ct ¿ll. (1gg3) caution th¿rt thc clis.*:tc:

irlteÌvals shoulcl be chosert so that ¿r reason¿lble numbel of historic¿rl clata poi'ts (at least

Jâ, where J is the total rlumber of clata points) is observecl within each intelval. To

eliminate subjectivity, cluster analysis may be usecl to cleterrnine clisclete inter.vals for

each clatum' The K-means clustering algorithm is usecl by yapo et al. (19g3) to select

cliscrete streamflow ranges for a Markov chain moclel for floocl forecasting. The size of
the intervals cleterrnines accuracy in the results of the Marl<ov model, especially if the

historical record is short. For short historical recorcls ancl srnall intervals, the maximum

likelihood method (NIL), which is often usecl to cletermine transition probabilities, pay

result in poor estimates (see, e. g., Bogarcli et al., 1gg3). On the other hancl, if ttre
intervals are large, the discrete values usecl to approximate the continuous stochastic

data may be inappropriate, ancl may plocluce inaccurate output f'or the Markov chain
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ilìoclel.

l\¡I¿rtlicres of corlclitiott¿ll ol tt'ansitiou probabiiities âr'e cstiln¿rtecl f'o' pa,ir.s of st¿rtiolr

flor'v rl¿rt¿r tlt¿rt ¿rt'e phvsi<rzlilv clepcnclent. The 7-rlay ervclzrgecl lor,v flolv clata at tlvo

acljzxrrlttl' gztrrging st¿ltions trtav bc <'ottsirlr:r'ec1 to be physicalh, r.cllatccl sinr,c flor,v at thc

tt¡lstt't:zlut st¿ltiott itlfltrort<'cts flow ¿rt thel cloi,vnstlt:¿l,rrr st¿rtioll. Thc pr.obrrbilitl, .f'a giw,r
systcttt sl,atc ú. girrcu 1h¿rt 1,ltc 7-claV nw;r.¿gccl lo¡,v flrlr,r, lcw:l at statiolt r, is l<lror,r,¡. is

crltt:rl tr> l,h<t cotrrlitional pr.obaltilit.y of thit o(ìctlt.t.ouc(: of kxv flrxv ¿rt s1¿r,1,ion z * 1. givcrr

tlto lon' florv a1 st¿ttiolt /. rvh<lt'c lor,v flor,vs ¿it st¿rtion ¿ h¿rwr th6 s1r.olrgcsl, ilh.),sir,¿rl

trflr:<:1, ott l,li<-rsc ¿r,t s1,¿rtir-¡u i + I Thct plobzrltility .f' o<:<,r.u.r.ctì{:1r 1;f a givou l<x,v fl.w
irttct'v¿rl ¿tt st¿ttiott ? + 1 is ¿'tssuurerl to b<r r:ntilerly <lcpenclent ou thc lor,v flow inter.v¿rl

¿lt st¿ttit>tl 2,. brrt illrlcl;endt:rtt of lolv flor,v lcvcls al, ¿rll othcr st¿rtions. Thr.rs. ¿ì on0_

stagc I\4¿rÌk<lv Pl'o(lcss is usc:d to rnock:l thc 7-cl¿r,y aver.:rgecl lor,v flow cl¿lta. Alt¡oug¡ ir

sittt¡>lrl plobaÌ>ilistic ¿ttt¿rlvsis can bc us<;cl to rnoclel tlie lor,v flor,v cl¿rt¿i. ¿r l\dar.k.v <:hai. is

r'rtilizecl bec¿ruscl it lcrlcls itsclf to goocl phvsical ¡s¡l1'"rcntation a¡cl inte'pl.etatio' of thcr

stochastic relationships bet'"veen flows ¿rt acljacent stations o¡ the same liver. If the low

flows at a giveu station clo not depencl on the low flows at only one station, but on lor,v

flo¡'vs at q numbet' of stations, a q-stage Markovian moclel rnay be usecl. Fo¡ example, zr

two-stage Markov pl'ocess may be used to moclel a clendritic stream in which there are

two gauging stations that are clirectly upstream of a thilcl station, on separate branches

of the stream a'cl sig'ifica'tly influence the flow at the thircl station.

In general' the larger the number of stages q, f.or the Markov process, the better

the probabilistic relationships among the low flow clata at flow stations are representecl.

Howevet', in such cases' the size of the transition probability matrices increases, increas-

ing the dirnension of the mathematical problem. Further, accurate estimation of these
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lalgel tt'¿ursition probabilitv lrtatlices require a longer. Ìristor.icaj reco'cl.

If th<: stotft¿tstir: lclr,v flor,v dat¿ì ¿lLc' sp:iti:rlly clistribr.rtecl throughout the str.e¿rn. a

ttou-st¿rti<lì:rly \,,I¿¡¡Lov rnoclel is te<¡rir.ccl in r,vhir:h thc tr¿rnsitiou rn¿rtrices ¿ìt.e clifler.<;nt

fol iolv Élo"v <1a1'a at cliffblcrlt p:tirs of stations. WÌrcn lo¡,v flor,vs at n givern st¿rtio' h¿r'.

ruct lthysir,al rlt:¡rcurlcrìco ou thosct ¿rt any othcl st¿rtioll. a suit¿rl>lcl ¡tr.oberbilitv ciistlibrition

t:¿tlt ilo ttscl<i tO rlct,<tlnriu<l th<: rutrrriurlitiotral oi, iuil,ial ¡;r.obaltilitv of r)<,r:t.u.t.<lr<ru ,f ¿i,,r,

krr,r, f1tx,r' illtclr¡¿rl fbr. 1,ha1 s1,¿rtiou.

The s<)lutioll â,PPlr)¡l<rh r¡f tltc Ì\,'IAR.I{ ulo<lcl is ¿r, 1r,vo str:i; pr.o<:<rss. Tlic fir.s1, s1,.1>

stllwls utrifot'ttr tttl¿tl,tlttlrtt oJttituizal,iolr ulo<l<:ls foi ca,cir p<lssiblc st¿rtç of thc syst.ur ftu.

tl¿ìch scasoll of the Yc;¿rt' ¿i,ucl thc seconcl step selects clesign season¿rÌ r,v¿rstc 
'ernov¿ll 

l.vcls

th¿rt rniDinlizc r:ost antl rltaint,¿lirr au accc¡rrtrrÌ;lc lisi< or. Jl'oba6ilit' of r,v¿rtcr. cluaiity

viol¿rtion. Fol ca,ch seâsotì s. ¿rucl systcrn st¿lto ú. thc foilo¡,ving urrif.olrn tle¿ltrncnl, IUT)
tur<tciel is solvcrl:

ntirtUTr¡, (6 1)

subject to

lirnits on water. qualitv irnpacts:

Ðlt=, no(t - uT"¡)a¡¡"t 1 Bn"

linlits on the allowable treatrnent level in anv

h:I,...,H

state of the system:

(6.2)

(6.3)

(6 4)

UT,t

UT¿,

k:7,...,K
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'uvhct'e

UT"¡. : titlifilt'ttl fr'¿tctirln rvast<: l'erttova,l lcvcl lerluilecl. b¿rseci orl r,v¿r,tsi..

rluality closigu conclitiorrs r,vlien the systetrn is il st¿rtc ú in sc¿rson s.

r,vhc:rc st¿rt<t ú r.cltlescuts :r givt:n <,orrrltiu¿rtiort of ior,v flor,rrs

tht.oughoul, thc stl.c¿iui iu sc¿rsou si

H :.: 1r¡ta,l ur,ulrrlr ,f r,r¡at.r. cf .iil,y <,hr:<:kp.iuts;

1( : fol¿r,l urilrÌ>cl. of ,vi¡¿rst<; <lisr,hrrr.g<tr.s:

R^, : i,flrrr:rrl, r,r¡¿rst. loarr f.r'rris.h.r'gr:r' fu (.. g . rrtr¡f l, ßoD);

e,A:tt,st : iril¡ta<rt Olt r,v¿rtcr. qriaÌit1, itt 1t<_riut /¿ iu th<; s¡r.ça¡1. r,aus<:rl ll\, ¿ ,,r,r,,

of lv¿tstc clis<:halgc rcle¿tsccl fi'oni clisc:halgcr' Å; irr so¿rsslr s a¡cl sJ¡stcnr

st¿r1,. f (,,. g'.. m,17lr, Do rieprertecr 1><>r. ri:of d,u,y BOD r.clczrscd):

Bh,, : ¿rllcti,vable r,v¿ltcr' <itialitv irnp:rct zrt r:hc<ri<¡toiut /r in scl¿rsorr s

(.,.9., rn,g/IDO);

lr,uk" : .rppe' lirnit ori fi'¿lctio' r,vaste 
'errnov¿rl 

f'o'clischa'ger Å; i'
season s; arrcl

lLLA,, : lor'ver limit on fraction waste removal fol clischar.ger À'in season s.

The first constraint set ensutes that the water quality impact at each checkpoint

is less than the allowable r,vater qualitv impact basecl on the r,vater quality goal. The

second and thircl constraiut sets represent the technological maximum ancl minimum

limits of waste treatment, respectively. Although any linear programming algorithm

can be used to solve Equati,on's 6.I - 6.4, an accelerated search technique is founcl to be

efficient for this problern.

If there is a small number of seasons (e.g., two) and the months possessing simi-
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lal season¿rl b:rckgrouncl',v¿rtel quaritv ch¿rlacteristics ¿rr.e cor.rectry groupecr. trre spatiar

clepenclertco of thet extLerne lv¿r,tct' c¡talitv conclitions is rlrolet irnpor.tzrnt th¿rn seasonal

pct'sistottce in illoclicting sucli conclitions. Conseclrientl.y, ther extr.crnc r,v¿rte1 qualitl, c:o'-

ditiolrs (i'c:'. thc lor'v fìows) tn¿ìr, l)c ¿rssriulr:cl to be: irrclerpç¡<lelt fi..rn or.o se¿ìsorì to

tilc tlcxl itt stttrlt (r¿lsos' artd thr: tinifbt'rn tlc¿ltnrent nl¿ìn¿ì,Éìenìcnt solnti.ns basccl o' t,licr

s<l¿tsoltal <txttt:nul r'OÙ<litiOils ut¿ù/ ¿ì,lc() l>r: r:olsid<:r.ccl iu<lc1-tcnrl<tnt. Thcr.<tfor.r:. Ba'.s.
tlicolcttt of <'On<litiorriil 1>roltabilit1, an<l th<t ¡l.oballilitt, l¿wv <lf il<k:¡;t:nrl<tut c:vcuts <r¿i'

lrtt a1;plic<l to <tr¡¿iluatc 1,lu: ilt'oìral>ilitr, <listr.illrtir>rl of rruifolur fi.a<r1,ioti r.<tulov¿rl klw;ls

i'irt car:li soason. llas<:rl ou 1,hc ull<,ouclitic.rrial ltr.oltaltilitir:s ol, iutct.v¿rls fitr. thr: in<lcJr<ltr_

<lcrt cla,l,¿r. 1,h<: tlansil,iou ¡tr.oÌtability ur¿rtliccs. ¿rlcl tilct uriifolur tr.<:attnr:ut optirnization

tttoclcl' Tltt: ll.obabilitv that a r'¿rnclorrr unifolul fi'actional lcnrov¿rl levcl fol'so:ìsou,s. (".
is glt:iit<;r'th¿i,rr sorne rraluc E. is givcrr bv:

P[i.,> E"]:Ðptctl
l€Ft.

(6 5)

¡,vlteIe

PIGîI

t]al:

leF,

plobabilit.y that the system is in state I in season s;

set of all systern states that result in Ç greater than

system state that produces a fractio'r,vaste removal

is greater than 8".

E"; and

level {" that

Forasystemstatel:(h,b2,...,bi,...,ô7) inseasons,theprobabilitvof occurrence

P[Gi], is given as:

I_l
P[Gil : P [b ifl r¡uo* r]uo1
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r,vhcle

P[¿r'] :

P[å¿+rlöi]:

probabilitl, th¿it thc 7-rI¿v avc.agr:cl ior,v flor,v a,t st¿ition 1 is ill

ilttclv¿rl ó1: Íì,rxl

tr'¿rusition or' <:61¡¡ii1i¡¡nzrl plolrrrbíritv that thc 7-clay

itv<:r'a,g<:rl loi,v flor,v ¿rt st¿itiou z, -F 1 is iu iut<:t.rral ö¿a1 girrcu

t,lt¿r1 1,lut iour fl<t'ur,-a1 st¿rl,iorr r, is itr inl,ct.rral ö;.

Tlttl ¡;t'oì>itllilitY rlf tlrtl o(ì(:tttt'on('c of a flo',v ilf,r:r'rr¿rl a,t a sl,¿iti¡¡ is ¡orrrlitigllc¿,ll 1,1r.l.r,r,

flolv lcvcl a1 thc :rrljac<tut ir¡tstr.cla,trr sl,¿rtiou jtc<:¿ìusc. fbr. a rr¿ltru.a,l st¡c:¿lur. tit<t flor,v ¿rt

n girr<:tt lor:¿t'tir>tt is llltysi<rall)' rlci;<lnclclrit ou tha1, ¿rt ¿ì closc ¡pstr.r:aur st¿rtiori. Rlr.t¡<:r..

flor,vs ¿t1, arr uJ-lstr'<xrur s1,¿rticln ¿rr.r: uot plrrrsir:ai cleJtenclerit on flor,vs ¿r,t ¿r cior,vltstr.eanr

st'¿r'ti<)u. A nurthorl tkxrelop<:<l ilr trris r'<l,sc¿ir'<'rr to <stiur¿rtc trrc 1r.¿ursition l.rlorrarriiitics is

J>r'cscutocl iu the foll<x,ving section.

Thc se<:oncl st<p of the IVIARK rnocierl solvc-:s ¿rn NLP lnoclel th¿rt sclects tirc rnost

cost efficiertt r'vaste rernoval levels for each season s, q", r,vhich maintain zrn acceptable

probabilitv of water cluality violation. The NLP uses the probability distributio' f'o'

tlre uniforrn fi'action removal level (JTr¿, obtainecl fi'orn step one, ancl limits the joi¡t
probabilitv of non-violation f'or alt seasons. Let p" clenote p[€" > 4"], where 4" is the

clesign fractional t'emoval level fbr season s. The formulation for the seconcl step of the

MARK rnoclel is:

s
rnin I dayrCrr¡" (6 7)

subject to
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lirnit o' the p.obzrbilitv of r,vate' qualitv viol¿rtio':

{I(t-P") +n-1>o

liuits on thc ¿illo'"v¿rblc tlr:¿rtlnclut lcvel f'ol a girrr:u se¿ìson:

(6 8)

(6 e)

(6. r o)

't1.,

Il"

V ,s:1.....,5'

V s-=1.....,5'

rvhrtlr:

r,l,u,'y" : nurnlt<rt of <l¿rys in sc¿ls<_lll s;

C, : total <lailY r:ost per unit of fi.¿rction r.cruorral for. ¿rll discha;.gcr.s

in se¿ìsoit ,s (c. g.. clollals):

ruaxiuurlr acc:eptzrble il.obnllilil;y of i,v¿lt<:r, c¡lzility vioial,iol

rn zr given year';

rlU" : tìpper lirnit on clesign fi.action wastc lemoval

qL, : lowel limit on clesig'fractio'waste r.emoval

all other variables are definecl above.

level in se¿ìsotl s;

level in season s; ancl

The objective function minirnizes the total annual cost. The total cost consists of

the anuual amortized fixecl cost of the various waste treatnent unit processes and the

variable cost of operating these processes throughout the year. In general, the optimal

cost of waste treatment in a given season may depencl on the level of waste treatment

performed in other seasons of the year, consequently, the optimi zationproblern can be

complicated, especially if different waste treatment pïocesses are usecl by the discharg-

ers (Lence et al., 1990). However, for the MAUT ancl MARK moclels, it is assumecl
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that all waste clischzn'gels treat theil r,vaste ¿rt the sanre efficiency ¿rncl tise the sarrre

r'vaste tt'eatulcnt pl'ocesses. Thelef'ole. lrossible cornpliczrtions involvccl i' moclclling t¡e
sc;ason¿rl clcpcnclencc of r.v¿rste tr.c¿rtrnent cost ¿l,r.e climiriatercl.

Er¡u'ot'i,,n,6.8 erisru'.s tliat thc p.obzrbitity of r,v¿r,ter. cl,zriity r¡iol¿rtion i' ¿r'y girr.u

)/0¡ìr does ttot <lxcct:rl att tissignc<l trt¿rxirrrurn va]u<:. Th<l scr:olcl ¿rnd thil.cl r:<l'stl.¿rirrt

s<:ts. Equ,a,l:i,r¡rls 6.9 aucl 6.10. r'c1tr.cscu1, 1,hc l,ctr,luroii.rgir,¿ll rn¿lxiulunr ¿ut<l nrilirurlrn liilril,s

tlf'ttt¿ìsttr 1,r't:¿t1ttu:rrt. r'csJlcctirclr,¡. C<t¡str.¿tirr1, Eqtttti,on,6.g is ¡otì_(ro'\()x. .I.¡.r.efi'... 
¿l

rlit'r:<:t sc¿lr'<rlt lltocr:tlut'c is us<:<l ilr this thr:sis to solrrc tlut NLp r'o<kri. Thc s<t¿ir.r:h is

lirrritetl to 't7" vttlu<ls that, (Ìol'r'csporì(l r,vith P" vrrlucs lcss thau fi. I¡ pr.u,¡tir:.. 1,¡r: f.asi5¡r

s<llutirlrt sp¿ì(Ìo is sln¿lli siu<:cl tyltic¿l,l rr¿r|lc-:s of _R ar.o srn¿rll (¡s¡ally letss th¿r¡ 0.20).

6.3.1 Estimation of transition probabilities

Tltis section clisctrsscs sortte existing methocls fbl cstirnating trausitio' probabilitics. a'cl
pÌesents â lìew technic¡ue clevelopecl to obtain these probabilities whe' historical 

'ecor.cls
are linrited' A conrrnon approach to estimating the transition probability natrices f'or

cases in r'vhich historical records exist is by the maximum likelihoocl (ML) rnethocl.

This method determines the probability of transition from interval m of clatum z to a

interval n of clat,m z + 1 in a one-stage vlarkov chain process as Arrnf \n A*n, wher.e

A-r, is the number of historical transitions fiom interval rn of clatum z to interval n

of datum i + r. Yapo et al' (1993) plesentecl proof of the NIL estirnates of transitiorr

probabilities' A major disaclvantage of the ML approach is the need for a large number

of concurrent historical clata to obtain goocl estirnates of transition probability matrices.

To overcome the problem of limitecl clata, long synthetic recorcls may be generatecl based
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oll tÌìe historic¿rl lecolcls. The ML apploach. basecl on the synthetic: recolcls rnay then

Ì;<l ttseci to cstirrlatc thc: tlansition plobabilitics. Hor,vevcr., su<:ir an zrppr.ozr<rh rnay r.6<1uír.e

fittiilg ¿r ttrultir'¿t'iatr: clistlibution. r,vhich also neccls a long histolic¿ri r.ecrorcl to ¡live ¿l

goocl cstiur¿rtc of thc clistlibution Jtzrl.arnctc:r.s.

F<lÌ sc¿tsrlri¿rl i'r¡¿lt<:i c1itali1,1' Irì¿ìrì¿ì,gellìcÌt ltlilglzr,lns. thc s1,r><:h¿is1,icr iili>rr1, rl¿rt¿i thal

,¡,is ¡1rpir:zì,Ìh, uur.t iurltor.1,a,ut (c:sp<tciallv f<>L BOD_DO <:oul,r.ol pr.oglanrs) arc thc lou,

llorv ariti high 1't:Ìr1;ol¿ìtìlt'o rr¿tlrrtrs sincc sc¿rsoual <liffr:r'<:u<rr:s iu iolv fl.r,r, aurl tc''r:r.ir-
1:tit'<l rl¿11,¿t ¿ir. tlrr: Iraiil <lrirriug fot.r,c fitr. tlrrr rl<:sigu .f.sr:¿rso'¿il ltr.ogr.nurs ¿ì,rrrl sirlr:r: rrl.s1

rtlhctl itlfolur¿r1irtu. su<,h as tlxt sl,r.r:¿un wtktcil,y ¿lurl lc:¿rr,tir)u t.¿rt<:s. cklpcnrls oll flor,v ¿r,lrrl

1't:tnptlt':t'l;rtt'<l rlata,. Tlttt tr'¿rnsitiou pÌol>abilitic:s fi>r' lor,v flor,v cl¿r1,a <,¿ur llt; cluantitativcìy

r:stiut¿lt<;ci trsirtg histolical data. This lc:se¿rlch clcvclol>ccl ¿r ulcthocl f'or.<:stirriating 1,r..r-

sitiorr plobabilities fol lor,v flow rl¿tta at tr,vo arij¿r<:crit gairging st¿rtions along ¿i str.ea,rn.

This [rcthocl r'¿rrt a'lso Jlc applic:tl to zln1, p:ril of clata tliat ¿u.c; re]¿rtccl, su{:h as ¡igh tcrrr-

Perzrtut'cs at âcljaccnt st¿ttiorts. BOD lunoff ¿rncl stlearnflo'uv, ancl str.eal¡ velocrity arrcl

stl'eamflor'v' It rnay ¿llso be extenclecl to estimate tlansition probabilities for rnulti-stage

lVIa.kovia' pÌocesses if the clata fit a line¿rr 
'egression 

rnoclel.

The t¡ansition probabilities for each seasorì are estirnatecl basecl on the range of low

flow clata (e'g'' the 7-clay average low flows for that season) ancl on simple regression

Ielationships between low flows, transforrnecl or untransformed, at locations along the

stt'eam' It is assurned that the low flows at a downstream station clepend solely on the

observed low flows at the acljacent upstream station. If the gauging stations are close

enough and there aïe no large tributaries between them, linear regression moclels for acl-

jacent stations are adequate for relating the low flor,vs, transformecl or untransf'ormecl.

Although the lesiduals of a linear regression between low flows at acljacent gaugi'g
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statiotts a,r'e expec:tecl to inct'case with the rnagnitucle of the upstreeurr lor,v flor,vs. espc-

ciallf if tltc r¿ìlìgc of' ttpstt'eatn flows is lalge. applopliate tr'¿rnsfo¡¡r¿rtious ca, oftc' Jrc

obt¿rittcld to 1ri'ovi<lc coust¿rrrt v¿llian<rct lcrsiclu¿ils (Netr:r.et al. 19g9).

Thr: ttl<lthorl fol c:stitttitl,ittg transition ¡l'ol;abilitics c¡rvelopscl ¡c'. is bas<;¿ on 1,h<:

ttlstth's ol'sirtiJllrl litttl¿tr ltlglt:ssiott firl thc r:¿rse iu r,vhi<:il tlxr iuclepe¡cieurt cl¿'tr.'' is ¿i

t'¿t'rtrlont vat'ia}>lt: (Nctrlr' <lt ai. 1989). If Y ancl X ¿lr'c tiu: rl<rpr:urlr:nt, ¿rn¿ iurl<-.1>çu-

tlt:trt r¡aIia'lllcs' t<lsllc<rtivtlh'(tl.g.. ri1rs1,r'oâuì ¿ì,rì(l clor,vnstlr:a,rl ior,v llt>lvs ¡r1, l,rv, a<lj.<:r:rt

s1¿ttitltts itl a girrtltt sttasott). an<l if tlrcs<: rlat¿r fit a lirrc:¿rr.r.cgr.<:ssi¡. ur.rl.l. th.u tlur

<:<rttrlitiolral clistr'iltul,iou of l.i g-ivcri X, is giwtrr as y, - /V(y,.,øj). i,vhor.<: t\(li, o?):
rt<rt'ut¿tl <lis1,r'ibritiorl r,vith ¿ì uìo¿ì.rl of y-,. ancl ¿rv¿rLi¿r,ur:t: <;f o2r;l : thc l,th r.¿rn<lourv¿rÌut:

of thc <lcl¡r<lrtcl<ltt1, v¿tt'i¿rblt;. c.g.. tlur r th l'¿lnctour va,luc of tjrc lor,v flor,v ¿i1, 1,hc <l<>r,vllstr.i:¿rni

st¿rtiolt itt n given sc¿ì.soll; ancl d' : r'th r'¿rnclorn va,luc of thc iucicrpc:ncicrut, v¿rrial;lc. o.g..

1'1tt: t' th t'artclonl v¿iltrc of the lolv flor,v ¿rl, th<: upstlea,rn statio¡ i' er give' sc¿rsou. T¡.
rnc¿uì ,, ancl ther v¿ui¿rncc oj ale givcln as:

V e t /)\rr Ì P0 -T P7z\y (6 11)

IISE[r + (X, _F)'
(6.r2)Ð{,:r(xö - x.-.Y

1

-+J'
,.

at :"?'

where

v

î"

the mean of the ' th estimatecl value of the clepencle't variable,

e.g., the mean of the r th estimatecr low flow at the downstrearn

station in a given season;

variance of the r th estimated value of the clepenclent variable,

e.g., variance of the r th estimated low flow at the downstream station
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/) 1)l')t\.p1 :

A,[ S'E :
t_

rrì ¿ì gtven seâson;

r'0gtrssiotì p¿ìr¿ìnìet Ot's ;

rne¿ìn sqlt¿ì,t'e et.t'ot. of the lcgr.<,,ssion eclrration;

tot¿ri lurrnbcl of Jririls of lçnor,vu <lata. c.g.. thc uurubcl of ),c)als in

lvhich lolv flow rla,ta, ¿rt'r: avail¿r,blc ¿r1, both upstlcarn ¿rncl clolv¡str.ç¿r¡i

stati<;lrs iu ir givctn sc¿ìsou;

lllo¿ìll l¡¿tlttrl <;f thr: ittrlttprtttdcttl, l<rtor.vn <l¿itrtrrr. c.g.. t[cl ¡ìo¿ìrr rr¿t,itrg .¡f

l,lttt <tJtsctr¡crl lrtr,v flor,vs ¿rt th<r ri1¡s¡1.ç¿ni s1,¿ttion il a girrcrr sc¿ìson: ¡ut(l

'r7 1,h vahrcr of thc inclctr>cu<lcut krror,rru <l¿rtuur. c.g.. obsclvcrcl

l.r,v f1<xv v¿rlu. ¿r,1, thc upst'c¿1,.r st¿rtio, iu ]rca. y i. a giv<,:u so¿rsorì.

X;

Frrt' <l¿'Lch gzr'rtging st¿ttiort. flor,v iutelv¿lls a,r'c <lcfiur:<l aud thc uìoarì of the uriuinurr'

¿l'nci rrlaxinrulÌ flows fot r:¿rcrll intclval is sctiectccl as thu r.cpr.cs<:¡tativc flor,v fbr. th¿it

irf'clv¿rl' Thel rept'clserttative flo¡,v f'ol a givcn intelv¿rl of eur iuclepc.:n<lent statio' (i.c.. th.
ttJ>stlearrr station) is usecl to corttputcl ¿ì ûìe¿ì,n ïesponse flow for t¡e clepe'clent statio'
(i'e', the clownstt'eam station). The mean response of the regression moclel is the mean

of the flow at the clepenclent statiou for a given flow interval at the inclepenclent station,

ancl the variance of flow preclictions about this mearr is the variance of the norrnally

distributed flor'v at tlie depenclent station given the flow at the inclepenclent station. The

nìean and the variance can be estimatecl using Equati,on6.11 ancl 6.12, respectively. The

probability of being in flow interval n at the clepenclent station, given that the system

is in flow interval m at the i'depenclent station p*r, is computecl as:

P,nn: P[Y,lx*]: a¡W-I\- o¡Y"" ;Y*, (6.13)
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P[Y,lXr,] : plobabilitl' of being irt flor,v intelval n ¿r1, t]ic cle¡rernclent st¿rtio'. giv.rr

that thc svstt:rn is in flor,v irrtelval ¡¡¿ ¿rt tirc incleJrcnclcut station:

Yy : ttl)pcl' valttc of flrtlv intclr¡al r¿ at thc <lepc¡clerl, st¿rtio¡:

Y,!, : l<>r,vcl v¿rhu-: of floi,v intelrral r¿ at t,hr: crepcnclcnt st¿rtie¡:

Y; : lllo¿lll l'osPotìse at tirc clcpcnclcrrt st¿rtion r,vhcl flo¡,v at thcr

inrk:1t<tu<lcltt st¿r,tir>ri is in iutcr.val nt:

o,,, =- sl,¿ttl<l¿t11 ritrvia,tioll of thc fkru' ¿r1 th<r clcll<:u<lcrrt s1,¿t1,iou urhcl thr¡

flr¡r,v ¿t,1 tlt<l itr<lttltclttkrttt st,¿rtiou is ilr irrt<:r.r¡nl ¡¡: a¡<l

Þlzl : ¡>r'ol;allilitt' 1,h¿t1, tltc trolrn¿rlizcrrl flolv is lcss th?ìr or. cr¡tal t,<; Z.

Firi¿rilv' it is assurnclcl that th<l rnea,n 7-clay avr:r'zrged lor,v flow for a giv.ri i't<:r.v¿rl al,

¿r tltxvtrsl'r'tla'tlr st¿l,ti<lrt is gt'<;iÌtet tir¿ilr or'oqu?ì,l tr¡ lhat of ¿ì,u r-u)sl,r.c¿r¡r s1,¿rti.u. Il t¡cu.r: is

tto trtä'iot' trollst'itltJ;tivc llsc of ¡,v¿rtet' fï'orn ¿r stl'e¿¡nr fior,v intel'v¿rl cornbin¿rtions tli¿it ir¿rv<l

flor'v ¿rt zrtt i'tpstt'e:atn st¿Ìtion gt'eatel tha,n th¿rt of a, clownstr.c¿lnl st¿rtion *r.<,: inpossiblr:.

The corlclitional probabilities âre nolrnalizecl by clivicling the values in each row by

the surn of the values irr that row. This nolmalization lesults in the follor,ving proper.ties

f'or the transition probability matrices:

0{ PrrrnlT V m:I,...,fu|, n:\,...,1/

Ðåu:t P*n :1 V rn : 7,...,fu[

where

M : total number of flow intervals for the inclepenclent station; ancl

¡/ : total number of flow intervals for the clependent station.
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It is leqr.ri.ecl that an er¡ual llilrnbe' of intewals ¿r''e clefinecl

(i.c.. A,l - N).

f'ol the flo¡,vs at ¿rll stations

6.4 Application to the willarnette River Basin

Th<l N4AR'I{ luodc:l is rlcrltottstt¿ttcrl atrrl r,onr¡rär'r:<l rvitii th<: N4AUT ¿p'r,ozir¡ f.l.¿r trv'
so¿ìsoll BOD lv¿ts1o ul¡ìlì¿Ìgolllt:ltl lllo¡ìr'¿iur fil'thc \,\/iilalrcl;1,t: Rir¡g¡ i¡ Or..go, r¡rs<,r.i¡.rl

irt Clt:iptc:r' 3. S0¿rson¿rl lolv f'l.tr,v rtata (7-rla¡, ¿ìv(ìr.¿ìg(xl l<>w flgr,vs) ¿r,t fir¡r: st¿r,1,i61s. Spri¡g_

ficltl (StatioD 1). Hat'r'islritt'g (Station 2). Albaur, (Statiorr 3). Sa¡:rrr (Statiou 4). arci

Pol'tlalrrl (Station 5) alc rls<:d fol tltis ¿ulah¡sis. Tiri: tcnrpcr.atru'c clat¿r for. St¿itioir 2.

Halt'isbrirg. is i.ts<lcl t<-r lepxrsent the stle¿un tcnrJ;e;lzrtur.c fbl t¡ç e¡tir.c s\rst.r'. fh.
hightlst tliotltltly llle¿ì'tt tctnltr:r':,l,1,r.rlcr ¿tt St¿itiou 2. f'clr. :r giv<:¡ so¿ìso'. is r.rsccl ilr t¡is
¡rrt¿ilysis.

Solutiorls of the IVIARK rnoclel at'e ev¿rluatecl f'ol thlc;e r,v¿rter. c¡ualitv gozrls: tire 6.00.

7'00, and 7'50 nt'gf I Do st¿rnclarcls. These Do st¿rndarcls lepresent the feasible range

of Do for the stlearn backgrouncl conclitions. Six wintel ancl silmmer season length

combinations are analyzecl for each of the three DO stanclalcls. Table 6.1 sirows a su*-
mary of the six two-season length combinations usecl in this stucly. Each combi'ation of

seâsolì lengtlis ancl watel quality goal represents one scenario of the analysis. These 1g

scenarios (i'e', three DO standarcls ancl six season length combinations) wele analyzed

to be consistent with Lence et al. (1990) ancl to allow complete comparison of the

results from the MARK ancl MAUT moclels. The probability of water quality violation

is set at I0To, i.e., R : 0.I0 in Equation 6.g.

Although mean streamflow persistence between seasons is significant for many large
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t'rvel systems. wintet' ¿ìncl suttrter. 7_clay avet.agecl low flor,vs often clo not shor,v such

pct'sistert<rc if all rucitltlts lvitli sttrnrner flor,v chalactelistics ¿rr.<r sepa'atecl fi.om t¡oscr

i)ossessillg ¡,vitltet' clt¿rt'¿rctct'istics. Lor,v flor,v irelsistcncn r,vithin ¿ì, so¿ìsoil. rriay be igriorcrl.

sin<rc st:¿rson¿rl r,vatr;r. qualitl, nì¿ì,rì¿ìgcuìcut rnoclels typically rrsc zr siugl<: clesign lo,uv flow

v¿rhtc (t:'g" thc 7-clav avct'agcrl lolv flor,v) firl a girrcu st¿itiou chrr.ing a giveu s.¿rs.lr. Tlur

7-rlav ¿ìvot'¿ìgo(l k>lv fk;rv st¿itistic fil. a signifi(r¿ìtìtiy long Jrcr.i<td of tirn<t (c.g.. gr.cnl,t:r. l,li¿'u

6 tnorrths) doc:s iurt gcur:r.all1' r.<tfl<tr:t th<: irl,rh.ol<lg-icäl <,r¡urlitiou filr. i,hat ¡t<:r.io<1. Figrrr.c

6'1 slttlrvs g-r'a¡lits of 7-clav avttt'it,getl low flor,vs of surnrncl ag:rinst tlrosc of,rvirf,ci,¿in<l thcr

(:ol'l'csl)olì(lilrg Ã2-sf ittistit: fbl'lirt<:¿il lcglcssion ulockrls ful tiu: s(:ou¿ìr,io lvith a 6 nrorth

sitllll.lìol' so¿ìsolì. Visua.l ittsl;cr:tiott of thr:sc glilphs ¿rucl tlic 112-statistics, which incii<,¿r1,<t

thc: Jl<:l'ct:tttagc r>f tltc v¿rti¿ttio' of p.erlir:tr:rl lvi'ter' flor,vs ¿rssor:i¿rtecl r,vith sulnn.lr flc^,vs

suggcsts that thc 7-<Iar itvert'ergccl lor,v flrti,vs fol' r,vintcl' ¿rurl surnnrcr. uì¿ìv Ìrc ¿issurnccl

as ittclopclttclctit ill this scertat'io; thclcfole) so¿ìsou¿ìl pelsistencc of't¡csc lor,v flor,vs rrra'

bc: neglecterl. Although the siguificancc of the 1?2-st¿ltistics. clcpencls o. thc: nurnb.r.

of cl¿rta points ancl how well the possible range of values of the inclepenclent variables

are I'epresentecl by the sample clata, the 3O-vear' flo',v recorcl utilizecl is assumecl to be

aclequate for determining the ,R2-statistics ancl for characterizing the relative impor.tance

of the linear correlation between temporal ancl spatial low flow clata. For cases in which

seasonal 7-day averaged low flow persistence may not be negligible, the importance of
spatial dependence would be expectecl to clominate seasonal persistence significantly.

Consequentl¡ the probability of the low flow magnitucle at Station b is assumecl

to be entirely determinecl by the low flow at Station 4. Similarly, it is assurnecl that

the low flows at Stations 3 ancl 2 cletermine the probability of low flow magnitucles at

Stations 4 and 3, respectively' Each pair of low flows at acljacent stations, from Station
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2 to 5' fit a line¿rt' t'egression rnoclel. Figules 6.2 ancl 6.3 show line¿rr-plots for thc r,vi'ter.

¿rncl silrnrner. lor,v flo-,vs. r.cts¡tcctivelv. at acljaccnt stations for. thc scenalict ,,vith 6 rno'tlr
sl]lllllìcl'sc¿ìsor' Thr; Ã2-st¿rtistics fol the lilc¿u'r'crglr:ssiou rnoclcls ar.<: also i¡rlir:¿rtcrl iu
tltcsc figul'cls' Tile l<l'"v flo'r,vs ¿tt Stations 1 an<l 2, clicl rrot fit zr siurpl. lill.¿'. r,<rgr.clssi.rr

lltrlclcl' Hor'v<lv<,-t. thr: cliffclt:ttcc: l)t:tr,vr;cn thc: flor,rrs at Stations 1¿rlul 2. ¿rucl tlrr; flolv ¿rt

S1'af iotr 2 fit ¿ silttJll<l littc¿ii lt:glcssiou Drork:Ì. This irnplics 1,li¿11, l,lur l<>-,v flor,v of. ¡h0

ttil>tttiit1, lt<ttr,vr:cu Statiols I ¿inrl 2 hx,h,okrgit:alh, influcllr:cs th<r lou, fl<trv ¡1, Sl,¿iti<tl

12 lttot't: siglifirrarrth' tirau ckrcs thc 1or,r, fkxv at St¿rtion l. Cou<lil,iru¿rl 1>r.o6alriliti.s

u'tllr: clt:trlt'tttittcrl llrltu'tlclrt l,ltt: lor,v fl<xirs for' 1,hc iriflor,v Ìx:tr,vccu St¿r1,ious 1 ¿i,ri 2 ¿ur<l

fbl Station 2. T¿ihyi (1ggi) ¿irul Lcncc aucl Tal<yi (1gg2) fit a lognrl.nral <listlibrrtiou 1,o

th<; 7-rlay ¿ìvot.¿Uìc lor,v fl<tr,vs ¿rt thc fivc st¿rtions in this systcui. Thercfbrr.:. a lognor.lral

clistÌibutioll \'v¿ìs ¿tsstlrn<:tl lbl the low flolvs of thc iuflo¡,v br;tr,r¿ccu Statiolls 1 ¿r'rl 2. a,<l

ttsecl t<-r estirn¿rt<; unc:oncliti<tnal pr.obzrbilities fol thcs<t flo,,vs.

Sevente<:n flow inter.vals ,uvcr.<,. ¿u.bitlalily zrssigriecl to the lor,v flor,v clat¿l fol the inflor,v

betr'veen St¿rtions 1 ancl 2 ¿rrrcl f'or St¿l,tions 2 to 5. For thesc 17 flow inte'vals ancl fìve

gaugitrgstations, 7,4r9,857 (i'e., 175) uniform treatment optimization rnoclels, Equati,o,s

6'7 - 6'4, rnust be solved f'or each season. In practice, one cloes not solve this lzr'ge

nutlber of optimization probletls since the probability of occurrence of most of these

1,479,857 systetl states is zero. In the lVillamette River example presentecl, if 17 flow

intervals are used, less than 40,000 unifonn tleatment moclels are solveclfor each season.
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6.5 Ðiscussion of results

B)' ¿tssigning tire plobabilities of oc<:ulleil.cìc f'ol a given sct of i¡put clat¿1. thc IVIARI(

r.orlel Jl'.riu<:.s ¿r surri<>th 
'c¡'r:st:'t:rtior .f thc pr.obzrl;ilitr, <list'iÌ;i.rtiou of th<, u'ifo'rr

tttl¿itnr<ltlt itlv<:ls fbt'ca'r'h sc¿ìson. uDlil<<t thc Ì\4AUT l)t'ogt.¿ìtn. thr: N,IAR,1( uroclel has th<t

¿llilitY to <:xPlir:itll' ittr:oll;t>t'¿tt<; 1,ltc ¡l'ol>abilistic lcli¿rtio¡s¡iJrs 5r;tr,vr:cr lor,r, flo,uv cl¿rt¿r a1,

¿ì(lj¿ì(:otì1, gaugilg sl,¿rtious a,uri 1o r,olsiclcr. ll<.rssibkl r,v¿it<tr.r1uaÌity iullul, rla,tit that urzr1,

lrtl ttl't'c <'l'iti<ral ttl r'v¿'tt:t r.¡ttzrlil,y nt?ìL¿ìgoutcul, ih¿r,tr 1,lut ¡ist<tr.i<,¡r1 <l¿rta s.t. Tlursr:

<:r'itirral r'v¿t'tct t¡ralitv rrortditious ¿tt'r: plc<li<:tcri fionr st¿rtisti<,al r.datiorisliips lr.tlvr:.' tÌr<:

hisl'rlt'i<:al stl<l¿tltlflor,r' i'<lt,t.rl'<ls. Tltclcfil'r:. tlur cxtr'r:rn<;s of thc ll.ol:al:ility rlistr.il'.rtio,s

of thc ttltifoutt tt'c¿rttnctlt lcrcls ttlav b<¡ bcttcl leprcsenteci in zr,¡>plic¿rtiolls of t¡e 1\4AR.I(

rttotlcl tltari itl nirpli<'ations of thc N4AUT l)r.'ogr'¿ì,uì. In croutr.¿rst to tlur I\4AUT l)r.ogr.¿ìrn.

tlrcr lisk cortstt'a'int iu tltc 1\4ARI{ nro<lel, (Erytation,6.8). nllor,vs for, 1,he co'si¿er.atio,.f
zr lat'gc nurnbcÏ of fe¿rsiblc solutions ¿rncl lesults in a rnolc ¿lccur.¿rtc replesentatio' of thc:

f'easible solution sD¿ìcìc.

Figurcl 6'4 shows the probability of the Do stanclarcl violation for the ïange of r,vaste

rernoval levels for summer f'or the MARK ancl MAUT moclels, ancl the scenario witlr
the 7'50 mg/l Do stanclarcl ancl the 4 month summer season. A similar clistribution

was obtainecl for the winter season f'or this scenario. The probability of the DO stan-

clard violation f'oÌ a given uniform fiaction removal level {", in season s, is the sum of
the probabilities associatecl with alt water quality system states that procluce higher

uniform fraction removal levels than {". This figure shows that the two moclels give

similar overall probability clistributions of waste removal levels. However, it clemon-

strates that the tails of the distributions may be clifferent for the moclels. Ttre MARK
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ûìoclel pl'oclucres srllootltel' clistributions than the IVIAUT rnoclel. especially at the tails.

A snlootlt trllollabilitl' clistlibution of the r,v¿rste lemorra,i lcvels is cxpcctccl to h¿rvc a

Ìrcttct'colÌvcl'goll(:c to 1,ltc actu¿ll Pzrlcnl, clistlibutions (i. c.. thc clistr.ibutio' fo. zr long

historir:¿rl lcc:oÏd) fbl tire givctt cl¿rt¿r th¿ru is exJrc<;tccl fionr a iilr¡py <listr.i6r.rtiou. Thus.

tlt<: t'¿itc of <:orlr¡rll'gcrx'(ì llì¿ìv bct first<tl fc>r'tlir: i\4AR.Ii utocl<tl th¿in for. th<t NIAUT rno<k1l.

Thrl rlifälltlttrrr: ll<11,'"r,tttltt tirc tu'o rlisl,r'ibritions at 1,hc hig¡c¡ çlr<l i>f t¡<: r'zr¡g. of r,v¿rst<r

t'oìrx)\¡¿ìl lr:r,r:ls is ìrrritor.l,iirrt silr<rt: 1,irc r¡1¿1yi1¡¡ulL ¿ì(:(:()l)taÌrlt: Jtr.ollallilitl, r>f r,r,¿ttcr. r¡rali1,1,

viol¿rtioil rrs<:rl iu plar:tir:r: tvlti<rally cot.rï)slx)u(ls to this prtrtioir of th<t <listr.ilntiols.

Figurc 6.¿l slrr>r,vs thal for. a 1;r'ob:rbili1,1, ¡r1 DO st¿rnrlalcl viol¿rtiou k:ss th¿rn 0.5. 1,h<t

N'IAR.K tlio<lcl I't:sults irr highel r,vaste lcrnoval k:vels th¿ru tlxt N,iAUT ll*ttlci. This

itlclic¿rtes that thc: clecisiotts obtairerl fï'orrr the I\4AR,K rnoclcl r,vill be nore (Ìorsr:r.vativc:

attcl rrt¿ry h¿rve betttc-:r' pelfitr.rnalrcre (:har.¿ì.crtelistics r,vith i.csJtc<:t tr> uncctr.t¿l,irrtics in l<tw

flor,v d¿rta th¿ru tllosc: fï'oln the NIAUT rnoclcl.

FoI the Will¿rrnette Rivel basin exzrrnple zrnalyzecl, the highest r,vaste r.cnrov¿rl lcvel

Ïequirecl f'or a given se¿ìson is always larger fol the NIARK rnoclel than for the IVIAUT

model. These resuits may be attributed to the amount ancl range of water qualitv

conditions inclucled in the analysis of the IVIARK model. The first stage of the NIAUT

pl'ogram applies an optirnization rnodel basecl on histol'ical recorcls only. In the absence

of a long series of observed clata, the iViAUT approach may exclucle possible v/orse

scenarios of stream conditions, which would require higher waste removal levels.

The total annual cost predicted by both the MAUT ancl MARK moclels for the

18 scenarios analyzed are shown in Figure 6.5. Generally, the MAUT ancl the MARK

moclels have similar costs at the 10% risk level for the Willamette River basin. Total cost
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clelcLeasels as the sumllìel'se¿ìson length increases fiom 1 month to 3, 4, ancl 6 rnonths fbl

thc 6'00' 7'00. ¿rrlcl 7 .50 rn,g ll, DO staliclat'cls. r'csJrectively. The cost therr iucr.c¿iscls as thc

slllnllìcl'sc¿ìsolì lr:Dgth itrct's¿151,'5. Figrit'<r 6.5 ¿llso shows th¿lt. ¿llthough thc t,,vo .n.lyz.cl
tut<¡clols givcl sirnilzr,r. r'csults. thc i\,IARI( tnoclcl typicalh¡ clcsigns a sliglrtly highel cost

l)r'ogt'¿ltn tha"rr tlle N,IAUT l)t.ogt.¿lul. Thc r.<,:lativr:11, leout,,. t<ttal aruural <:osl, ol.it¿rin<lcl

¡,vi1,h th<t N4AtlT pr.ogt.¿ì,tìì (:ot't'osl)otì(ls r,vii,h lor.v<tl t.otììov¿ìl ktvt:ls. highr:r. 1,otal i,r,¿rs1,r:

tlisrrhatg<:rl ittl'o thtl tivcr's\¡stetn. ¿lrirl Jrol,uul,iallrr rurar:r:clrta.bkr irr.oÌ>abiliti<rs rlf lv¿t.r.

<¡rality r¡ioiation.

TaÌ;lc 6.2 slit>rvs 1,hc sr:¿rsrtuaj rurifor.ui fi.¿x,tiort r,v¿ist<t r.<:luxr¿ìl lr:rrt:ls ltrl t,h<t 6 s<t¿isotr

l<:rrgth <:c.rtlll;ilt¿ltit>ils fbt l,hcr 6.00.7.00. ¿urcl 7.50 rn,glt DO st¿rn<l¿rr.cls. Th<: r.r.:sults,Ìr-

1'ainctl fol'l,lrc N'IARI{ arrtl \4AUT rno<lels iuclic¿rl,e 1,hat th<; i\dAR,K rnocicl is zr <,our¡;ar.a-

Ìrlc appt'ozi<:ir foi cl<lsigrling s<,'¿tson¿rl lisk ecluivalcllt i,v¿rtcl c¡ralitv ur¿¡ì¿ì,ge,rert str.:rtcgi.s.

The solutiotts fol' both rnociels ¿rr'<,r close beca,us<r the lor.v flor,v cl¿rt¿r for th<r Willaulc.ttr)

River ¿ìppe¿ìr's to chalactcriz<: r.easonably the joirrt pr.obabilitv clistributions <lf statiorr

flor'vs' However, as sltown in Figure 6.4, the srnall clifI'elences ilr removal levels (fì.om the

solutions of the two rnoclels) may result in significrantly clifferent probabilities of watel

quality violation.

With the exception of the 1 rnonth summer scenario, the summer unifolm fTactional

removal levels for the MARK moclel are alwavs equal to or greater than those obtainecl

f'or the IVIAUT progl'aÍì' The winter uniform fraction removal levels, however, show

cases in which either model results in higher removal levels. Takyi (1gg1) ancl Lence

and Takyi (7992) demonstrate that the waste treatment clesigns under the MAUT moclel

for the Willarnette River are more sensitive to uncertainties in summer flows than to
those in winter flows. Therefore, one advantage of the IVÍARK model, in this case stucly,
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mây be that the wastc treatrnettt clesigns uttciel this applo¿rch ale rìore co'se.vative

ch.rling the scnsitivc iteliocls of thc yeal..

AJlziÌt fi'orrl thc: 1 rnonth suuì[ìel se¿ìson scen¿rlio. thelc alc lo sr:e'a,.ios for. thc

ÌVIAUT pl'ogl'?ìlll th¿tt havr: botli r,vilrtcr' ¿rricl suuulrer unifolrn fì.action r.er'oval icrrcls

1,h¿tt axl siuiult¿iueousll, i;¡111¿.,,1 1,o. <tl gr,<ta,tcr. tha,n. thc <ror.r.csprlnclirrg rr:ru<tv¿il levcls

Itll<ltlt th<: ù'Ir\RI( tlloiittl. Ifor,vrlrrct. il 8 of 1,hc 18 s<,cu¿tlios. thc NJARI( ruocl<,.l r.r:s,its

itl t'tllttov¿tl 1r:vtlls 1'1ta1 al'<: siuurltalutorrsly 1;¡¡1¡l to ol glc¿,1,cr 1,¡¿l¡ 1lt<ts. rrur¡t' tlur

i\ilAUT l)logl'¿ìllL. This fiutlurt'iltdi<:¿rtcs 1,h¿lt. foi lhc \,\/i1l¿rructtr: R,iv<:r.Ìr¿isiu. altlr''g¡
<liffilt'tlttt'tls itl t't:ttlov¿rls lcvt:ls al<: sur¿úl. s<llutious l>¿tsccl on thg i\4An,I( ur.r¡rl 

'ìittr 
1.1;¡;111{.

irt trt<>r'e (ìollsol'v¿ìti\r<l t't)lttov¿ì,] lcveÌs th¿ìu th<tsc ll¿rscri on thc i\,,IAUT J)t.ogt.¿''.

Tht: s<reu¿tÌio r'vith tir<:7.50 rn,g/1, DO stallcl¿il'<i ancl tlu:6 nron1h sun'lor.so¿ìsorì

¡-n'odil<:es intelesting rctsults. Not only ¿rlc the lernov¿.r,l icvr¡ls (rctc¡iir.rtrl at thc 10%

pÌobabilitl' of DO st¿utd¿rlcl viol¿l,tion lcvel) f'ol both sc¿ìsons gr.czrter. t.r. tircl N4AR,K

rnoclcl th¿ur f'oÌ the NIAUT pt'ogt'am, br.rt the r,vintel unif'orn fì.actiorl lernoval lcvel for.

the IVIARK rnoclel is 0.05 greater than that for the IVIAUT. This is ¿ì case in which the

NIAUT program may result in a significantly clifi'erent waste tleatment strategy. A 0.0b

difi'erence in the winter unif'orm fraction rerloval level f'or this system r,voulcl result irr

4,200 kg /day of aclditional waste clischarsecl.

The sensitivity of the 1VIARK ancl À4AUT mânagement moclels to systems with sho't

historical flow records was examinecl by investigating the management rnoclel solutions

for the case in which only 10 years of continuous flow clata exist. Twenty-one scenarios,

which represent 10 consecutive years of continuous stream flow clata each, were selectecl

from the 30 years of historical low flow recorcl. The MARK ancl the MAUT mocìels
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w0'e ¿ìppliecl to each of these scettal'ios for the casc rvith the 7.50 rn,glt DO stancl¿rr.cl

atlcl thc 4 rn<lttth suìlìntet' season. Th<'; plobabilitv of DO stancl¿rlcl violatio¡, Il. r,v¿ls sc:t

at 0.10.

Tltc i'virlttlt ¿lncl sllrlLlnot'r,v¿tstc lcrnova,l lcvcls fol thc 10-t4¿r¡ lor,v flor.v s<rc'¿lr.ios ¿rrtrl

f'ol th<l c'¿tst: irt i,vhit'ir th<l t:túit'e 30 vc¿u's of histolic¿rl flolr, (1¿ì,t¡ì, \,vot.e usccl (r.cfbr.r..rl to as

thc Acttt¿tl Floi'r' Sc<lttalio) ¿ì,r'c slìor'r,u itr T¿rlrkl 6.3. Fol a]l sccuar.ios. 1,h. \,IARK uu>rkrl

soltttitllts ¿ìl'o ìllol() (:otìsot\¡¿ìtivc 1,han thosr: of 1,hc Ì\4AUT ulorlr:i. Tiu: st¡hll,i.,s Io' sr'u.
of 1,Ìltlsr: s<,<ltt¿ìt'ios siux,r' th¿rt 1,hc Icnurv¿rl lcv<:ls frll J><ltll thc À,IAR,l( ¿urrl 1\4¡\uT urrlrl<:ls

do tlol cltitltg<l sigilifìcnnth, floru tlur N.IAR.I( aurl N,IAUT solul,ioris ftrr.th. Acrt'ai Fkxv

St'cti¿u'ir>' Ou thc c>tlitlt lt¿rtul. 1,h<: solutions fil'Screu¿rlios 14 - 2I in<lic¿rtc ¿r sig'ifi.¿rut

<liffet'crl<:tl bt,'t'uvcrlu tlt<,: tr,vo ntoclcls. In 16 c¿tscs. thr; N4ARI( uroclel sol'1,i.lr ltasc<l orr

10 ye¿rÌs of flotv clata r,votticl urtrlet'cstirn¿rte thc ¡,vintcl ol sr.unnìcr. r,v¿rstr: r'<:rrrrxa] l.veis.

tel¿rtive to tltose irr tht: Actiial Flor,v Scen¿rlio. Hor,vever'. thr: surnrn<:r' or. r,vint(:)r. \,v¿ìsto

Lernoval levels. in 13 (Sccnalios 2 - 5 ¿rncl 11 - i9) of thcsc 16 c¿rses zrr.e ¡igher, ancl

tireref'oÌe ülol'e collselvative, than those requirecl uncler the Actual Flor,v Scenal.io. O'
the other hand, in 13 cases, the IVIAUT moclel solutions uncler. the 10 yea.s of flow clata

would undelestimate the winter waste removal level, r'elative to those in the Actual

Flor'v Scenario without increasing the summer lemoval level above that of the Actual

Flow Scenario. Thus, solutions to the TVIARK moclel, using 10 years of co¡tinuous low

flow clata, may be less susceptible to failure to maintain an acceptable DO stanclarcl

than those of the MAUT moclel.

To represent the overall sensitivity of the moclel results to short flow recorcls, the

potential probability of the DO stanclarcl violation for the ,uvaste removal levels in the

MARK and MAUT models uncler the 10-year low flow scenarios were evaiuated. The
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poterìtial probabilitv of the DO stancl¿rlcl viol¿rtion is evalu¿:ltecl by compa¡irig the l\dARK

and NIAUT ¡,vaste tlc¿rtrncnt, solutions f'ol the 1O-ye¿u' lor,v flor,v scrcn¿rLioc ¡,vith thc cuuu.r-

i¿ttivcl probabilitl' clistlibirtiorts of tltcl ¡,v¿rste lcruov¿l,i levcis rleliverl fi.ollt the 30 x:ars of

histolit:¿ll l<.tr,v flor,i' cl¿tt¿r. Tile 1>otettti:rl plobabilitv of thc DO starlrl¿rlcl viol¿rtiolr is 1,h.

,joiut pr'<lbabilitl' of'DO st¿irrclalcl rriolatiou that r,r¡oulcl or,r,ur. iroth in r,virrtt:r. ¿irrcl suur-

tlltlt. ftlt th<l 10-lrca,t'loi'v fl<t¡,v tinifbt'ni tlc¿rtnulf, soluliorrs. if th<: t:ctllr:cl pt.6Ìtaltilitir:s

ttf stlt:¿t]tt fltxr, <:<tu<litioits r,vclc l lur saur<: as tlrosc rrsiug tlxt 30 yoâr.s of liu<lr,vu histori<,al

rla1,a. 'flnrs. t,hc ltot<ltrtial 1>robability of l,lrc DO sland¿ir.rl rriol¿ition givcs ii,u inclcx of

tlit: likt:lihoorl clf a giwttt solutiou 1,ri nr¿iiutail ¿ur ¿ìccol)tal>lc lr,¿rl,rtr' <1¡alitv. T[c N4AR.l(

uroclcl lcsults wclc (ronrl)alcd r,vith tirc r:urnulativ<: pr.ol>ability clistlibutions of th<: ¿r,<:tr.ia,l

str'<;arnflo'ur¡ dat¿i unclct'thi: NÍARI( rnoclcl. anrl thc N,IAUT rrrorlcl lcrsults r,r¡clc <rornparrrrl

lvith thc cttrnul¿ltivtt ploba,l>ilitv distlibutiorrs fol tlrr: ¿rctu¿rl stlc¿rruflor,v rl¿r,t¿i, uurler. th<:

i\4AUT urodcl.

The potenti:rl probabilitv clf thc DO st¿rncl¿u'cl violaticln fbl the 1t)-ye¿rr. lor,v flo¡,v

scenarios ale listed in Colunms 4 and 7 of Table 6.3 fol the 1VIARK ancl IVIAUT rnocleìs,

lespectivelv. The I'arìge of potential plobability of the DO stanclard violation is frorrr

0.04 to 0.32 and fïom 0.03 to 0.64 for the NIARK ancl NIAUT moclels, r'espectively.

The low potential probability of the DO stanclarcl violation for the NIAUT rnoclel in

Scenat'ios 1- 8 is an indication of the limitecl amount of feasible solutions f'ol the MAUT

prograln. The disclete nature of the MAUT model is demonstratecl in Scenarios 11

and 72, and 19 and 20. By changing only 1 year of flow clata between these pairs of

scenatios, the potential probability of the DO standarcl violation increases from 0.18 to

0.33 and from 0.37 to 0.64, respectively. The results for the MARK moclel, on the other

hand, do not change as quickly as those for the MAUT moclel.
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The potential probabilitl' of the DO stanclarcl violation fol the 10-year. lor,v flor,v

sc:etrat'ios llas a nle¿ìn of 0.77 ¿rncl a stancl¿u'cl clcvi¿rtiori of 0.08 fbr. the \4ARK rnoclel,

atlcl ¿r rlcâ,rì of'0.23 ¿rnti ¿i st¿rncl¿rlcl clcvi¿rtion of 0.20 f'ot' the N{AUT nloclel. The lalgcr.

st¿utcl¿rt'rl <levi¿ttiort for l,hct N{AUT ntoclc:l incli<:atcs zr highrtr. scllsitivity of thc: potc'tial

Plollallilitr'of tltc DO stanrlar'<l r,iolatiorr fol thc X4AUT rnorlcl tosholt io,ur,fl'r,v...oLris.

T¿blc 6'3 iilrlir:atrs tlt¿i1, l,lrt: i\4ARK tnoclcl gcnclrrll.v rl<:signs liig-¡<:r.u¡¿ìs1o 
'.rru^r¿rl

1<rv<rls lltait llttl i\4AUT lttocl<tl. Alth<>ugh rliffì:r'cnccs Jrctr,vcr:u tlu: r,v¿rstc r.curorr¿ll krvt:ls irr

th<l1r,vrlul¿ì,ll¡ì,g()lu()tt1'tlt<lrl<:lsfrll.s<lttt<lsrl<ltl¿.It.itlS¿ì,l.tl¡jllI¿ìl].1'1t<:1;<ltrltt1,izr,11lr.rl}lalli

th.s. r'.'r<;rr¿rl krv<is rvili rri.lal,r: thc 
^<'.cptablcr 

rvatt:r rlrrality g.a,l urtr1, b. sig'ifi<:rrul,ì1,

<lifli:r'r:lrt' Fot' t:xzuttpltl. Scc:lt¿lr'io g siror,vs tha1, thc r,vilrtr;r. alrl surrlnìcr. rnrìrov¿ì,i l<rvcrls

fol the solution rlf thc I\'IAUT plogr'¿ìul al'c ouly 0.02 aucl 0.01. r.cspr:ctively. l<rss t¡a'
those fbl the IVIARK rttorlerl. Holvevet', r:si,irn¿rtious of tirc plobabilitv of DO st¿incl¿ir.<l

viol¿rtions. r'vltr;n thc l\''IARI( ¿rncl NIAUT solutions ¿ìr'c (rornpalccl lvith thr.: actu¿rl <lis-

tliÌ:ution of t'emoval levels fï'orrr tho Ì\,I¿rlkov cirain erpploach, iuclic¿rte a 0.1b i'c'.ease

in the potential probability of the DO stanclarcl violation f'ol the 1VIAUT solution ove'

that of the IVIARK soiution.

The results of the sensitivity analysis inclícate that the potential probabilitv of the

DO standard violation for the 10 year low flow scenarios for the MAUT moclel has a

larger ntean altd variance than that for the MARK moclel. Also, for a given lO-year

flow scenario, the solutions of the MARK rnoclel âr'e more conservative than the results

from the MAUT model' These observations suggest that solutions of the MAUT moclel

may be mole sensitive to short flow recorcls ancl less likely to maintain an acceptable

water quality level than those of the MARK moclel.
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To an¿rlvzo the robustness of the MARK ancl IVIAUT moclels fol cases lvhele the

<l¿rta aril sp¿tt'sc. thc rnoclcls aLe ev¿rluatecl fol flo.r,v sccnalios th¿rt rcpr.eseut 30 ye¿rls of

tecrclt'<l irr lvhich 10 yt:als of clat¿r alc rnissing. Eacrh sccuario of tþe lor,v flow cl¿rta is

tl<tvclop<:c1 lty t'¿tnclctttìhr cf i..'r'rrg 20 Vcals of loi,v flolv ci¿rt¿l fi'onr tlic: ¿rctu¿rl 30 l,r:¿rr." <tf

histr)l'i<:al ]or,r,' fltt.',v rlata fol' tltc fiwr flor,i'stations. Onc hunch'<:rl lo-,v flor,v scou¿ì,r.ioq .ìr.t'

sittlul¿rtt:rl a,rlrl 1,t't:¿i,ttltr:tlt lcvcls fiu <:a<rh s(ìcn¿ì,t'io ¿rL<t <tv¿ì,lu¿rtclrl. hi ¿r,ll <r¿tsr:s. 1,lu: s¿r,ru.

stt<:¿tril ttltttl;<:ta1,ttlrts. lrzrt'kgt'otttt<l DO auri BOD r'ouclitiolrs. ¿¡ul tclal,i6us[iits ]><:tr,vç.u

stt.tl¿iuiv<:lrl<'it-r'.t.r:¿t<lt.atiottrltltlffir:ir:ttts.Ì'e?ì,(ìti()llr.att:s.stt'<l¿ttnflOlr,

ttsr:rl.

Tc> f¿rr:ilitatcl c:otn1)iì,r'isorr ¿rucl clis<'ussion of the l.csults oltt¿liuccl. thct follo¡,virig clefìui_

tious ¿t'tcl tisecl itt tltc t'cst of this section. Solution A is leferrlecl 1,o ¿is <lorrriu¿rtiug Sol¡ti.¡

B if ¿rrlrl {rttllr if thc r,v¿rstc: t't:ruoval levcls f'oi' A in both sc¿ìsorìs alc r:r¡l:rl to or gr.ezrtcr.

1,h¿ut th<l col'l'csl)orxlittg t'crnovitl lcvels fbl B. Tlnls. if Soh.rtion A <lomin¿ltets Solutiorr

B, tlten the Soh.rtion A is either ¿ìs conservativ<-r <tr' ìnole conservative tharr Solution B.

In such câses, ûtanagelllent clecisions basecl on Soiution A r,vill have the satne or higher

probability of rneeting the acceptable DO stanclarcl tharr those b¿rsecl on Solution B.

Also, Solution C is inferior to Solution D if Solution D clominates Solution C ancl the

two solutions ale not equal. Generally, an inferior solution will be more vulnelable to

fâilure to meet a specifiecl water qualitv stanclard.

The results basecl on the 30 years of historical low flow recorcl (i.e., the Actual Flow

Scenario) and those based on the 100 simulations of 20 years of sparse record (r,vith 10

years of rnissing data) indicate that the MARK model generally clesigns higher winter

and summer waste removal levels than the MAUT moclel. Out of the 100 simulations,

83 solutions of waste removal levels produced by the MARK moclel clominate the corre-
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spollclirìg solntiolts fì'orn the 1\4AUT rnoclel. while none of the IVIAUT solutions clourinate

tlttl cot't'csponciing Ì\'IARK solutions. Tlms, r'csuits fì'om the 1\4ARK rncl<lel zrr.e cxJtcctc¿

to llt:t'folrn llctl,cl' tltarl thosc fï'oln l,li<t N4AUT rnoclel r,vith r.csi;cct to m¿rint^ini'g zr<:-

r:<:ptaltlc r,v¿rtcl c1ualitl.. D<;s¡titr: the clornilr¿lut,<t of utclst of thc N4ARK uro<lell solutious

or¡rll tlro r,<ltt'<lsllortding solrttirlns of thc NdAUT ur<t<k:1. t,lu: cliffct'c:nr:cs bctlv<:et th<:s<t s<¡-

Itil,iotts ¿llo llot v<:l.y l¿11*,,. Tlt<:r'cfirr'<r. 1,hrt lcsrrlts of N4AR,I( uroilcl rlo iut1, i'<lir:¿rt<: lat.g.

r.rvcr'-rlctsigl of r;r¡¿rstc r.<:nux'al lcrrcls rvlutu <,<lutlt¿u.<trl rvith th<tsc r¡f. th<: NIIAUT lnrlrlt:].

Ftl tlris iìtìirly¡;l¡;. Talrlc 6.¿l shrxvs 1,hc lx.olrahilit\/ 1ltal a givr:u s<lt of r,r¡ir11,cr.¿t,rirl suur_

lllol' I'ollloval ltlwlls a,r't: clotltitt¿rtt:rl ltv thc sirnul¿rtcci soluti<tus lbl tlrc I\4AÌì.I( ¿ru<l ]\,,IAUT,

tltoclcls- l'csl)o(rtivol¡'. For' <txatuJ>l<:. tlur thilrl lor,v of T¿lblc 1 illciic¿rt<ls th¿lt lvhc:ri r,vint<tr.

¿ìrìd sunrìxl' r'clnova,l krvels alc 0.03 ¿irrcl 0.g3. r.csl;crr,tiwfv. 1,hc clourinan<:c 1l.,babi1i1,1,

lol thc NdAn,I( ttroclcl is 0.75 ¿rncl th¿rt fol thc N4AUT rnoclcl is 0.54. This ir'plies t¡¿r,t.

if the <:rltLel<:i, r'virttclr' ¿trtd surrlrnc:r'r'crnoval lcvels ¿l,l'c 0.63 ¿rncl 0.83. r.r:spcr:tively. thr:¡

75% oÍ the lViAR.K solutiotts ',vill plocluce acccptablc stlearn DO st¿r,¡cl¿rr.cls r,vhilc: only

54v/o of IVIAUT solutions wili lesult in acceptable stanclarcls. T¡e solutions of the Actual

Flow Scenario of the iViARK ancl NIAUT models ale markeci r,vith * elncl f , respectively.

It can be seen fi'orrr Table 6.4 that the clominance probability for. a given pair. of

r'vintet' ancl sumner r,vaste removal levels is always highel for the NIARK than for the

MAUT moclel' This table indicates tha| 4Sr/o ancl 427a of the sirnulatecl IVIARK ancl

NIAUT solutions, r'espectively, clominate the corresponding solutions for the Actual

Flow ScenaÌio. Although these two percentages for the IVIARK ancl the NIAUT moclels

are similar, by contrast all the rernaining 58% of the simulation results for the IVIAUT

model are inferior to the Actual MAUT solution (basecl on the Actual Flow Scenario)

wlrile only 36% of the simulation results for the MARK model are inferior to the Actual
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i\4ARK soiutiott. Thris. f'ol the NIARK moclcrl. 16% of the sinrulations ploclucre r.emoval

lev<lls th¿rt clo tlot cloutiu¿rte ancl ar<l not clourin¿itecl lty the Acrtual N,IARI( solution. For.

this 16% of th<t sittrul¿rtiotis. although the r,vintel lcuroval levcls <if thc Ì\4ARK rnoclel

¿u'<,1 i<l¡,vct thatt tltrtsc of thcl Ar'tu¿rl I\,IARK solution. tlrc surnrnol leùrov¿rl lcrrr:ls ¿rrc

highcr'. Tlic urrrl<lr-<lcsigrr irr u¡illtr:r' rn¿ry bc <:<unl>cus¿rt<:cl f<;r.Ìtr' high<tl r.r:irr<>v¿rl ltx¡cls ili

sllllllllcr. Thrltr:l'ol'tl. tht: aJrilily of solul,iorts ft'otu ¿ N,IAR.K uro<icl t6 r¡c¡t t[<t ¿<'¡cpta]r¡.:

DO st¿u<lalrl is lt:ss st:ttsitir¡c 1,o spztt'sc l<lr,rr flo,,v rl¿ita thau tlulsc fi'orn tlur N,,IAUT ilu¡iktl.

ftrt tlu: cxaurpir: plcscutcrl. Consec¡lcutly. llrr: Ì\,IARÌ( ulotktl urziv rl<:sign nìot.c r.cliabkr

r,v¿ttct qualitv ut¿lu?ì,gontcnt rkrcrisious firl spalsc lou' florv <1a1,¿r tliau thc N,,lAUT ulorlcl.

Itt gt:ttt:t¿1. the solutious of thc 1\4ARI( uroclc;l shor,v lcss scusitivitl, 1,<i short au<l

sl)¿lrse loi,v flor,v lct:or<ls th¿ru tlrosc of the \4AUT rnoclcl. This rnav Ì;<: clue to thcr

rttetltocl ust¡cl to gettet'äte the lel¿ltiorrshi¡r betr,veteu plobribilitv of'DO st¿l,lrcla¡rl viol¿rtio¡

allcl r,v¿rstc lcrnoval lcvcl f'or' <tach sc¿tson, especia,lly ¿rt the high encl of the lc:rnov¿rl lcrrcls.

Otrlv a fbr,v critical ltistolic¿rl flow conditions ale utiliz<-:cl to obtain this r.el¿rtionship at

high lerrtoval levels fbr the IVIAUT moclel. For the MARK rnoclel, the relationship is

b¿rsed on lor,v flow conditions preclicted frorrr regression analysis f'or acljacent station

flows and the probabiliiv clistribution f'or low flows at the most upstream station. Thus,

the probability distribution of waste removal level at the critical tail of the clistribution

(i'e., probability of the DO standarcl violation less than 0.1) f'ol each season, clepe¡cls

on the statistical ploperties of the low flow data at ali flow stations along the moclelleci

section of the river. Therefore, er-r'ors or uncertainty in a few flow clata points may affect

the solutions of the MARK model less than they woulcl for those of the MAUT moclel.
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surnnrel se¿rsou Leugth wintcl i\4onths suruucr r\,,Ionths

(rnouths)

1

2

3

,J

6

l0

SeJ;tr:rnbcr-.Iuly August

Sept<lrrbcr-.Juuc .Jr.rìy - August

Or,1,o]¡1,r-.1,.ru,, ,Julv - Scpt<;url><:r

O<:t,ol;r:r.-Nl¿t, .Juirc - Scl;tcurlrct'

Novcllrbr:r'-r\1>r'i1 i\,,I¿rv- Octoìlcr.

Dcc:r:rnbcr'-,Janu¿u'y F<tltlualy - Nt>vcrnltcr.

Table 6.1: Season Length Cornbin¿rtions
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Tabie 6.2: Uniforrn Ft¿rction Rernov¿rl Levels fol the N4ARK ancl 1\4AUT N4oclels

D.O. Stancl¿u'<l

(rnu Il)

Surrlrrrer Se¿rsorr

Lcrrgtlr (nt,on,th,s)

Unifctlrlr Fr'¿rctiol Retrnov¿rl Levei

IViARI( N,iAUT

V\Iirrtcl Suuuncr' \,Vilrtcl Surrutrcr

6.00

1

,2

3

4

6

10

0.45 0.44

0.37 0.51

0.35 0.49

0.35 0.49

0.35 0.50

0.35 0.50

0.48 0.45

0.39 0.48

0.35 0.48

0.35 0.49

0.35 0.50

0.35 0.50

7.00

1

2

,f

4

o

10

0.69 0.69

0.62 0.72

0.56 0.73

íJ.47 0.74

0.35 0.73

0.35 0.73

0.69 0.70

0.61 0.72

0.57 0.72

0.48 0.72

0.35 0.72

0.35 0.72

7.50

1

Z

3

4

o

10

0.81 0.82

0.74 0.85

0.70 0.86

0.64 0.85

0.40 0.85

0.35 0.85

0.81 0.82

0.74 0.85

0.70 0.84

0.63 0.84

0.35 0.84

0.35 0.84
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Table 6.3: R<:sults f'ol the N'IARK ancl \4AUT Nlocleis Basecl on 10 Yeals of Continuorrs
Lolv Flor,v Dat¿r

1 Based on the 30-year historical flor,v recorcr ancl the MARI{ -o,l.l
2 Based on the 3O-year historical flow record and the MAUT moclel

Sccualio
N4ARI{ l\4AUT

Fr'¿r<:tion R,curoval Lcvel Probability of
DO St¿ruci¿url

\Ä¡irrtci Sunlnr<ll Viol¿rtioiil

Fr'¿rcrtiou R,curov¿rl Lcvcl Pr.oÌr¿rbili1,r,,

DO St¿rrr<larr

lViutr:r' Suuirn<tl Viol¿ri,iorr2
Aclir¿l p1,,ou

1

'2

?

4

5

6

7

8

9

10

11

72
1Ð
TÐ

I4
15

10

I7
18

19

20

27

0.62l

0.64

0.66

0.66

0.65

0.65

0.65

0.66

0.65

0.63

0.65

u.oÐ

0.60

u.Ðb

0.62

0.61

0.59

0.59

0.58

0.59

0.57

u.Ðb

0.85

0.84

0.84

0.84

0.84

0.84

0.85

0.85

0.85

0.85

0.85

0.86

0.86

0.86

0.86

0.86

0.86

0.86

0.86

0.86

0.85

0.85

0.10

0.21

0.18

0.18

0.19

0.19

0.08

0.06

0.08

0.r2

0.08

0.04

0.16

0.29

0.11

0.13

0.19

0.19

0.27

0.19

0.27

0.32

0.63

0.63

0.63

0.63

0.63

0.63

0.63

0.63

0.63

0.62

0.62

0.62

0.56

0.53

0.53

0.53

0.53

0.53

0.53

0.53

0.53

0.53

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

L).84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.84

0.82

0.82

0.03

0.03

0.03

0.0.3

0.03

0.03

0.03

0.03

0.03

0.13

0.13

0.13

0.33

0.37

0.37

0.37

0.37

0.37

0.37

0.37

u.04

u.04
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Tablc 6.4: Dornilì¿ìllcc plobabiiitl' <listlibr.rtion f'ol ru¿rrr:rgcrncnt so¡iticl¡s b¿isccl olr 20

ye¿tls of sJ)âr's() lolv florv locor.cls

\\iast<t I'crnoval lcvcl

\Äiilrlr:r' Srunrni:r

Doruinance plobabiiitt' lcvcl

Ì\,IANI( I\,I¡\IJT

0.63 0.83

0.60 0.821

0.61 0.84

0.62 0.84

0.63 0.84

0.621 0.84

0.60 0.85

0.62 0.85

0.64 0.85

0.66 0.85

0.60 0.86

0.61 0.86

0.62 0.86

0.63 0.86

0.64 0.86

0.75

0.99

0.94

0.86

0.75

0.48

0.99

0.85

0.48

0.07

0.16

0.11

0.07

0.04

0.01

0.5.1

0.85

0.821

0.04

0.¿12

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00
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Cleapter Y

Suxarr-ffiar'J/ amd Cosacåusåoms

This lescalch inr'ol1;<1.¿itr:s Typo iI ulr<:elt¿rinty iu sc¿rsonal aucl tìotì_se¿ìson¿rl lvasl,olo¿l<l

alltlc'¿ttiolt I)logr¿lllls. Tlvo cliff'clt:ut applozrc'h<;s ¿lr'c usr,:cl for. thcsc l)r.ogr,¿¡¡s rlue to

<liffc;r'ertt lcvcls of r:er¡¡pls¡itv of ther ttroclels userrl to replescnl, thr:sr,r pr.ogr'¿ì,nìs ancl the

clifÌtlÌerlt lcv<is of itnpot'tzitlce that rnav be assignecl to tire sour.'ces of Tvpe II 
'nccr-

teÌinty unclel season¿rl ¿rnd rlol-seasonal conclitions. The r.esearch issues th¿rt h¿rve bc,:en

adclressed are:

1' Obtaining the non-infeliot' solution set that clefines the 'true, tracle-off lelation-

ships between waste treatment cost ancl reliability using a 'new, SIOp moclel, the

1VIR rnoclel;

Reducing the computational burclen of the solution approach for the MR moclej

to make the rnodel more attractive to water quality management modelers; ancl

Developing ân approach for clesigning robust seasonal wasteloacl allocation cleci-

sions that are somewhat insensitive to short anci sparse historical flow clata usecl

2,

3.
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in the ut¿lnagcuìent rrroclel.

Thc abovtl thlt:c <:orltlibutions ¿r,t'r: rlemonstlat<:rl fol thc control of Jtoi¡t so,r.(ìcs of BOD

tlisrrltatg<:s irl zi h.1'Pothtlti<'¿il t'ivr:t' Ìrasiri basccl oll tiur \\/illarnctt<r R.iv<1r.. Thc zr'Jr.o¿r.lir;s

rlcvt:lo¡lccl lll¿ìv ¿ìlso llc altltli<:ztlilc to othel r:uvilcluuu:utal 1lr'661<:rns su<r¡ :is gr.ourrcl,uvatr:r.

lr:urc:rli¿lti<tu r k:sigu aurl ¿rir. r1rrrrlit.1, tìì¿ìn ¿Uìcltout.

Pr.r:rriclrs ructhorls for.iu<,rl.lt<>t.atirrg- T']r1tc II rrrrr,<:r.t¿r,iut.1r i11 tìolt_so¿ìsoÌra1rval<tl rlrrtil_

i11¡ tll¿ìlì¿Ìg(ltttr:tlt lltotltls tificu rrsr: CCP ol SIOP. Tlx: CCP apploi¡ch is 6ftr:rl r,o¡tl>li<r¿rt.tl

atirl uìzr¡, r'r:cli.iilr: sintpÌifïirrg assurnlttiolls ¿lltor11, thr: lthl,sicirl r,oufigur.¿rtion of tiut r,v¿rtcr.

<1rtaiit1' s\¡s1;cut. 1,hc sort'<,cs ¿rrrcl il.ol>aitili1,1, clistr.iltutiou of iuJtul, infolnr¿iti<>n. a,nrl th<t

ob.jcci,ives of thc nì¿ì,tì¿ìgeulcrit rnoclcl. By utilizes N{orrtc Callo siurul¿rtir>n ¡o gcncr.a,t<t

stlw:l'a'ls(:oll¿ìlios of s1,r't:¿utr <rott<lil;ioris. 1,hr:1,r'aclitionaì SIOP il¡;il.o¿r,it ¡¿rs ¿r, J>clt1,<;r.(:?ìl)?ì-

bilitv tlt¿rn tile CCP rncthocl fbl lept'crsentiug Tvpc II unccr'l;¿ri¡ty iri cornirlcx sto<rhasti<:

r'v¿rt<:r' querlitl' systetrls. Flor'ver¡ot', rrtost of thel solutions fì'ol¡r this ap¡rr.oach m¿ry Ìte ill-
efücient f'or sever¿rl tvpes of rnanagement proglarns that h¿rve mor.e tllan one clecisio'

variable (c;.g., the LC p.og.am for multi-clischarge'systc;ms).

An improvement ovet' the tladitional SIOP rnoclel, the IVIR moclel, inclucles a large

nutnber of realizatious of possible stream conditions irr a single optimization moclel.

Existing algorithrns may solve this optirnization moclel several times at several stages,

clropping the rnost clitical realization at each stage, to obtain efficient solutio's that

constitute the the non-inferior set for cost, ol a cost surrogate, ancl reliability. The

realizations are genelated using Monte Carlo simulation or soÍr.e appropriate technique

to reflect the stochastic nature of the water quality management system.
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Because laÌge sizecl optirrrization moclels lesult fi'on the ]VIR, rnoclei. ancl eacrh of thescr

lnoclels is s<llvccl scxtr:l'al titlltts to gcrr<lzrtc thc 'tr'l.re' cost-r.eliability t'acle-off r.el¿rtio'-

shilt. thc cclutputa,tiou¿il lr:sorlLc:es r.ccluilecl rnay l>c rrcr.y lar.gc. This lar.g^c cornputzrtional

ltut'cklu ntav cith<:t. rlet<;1. urocleler.s fi.orn inc:olitor.zrting arr :icleclna,tcl nunlltcl clf r.cl¿rliza_

liorls itt thc N4R ulotlcl ol o\¡c)tl clis<:our':rgc tlrcul floul rrsiug tlur 
'1roclcl. 

¡ r.r:du<r. tli.
<'oiltlltrtatiott¿tl l>itt'cltltl. s<lvtlr'¡tl algolil,hrus h¿irrc b<lcu cl<rvclolr<rtl iri C¡a,pt<:r,s 4 a'rl b t'
stll<:<11 a'rttl iil<'iurl<: ¿t strl¿til lttttrtlt<l of iurltoltallt r'<raliz¿i,tiolls th¿r1, ¡r¡tç¡tially <:.lltr.<ll tlur

<lffìci<lttt soltttiolr at <lar'lt st,itg-c of llur solution l)r'ocossi. All of t¡cs<r algo.it¡urs ¡arr. lltx'r
rl<:'u,lsl'r'¿rt.<l to r'.<l,r,c.ffìr:ic'1, s.rril,io's ¡,vrrilc rli.¿rstic,arh, r..r1iu,iug trrc cpu tiuur r.._
rluit'tlrl to solvtl th<: I\'IR, ttto<lt:l itt r:orijrurctiou lvith l\.,Iolgziu ct ¿rl.,s hçr¡.isti. algor.it¡'r.
ItlfoÌttt¿tti<lit fbt'scl<lctirlg th<r iutJroltant lcaliz,ations ¿r,r'<: l>¿ls<l¿ o' (1) t¡c tr.¿rrlition¿rl

SIOP soluti<lils firl thc: tc¿rliz¿rtious in<'luckrrl in thc N,IR, rnocld. (2) tlic solution of th<;

l\4R. rno<'lcl fol a c¿lse il lvhich ¿r i.riatively srn¿rilcl nilrnber. ctf r.ealiz¿rtions th¿rrr til¿it

<'ottsidct'ecl aclecluzrte ¿rrc inclucleci in thc l\4R, rnoclel. oL (B) a, crornbin¿rtio. of (1) zrncl

(2)' one of the algorithms basecl on (3) uses a neural network approach ancl appe'rs

to be tlre most cornputationally efficient if a large number of realizations (of thc o'cler

of several thousands) is required to aclequately repi'esent the stochastic water qualitv

systeur.

The idea of including several scenalios of stream conclitions simultaneously i' a

single watet' quality management rnoclel to procluce robust solutions is not new. How-

ever, most of the stuclies have not developed reliability-cost (ol cost surrogate) tracle-off

relationships that are often requirecl by clecision makers, in aclclition to other informa-

tion about unmodelled issues, to iclentify ancl assess alternative management clecisions.

Furthermore, although the solutions proclucecl by these stuclies are often shown to be
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robust whetl <:otttpat'ecl r,vitlt soh.itions f'ol the inclivichial singlc scenarios of st,'e¿:rrn co'-
rlitions' tht:sc t'obttst soltitiotts ilìâv still bc inf'eliol' to the 'tr.uc' i.eli¿ìbility-cost tr.aclc-ofl

rel¿rtiollshill' To obtairi cfficierlt solutions (i.e.. thc uon-iufcr.ior-solutio' set). par.ticullrr.

st:ts of lc¿rliz¿ttirlrts clf stt'c¿rtn <rouclitions. r,vhos<: ¡>recisc iclt¡ntifi<:ation is rrorf,r.ivi¿rl. ¿ir<r

to lltl ittclttrl<:rl sitnttltattttottsly iir ¿ì \,v¿ì,tol qiialitv lr¿ì,n¿ìgc¡lsut rrrorlcl.

Tlro l\{R. tttorlcl attrl tlt<t algolithurs rkrv<:lopr:d in l,his i.cscar'<:¡ ¡ra11 1111 rrs.rl t, scl.r,t

iltllttf illfirtlttatiotl firr ¿t Ìrì¿ìn¿ì,gouìou1, ulorlt:l that ul,ilizos rìror.() s6l>his1,i<,¿rt.cl Jr.ilirtzr,t
ltattspolt l)to(.oss. srr<ù ¿rs QUAL2E atrcl \,\ASp5. Srrch ¿ìn ¿ìl)J)ro¿ì<,ir i,vill irJri;lv tlic N,iR

Ittoricl ¿turl l,lt<: soltttiott itlg<>t'itlutts to a urruragr:rìu:ut lu<¡rl<rl rv¡i<,¡ is ji'l<.rl 1,, a siurl>¡,.

ilolluf ânt tritttsllot't llt{){1{,-1, t:.g.. Stlectcr'-Phclps crluzr,tio¡ for.BOD-DO i't.r.¿rctio' i' ¿i

sl'r't:¿tul' Thc scl' of itni><lt'taut t'c¿rlìz¿rtiorrs iclcutifìccl at cacli r.<lli¿rbility lc:vcl .f i't<,:r.est

tll¿ty tltcn bcl ittcril'Jr<lt'¿ltc<i in thc [ì¿ì,n¿ìgerrìent nroclel that ritilizcs tlic sotrhistic¿ltctl

Jrolh.rtarrt tlztnspor.t l)t.occss.

Thet'e is the potentiztl f'ol'sevelal ituplovcrncnts in the solution :rlgorith's clevelopecl

f'or the IVIR moclel. These rnay inclucle approaches that coulcl iclentify ancl lernove sorle

of the unimportant constraints incorporatecl in the set of potentially critical realizations

at each stage that the IVIR moclel is solvecl. Future worl< shoulcl investigate an objective

approach for determining the value of rc in the NNIM Algorithm. This coulcl recluce the

CPU tirne required by the NNIM Algorithrn without sacrificing the quality of solutio'
obtainecl' Research shoulcl also be concluctecl to obtain other ANN architectures ancl

input pattern lepresentations that may improve the estirnation of the level of criticalness

of realizations includecl in the MR moclel, especially for cases in which srnall sizes of
rnultiple training example sets are utilizecl. Such improvecl estimation performance may

decrease the appropriate value of rc ancl the size of the optirnization moclels solvecl at
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e¿ìcÌì stâge of the NNII\4 Aigor.ithrn.

Thcre at't: fer,v stuclies that explicitly iuclu<lc TlTtct lI ulcelt¿riut1, i11 seasonal r,v¿rt<:r.

qualitv ln¿ìn¿lgeln(lttt ttloclcls. OfIc:n. ltolvcvr:r'. thclc ¿u'c crorìcclns r,vith iilrrit.cl histor.ic:al

lr¡r,v flor,v zrrirl ternl;t,.r'¿ltur'<: '"vhi<rh nrAlr ]¡¡ <:onsìclcr.ccl ¿rs tlu: rrutst ilriror.t¿int stoc,h¿rstic

ilr¡luts firt' sr:asou¿rl r,r'¿rtt:r' rliralitl' tìì¿ìu¿ìgc)nìcu1 uiorlcls. Sinr:<: 1,ern¡_rcl.zrtur.c <l¿'t¿r r:a,rr

ofi,<lu l>c cstiur¿lt<rrl t.o¿ìsotì¿ìl)1.1, u'cll fol ura,ul, klr,¿ti<lls. ¿ìl ¿ì,l)i)1.()a(,h 1,hat 1;r.r>rlu<,r:s r.tl_

Ìltts1' srlltiti<ltts r'r'ith l'<lsJ)<lt:t to sltot't iln<1 s1la,r'su lcr:ulrlc<1 lo,,v Ilor,v rlat¿r is r¡rv.l.1r.rl.

Tlris a¡l1lIo¿irrlt ttsirs a tltlt>si,zt,gc ri<>u-st¿rl,iorran, Ì\,'Iai'kov ruorl<rl Iix. 1,h. klr,v fl',rrs ¿r1, ¿rrl-

,jtt<:tlttl gaugiug st¿l1,iolls. Thc sc¿rsourrl UT nr¿ìu¿ì,gourcn1, rlccisigus fi.O¡r 1,his i\.,Iar.krvia'

ttll¡lt'rla<:it ¿t,t'tl slt<.r'urtlt to llt: lttss seusitivc to shor'l, ¿tncl sl)¿u.so r.e<ro¡cl<;cl ¡tr,v flr>r,v rl¿rt¿r

l'lt¿ttt thosel sholvrl bv 1¡,, rlccisions fi'onr ¿rl existilg a,pploarrh. Thus. the Ndar.l<or¡i¿rrr

ä1>pt'<lit<llt trl¿ry llo rrrolc ¡t,ttt'¿'t<:tivc firl clcsiguing UT rlc:<risions fclr. ¡ì¿ì.rìy ,w¿¡tcr. clrrzrlitv

svst<;rns, r,viricii ofteu havc limitecl r'c<,olclod ior,v flo¡,v clat¿i.

Tltc rnaitt rh¿rr'vb¿rcl< of the lVlali<ovi¿rn zrpplo:rch is clinrensio¡¿liitv. Srn¿rll flo¡,v i'-
tet'vals at'e requit'ecl for ¿rcculate results. The smallel the intervals usecl, the higher.

the acculacv of the or-rtput, but the larrgel the climension of the problem. The inter.val

lequirecl to procluce an acceptable level of accuracy is not aclcl¡essecl in this research.

Howevel, the dimensionality of the mociei coulcl be greatly reclucecl at little or no cosr ro

accuracy bv considering srnall intervals for flow levels that are expectecl to procluce the

design fraction waste removal level or for the flow intervals that represent critical low

flow conditions, and by consiclering relatively large intervals for the other flow levels.

An initial application of the moclel can be performecl with large flow intervals. Results

of this initial application woulcl suggest the magnitucle of flows that woulcl be associ-

ated with the design waste removal levels. These flows coulcl therefore be clivicled into
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srrì¿ìllel intclvals f'or ¿ seconcl ancl mor.e refìnecl moclel application.

In ¿rclclition to lcrli¿tllilitv. fìrtr.rle inrplovr:rnent of thc i\4R. and j\4ar.krv r'.clels rrr¿ry

in.e¡p¡¡¡¿1,1,c oth.r' irrcli<'c:s of lroll'tiou <ront'ol perf'or'ra'cc. sur:h as r.esilic'cy. vurncr.¿r,_

bilitr'. aucl lollustucss. Th<r in<:olJrolatiou <lf thr:se ilrclic:cs r,vill ¿ursr,ver. rluestions r.r:l¿rt<rrl

ttl<ltltcl.t.iskrlt:sr'r.iJ>tot.sa,rt<1f¿r,ilur.ctltocir:s¿tsscir:i¿rtcr1',vitha¡,v¿itt.lr.qtrirlit1,Ilì¿ìlì¿ì,g()llì().llt

s\¡s1,()lìt.
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Appendåx A

T'he backpropagatiosa (tsp) åeanynå*g

algoråthsm

Thr: BP zrlgolitlrrrr filrcls thc v¿i,lucs of ¿rll thc cortuectiorr r,vciglrts of a f.ecd_fbr.r,v¿r,r.cl ANN

such tlrat the c¡uarch'zrticr ett'ol'firnctior (Eq'urú,ion 5.6) is rninirnizccl using the gr.aclie't

clescertt ruethocl . For a given iteration of the training procre ss, the error is usecl to aclj ust

each conttection weight by an arnount given bv Equati,on A.I which perf'orrns a graclient

on t.
1l>

AW*n: -rñ;

where

I a constant of proportionality (learning rate)

The gradient of the error surfäce, #;, can be written as:

At A€ 0t^
aw^": Ar* AW**

(A.1)

tt/l

(^.2)



Flour Er1u,rúi,on 5J. ffi <:ztn, be wlitten as:

Ul'¡¡r,

0w,,,,,,

Thr: fìrst tclrrr on the liglrt liarrrl sidc: <¡t Erttuú,ior¿ A.2 <,¿rrr

At 0t 0u,,,,,

0rr,: )rh U,
[ìonr Il qu t,l,'i,ort, 5.3.

i)tt,,,,. Tt / \

) 
: r \l¡tt )(, ,.,,,

m :).c
Lr) t'<.ttltlltttc iù,:. 1u¡o <:¿ìscs r,vltit,h ¿ìsstrnìo unit l¿. as (1) ¿ì,1ì oltl,l)ltt, rrrril arr<l (2) ir

uui1,. a,r'c r:<tusi<lelctl.

Rrl r::rsc (1).
,çUA

0o"':-(t"''- tt'"')

Hr:r'c, u,rr, : Orrr. thr:r.cftte EEtrú'i,or¡, A.6 bccorncs:

AW*n: rF'(h)an(t* - O*)
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a€
aotr': -(tu'' - o") (A 7)

Fol case (2), the el'l'ot'measure can be r,vritten as a function of the net inputs frorrr

lridden to outprit lzryel, i.e., t : t(tt,12,. . . ,trn, .. .), ancl using the cllain ¡rle ff ca¡

be written as:

at :$ ae aq : f; y+Ywq,a,: f, #**: _f,þ, _ o,)F,(t,)w,r,,0a* fi 04 0a* ?_r )to 0a,n,2' qr -, 
H 7rn' ', a:7 

(A g)

Cornbining Er¡uati,ons 4.1, 4.3, 4.4, 4.5, ancl 4.7, the change in weight cluring a given

iteration for cases in which the target unit is an output unit for the network is given as:

(A 3)

I r\ ¿tì

(A 5)

hitklcrr

(A 6)

(A.e)



Fol' cases irt lvhicrh the talgct unit is ¿r hiclclen unit of thi: net¡,volk. the r,veight .cljustrnc't

is olrt¿rincd fi'or' Equ,uti,ons 4.1. A.B. A.zl. A.b. arrcl A.g ¿rs:

Qo

4W,,,.,,: rf'(t,n,,)rrr,Ð(t, - O,,)F'(r,,)W,,r,. (A.i0)
q:l

Gcrr<rt'ally. 1,ltc i'vciglrt ztri.ittsttttcluf,s in Equtt'ìrnn t\.9 alrcl 4.10 ¿rr'c <,ourputcrl r.r:r:'rsir¡ch¡

fil' all ruril,s in tlur ur:tivor.l<.

Iì(rr 1h<: sigiuoirl ¿rcl,ir¡¿rl iolr 1ìru<'tiou.

F,, t It lt,,,) -- 0,r,( f 
'.,.U_- 

) : ,t,,,,(I - tr,,,) (A.l l)

1ltclr;fblt:. Eqtr,u,l:i,orts .A.9 aurl 4.10 l>r:r:onu::

LW,,r,r,, : T u,, t,(I - ct,,r,,) u,r, (t,,,, - O r,,.) (4.12)

aurl
(Jo

\Wr,,,,.: ru,,,,.(I - a,,r,,)u,,,1.(t,, _ O,,)a,,(L _ rq,)W,,r,,, (A.13)
q:l

lersl>ecrtively.

4"1 Conjugate gradient modification of the tsp learn-

ing algorithm

DuIing a given iteration, the steepest graclient usecl by the traclitional Bp algorith¡r

searches fol the minimun error point in the clilection of the graclient of t, yt (see,

Equati,on A.i). A mole efficient appt'oach is the conjugate graclient methocl which uses

a search direction that is a cornpromise between the clirection of the graclient yt, ancl

the previous search direction. Thus a new search clirection dn."u is given as:

dnew-V€n""¡5¿ota
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r'vhr:r'e ó is ol¡tainercl using the Polak-Ribiere nile (Er¡uu,ti,or¿ A.i4). so that the ne,uv sc;a,r.clr

dit'ectioti <ltltelt'iolatcs as little as possible the ulinirnizatiolt achicrrccl lly thc pr.evious

sc¿ìr'(:h.

5 - 
(Yt"""' - v€ut't). v t'"'"

(Y€a''tSz (A 15)
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