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Izbira merilnih mest v vodovodnih sistemih z genetskimi
algoritmi

Sampling Design for Water Distribution System Models by Genetic Algorithms

Primoz Banovec - Daniel Kozelj - Saso Santl - Franci Steinman
(Fakulteta za gradbenistvo in geodezijo, Ljubljana)

Obravnavana je izbira merilnih mest za umerjanje hidravlicnih modelov vodovodnih sistemov. Izbira
merilnih mest za umerjanje hidravlicnih modelov je podana kot optimizacijski problem, ki je sestavljen iz dveh
normaliziranih ciljnih funkcij. S prvo ciljno funkcijo se povecuje natancnost umerjanja parametrov hidravlicnega
modela, z drugo pa zmanjsuje Stevilo potrebnih merilnih mest. Predstavljeno je resevanje optimizacijskega
problema z uporabo genetskih algoritmov. Overitev in uporaba razvitega optimizacijskega modela (imenovan
IMMe) je bila opravijena na hidravlicnem modelu teoreticnega vodovodnega sistema "Anytown", ki je namenjen
kot primerjalni model za testiranje razlicnih raziskav pri hidravlicnem modeliranju. Overjeni model IMMe je bil
uporabljen na stvarnem vodovodnem sistemu mesta Sezane. Uporaba genetskih algoritmov se je v obeh primerih
izkazala za zelo ucinkovito optimizacijsko orodje pri izjemno kombinatornih optimizacijskih problemih. Razvita
modela umerjanja in izbire merilnih mest omogocata vzpostavitev kar se da natancnih hidravlicnih modelov
vodovodnih sistemov, ki bodo v prihodnosti kljucnega pomena za zagotavljanje gospodarnosti in ucinkovitosti
oskrbe s pitno vodo.
© 2006 Strojniski vestnik. Vse pravice pridrzane.

(Kljuéne besede: hidravlika, vodovodi, modeliranje, optimiranje, merilna mesta, algoritmi genetski)

In this paper we discuss sampling design for the calibration of water distribution system hydraulic
models. The sampling design for the calibration of water distribution-system models is formulated as an
optimisation problem consisting of two normalised objective functions. The first objective function is used to
increase the calibration accuracy of the model parameters, and the second one is used to reduce the number of
necessary measurement locations. The optimisation problem was solved by using genetic algorithms. The
verification and application of the developed optimisation model (called IMMe) were carried out on the artificial
water distribution system of Anytown, which serves as a reference model for testing various researches in
hydraulic modelling. The verified IMMe model was applied to a real water-distribution system in the town of
Sezana. For both water distribution models, the use of genetic algorithms proved very efficient with extremely
combinatorial optimisation problems. The developed calibration and sampling design allow very accurate
hydraulic modelling of the water distribution systems, which is of key importance for ensuring the economy and
efficiency of drinking-water supplies in the future.
© 2006 Journal of Mechanical Engineering. All rights reserved.

(Keywords: hydraulic, water distribution systems, modelling, optimisation, measurement locations, genetic
algorithms)

0UVOD

Hidravliéno modeliranje vodovodnih
sistemov (v nadaljevanju VS) je znanstveno zelo
dobro razvita panoga, ki rabi kot u¢inkovito orodje
za podporo pri odlo¢anju, upravljanju, nacrtovanju
in obnovi VS. Podpora informacijske tehnologije pri
vodenju katastra komunalnih naprav in zbiranju
podatkov ter meritev omogoca ucinkovito

O0INTRODUCTION

The hydraulic modelling of water distribution
systems (hereinafter referred to as WDS) is a scien-
tifically well-developed discipline serving as an effi-
cient decision-support tool for the management,
development and rehabilitation of WDS. The infor-
mation technology supports the asset management
of the WDS and the data acquisition allows the effi-
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vzpostavitev hidravlicnih modelov in njihovo
vkljucitev v analize, vsakdanje obratovanje in
nacrtovanje ter v kon¢ni fazi tudi izvajanje potrebnih
ukrepov. Informacijski sistem se uporablja kot vir
razpolozljivih podatkov o fizi¢nih znacilkah VS, ki
izhajajo iz dejansko znanih podatkov oziroma
meritev in pa iz ocen posameznih hidravlicnih
parametrov, ¢e koli¢ine niso natan¢no znane. S temi
podatki je mogoce postaviti “surov” hidravli¢ni
model, katerega obseznost je treba prilagoditi
upravljavsko obvladljivim razmeram. Hidravli¢ni
modeli istega VS se lahko med seboj razlikujejo
glede na namen analize, ki bo izvedena s tem
modelom. Namen modela je bistvenega pomena, saj
doloc¢a stopnjo natanc¢nosti modela in njegove
poenostavitve. Poenostavitev hidravli¢nega
modela se imenuje ogrodenje (skeletiranje), cilj
katerega je, iz modela izkljuciti elemente, ki niso
bistveni za njegovo hidravli¢no enakost z dejanskim
dogajanjem v VS. Po postavitvi takega modela se
najprej izvede postopek grobega umerjanja oziroma
makrokalibracije (sl. 1), cilj katerega je prilagajanje
parametrov hidravli¢nega modela, dokler delovanje
hidravlicnega modela VS ne izkazuje ujemanja s
sedanjimi meritvami z odstopanjem najve¢ 30
odstotkov [1]. Makrokalibracija je usmerjena v
odpravljanje posameznih virov odstopanj, to so
napacni podatki o topologiji omrezja, nastavitev
tlacnih con, parametrov elementov VS, napak
merilnih naprav in od¢itavanja meritev kakor tudi
odpravljanje cloveskih napak.

Obicajno z makrokalibracijo hidravlicni model
postane grob priblizek stvarnega VS z doloceno
stopnjo natancnosti. Hidravlicni model je namenjen
podpori pri odlo¢anju na tehni¢nem, ekonomskem
in pravnem podrocju, kar terja, da je hidravli¢ni model
natan¢neje umerjen. Kot uvod v postopek
natan¢nejSega umerjanja oziroma mikrokalibracije (v
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cient building of hydraulic models and their integra-
tion into analysis, daily operation and planning, and
finally also the carrying out of the necessary
measures. The information system serves as a source
of available data on the physical characteristics of
WDS deriving from actually known data or
measurements as well as from the evaluations of in-
dividual hydraulic parameters if the exact quantities
are not known. These data allow us to build a rough
hydraulic model, the size of which has to be adapted
to amanageable extent. Hydraulic models of the same
WDS can vary substantially in their configuration
with regard to the purpose of the model and the
analysis to be performed with it. The model's pur-
pose is essential since it determines the accuracy
level to be applied. The model's adaptation involves
a procedure of skeletonization, i.e., simplification of
the model, the aim of which is to exclude those ele-
ments that are not essential to represent the model's
hydraulic behaviour according to the real WDS.
With such a model, the procedure of macro-calibra-
tion is first carried out (Fig. 1), with the adjustment
of certain model parameters to achieve correspon-
dence with the hydraulic behaviour of WDS, i.e., the
system variables should not exceed 30 percent,
based on the existing measurements [ 1]. Macro-cali-
bration strives to eliminate the sources of differences,
such as incorrect data on network topology, pres-
sure-zone settings, the parameters of network ele-
ments, the errors of the measurement equipment and
readings, as well as human error.

Normally, macro-calibration turns the
hydraulic model into a rough approximation of the
real WDS, with a certain level of accuracy. Decision
making should tackled with technical, economic and
legal issues, so the hydraulic model has to be
calibrated more precisely. As an introduction to the
so-called micro-calibration (hereinafter referred to as
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Sl. 1. Upravljanje vodovodnih sistemov s
poudarkom na modeliranju

Fig. 1. Water distribution system management
with the emphasis on modelling

818 Banovec P. - Kozelj D. - Santl S. - Steinman F.



Strojniski vestnik - Journal of Mechanical Engineering 52(2006)12, 817-834

nadaljevanju umerjanje) se uporablja postopek izbire
merilnih mest, ki zagotavlja zbiranje pomembnih
vzorcev meritev. Izbira merilnih mest za potrebe
umerjanja je osredotoCena na zbiranje meritev za
razpoznavanje znacilk in parametrov hidravli¢nega
modela VS, odkrivanje virov tezav pri vsakodnevnem
obratovanju VS in za dolo¢ene raziskovalne potrebe.
Namen pricujocega prispevka je dolo¢itev merilnih
mest in zbiranje meritev za natancno razpoznavanje,
tj. umerjanje, fizicnih parametrov hidravli¢nih
modelov VS.

1 UMERJANJE HIDRAVLICNIH MODELOV VS

Postopek umerjanja se izvaja zaradi
vzpostavitve zaupanja v napovedi hidravlicnega
modela. Poleg zanesljivosti napovedovanja daje
umerjanje tudi natanéen vpogled v delovanje VS,
kar omogoca tudi vrednotenje obcutljivosti modela
na spremembe posameznih fizikalnih in/ali
nefizikalnih parametrov. Umerjanje je torej postopek
dolocitve posameznih neznanih parametrov
hidravli¢nega modela, s katerim se zmanjsajo razlike
med meritvami opravljenimi na stvarnem VS, in
napovedmi oz. rezultati hidravliénega modela.
Nastavljen problem umerjanja se lahko reSuje z
zapisom ciljne funkcije v naslednji obliki:

N,
min £ = Za,
i=1
kjer so: E - vrednost ciljne funkcije umerjanja; y*[l_k -
meritve hidravli¢nih veli¢in na VS; Vi - napovedi
modela za (i=1,...N,; j=1,...N ; k=1,...N)); N, —
Stevilo obteznih primerov; N, - Stevilo merilnih mest;
N, —tip hidravli¢ne velicine (4. tlaki, pretoki ...); a,—
utezni koeficient
Na podrocjuumerjanja VS je bilo razvitih ve¢
postopkov in metod, ki jih v splosnem delimo na
metodo poskus - napaka ter izrecne in posredne
metode. Razvite posredne metode umerjanja so
metode, ki so formulirane in se reSujejo kot
optimizacijski problemi in so se izkazale za zelo
ucinkovite ([2] in [3]). Njihova ciljna funkcija je
obic¢ajno izrazena v obliki, ki omogoca zmanjsanje
razlik med meritvami in napovedmi oziroma rezultati
modela (en. 1). Razvoj optimizacijskih modelov za
umerjanje je v veliki meri pripomogel k povecani
natanc¢nosti hidravli¢nih modelov VS. Merila
natan¢nosti napovedovanja hidravli¢nih veli¢in so
podana v razli¢nih smernicah, ki dolocajo meje

"calibration") level, a sampling design programme
would provide representative samples of
measurements for the calibration. Sampling design
is focused on collecting measurements for the
determination of WDS model properties, on the
detection of problems in the daily operation of WDS,
as well as covering certain research needs. The aim
of the presented paper is to determine the
measurement locations in which the measurements
allow accurate identification, i.e., the calibration of
the physical parameters of WDS hydraulic models.

1 CALIBRATING HYDRAULICMODELS OF WDS

The calibration process is conducted to
provide confidence in the predictions of the WDS
model. Besides the reliability of the predictions,
calibration offers a deep insight into the WDS operation,
which enables an assessment of the model's sensitivity
to changes in individual physical and/or non-physical
parameters. The calibration of hydraulic models is thus
a procedure of determining individual unknown model
parameters, which minimises the differences of
predicted and measured system variables. The
calibration problem is formulated to minimise the differ-
ences of predicted and measured system variables, and
its general objective function is expressed as:

Ny Ny

ZZ(y;k - yijk)z
.

N, *N,

where F is the value of the objective function; y*[l.k are
measurements of the system variables; y,, are model
predictions of the system variables for (i=1,...N;
J=L,...N; k=1,...N)); N, is the number of loading
conditions; NM is the number of measurement
locations; N, is the type of system variables (e.g.
pressure, flow); and a, are a weighting coefficients.
In the area of WDS model calibration, several
approaches and methods were developed, which, in
general, comprise the trial-and-error method and the
explicit and implicit methods. The developed implicit
methods of calibration, formulated and solved as
optimisation problems, have proven their effectiveness
([2] and [3]). Their objective function is expressed in a
form that allows minimisation of the differences
between the measurements and predictions of the model
(Eq. 1). The developments of optimisation models for
calibration have to a great extent contributed to the
increased accuracy of WDS models. The levels of
accuracy according to the purpose of the WDS model

Izbor merilnih mest na vodovodnih sistemih - Sampling Design for Water Distribution System 819



Strojniski vestnik - Journal of Mechanical Engineering 52(2006)12, 817-834

odstopanj med meritvami in rezultati modela, vezane
na namene analiz hidravli¢nih modelov [4].

Za uspesno umerjanje je treba najprej zbrati
niz meritev, ki se pridobijo z nacrtnim zbiranjem
podatkov hidravli¢nih veli¢in pri obratovanju na
pomembnih mestih na VS. Kakovost informacij,
pridobljenih iz meritev, ima velik vpliv na natan¢nost
umerjanja hidravlicnega modela, vecje Stevilo
informacij pa daje v kon¢ni fazi tudi vecjo stopnjo
zaupanja v model.

2 IZBIRA MERILNIH MEST ZA UMERJANJE
HIDRAVLICNIH MODELOV VS

Izbira merilnih mest se v praksi pogosto izvaja
po nacelu “ad hoc”, pri katerem se izdelovalec
hidravlicnega modela s pomocjo svojih strokovnih
ocen odlo¢i in predlaga kraje merilnih mest. Glavni
poudarek pri zagotovitvi kakovosti in uporabnosti
rezultatov izbire merilnih mest obsega dolocevanje
[5]: (a) katere hidravlicne veli¢ine opazovati, (b) kje
opazovati, (c) kdaj opazovati in (d) v kaksnih
okolis¢inah oz. obteznih primerih opazovati.
Odgovore na vprasanja pod tocko (a), (c) in (d) mora
predhodno podati inzenir s svojim strokovnim
znanjem. Glavni poudarek optimizacije izbire merilnih
mest je osredotoen na vprasanje (b), ki je
najzahtevnejSe in obsega doloCevanje najboljsih
krajev merilnih mest.

Izkazalo se je, da je obcutljivost merilnih mest
bistvenega pomena za dolocevanje najboljsih
merilnih mest. Za dolocevanje obcutljivosti
hidravli¢nih veli¢in merilnih mest glede na
spremembe parametrov hidravlicnega modela se
uporablja t.i. Jacobijeva matrika. Koeficienti
Jacobijeve matrike (i,j) so parcialni odvodi izrazov
hidravli¢nih veli¢in glede na parametre modela in jih
je mogoce dolociti z numeri¢no aproksimacijo,
metodo kon¢nih razlik [3]:
w,
Oa,

J

yi(a;)_yi(aj)

aj—aj

kjer so: 9y - sprememba hidravlicne veli¢ine i; g a -
sprememba parametra umerjanja hidravli¢nega
modela j; y,(a”) - vrednost hidravli¢ne veli¢ine pri
izhodis¢ni vrednosti parametra umerjanja; y,_(a,_) -
vrednost hidravli¢ne veli¢ine pri spremembi
vrednosti parametra umerjanja; a*j - vrednost
izhodiS¢nega parametra umerjanja; a - vrednost
spremenjenega parametra umerjanja; N, - Stevilo
meritev in N - Stevilo parametrov umerjanja. Za

are expressed as the differences between the
measurements and the model's predictions [4].

For a successful calibration, a set of
measurements has to be gathered, first by means of
systematic sampling of the hydraulic quantities on a
WDS. Since the relationship between the quality and
quantity of a measurement is not predefined and
self-evident, much attention needs to be paid to
evaluating the informational content and its impact
on the calibration accuracy.

2 SAMPLING DESIGN FOR THE CALIBRATION
OF WDS MODELS

Sampling design is often carried out according
to the ad-hoc principle, where a designer of a WDS
model determines and proposes the measurement
location on the basis of his or her expertise. To ensure
the quality and relevance of the measurements, the
main emphasis in sampling design involves determin-
ing [5]: () which model parameters to observe, (b) where
to observe them, (c) when to observe them and (d) in
what circumstances or loading conditions to observe
them. While the answers to questions under points (a),
(c) and (d) have to be provided in advance by an
engineer using his or her expert knowledge, the main
emphasis of sampling design is focused on question
(b), which in turn is the most demanding and involves
a determination of the optimal measurement locations.

It has been proven that model parameter
sensitivities are essential for the determination of
optimal measurement locations. To determine the
optimal measurement locations with regard to model
sensitivities, the so-called Jacobian matrix is used.
The coefficients (7,/) of the Jacobian matrix are partial
derivatives of the model predictions with regard to
the model parameters and can be determined by ap-
plying numerical approximations, e.g., the finite-dif-
ference method [3]:

zavsak/foreach (i=1,...,N,; j=1,...,N ) ),

where gy is the change of the hydraulic quantity i; §a
is the change of the hydraulic parameter of the model /;
yl.(a;) is the value of the hydraulic quantity at the initial
calibration parameter value; y (a 1) is the value of the
hydraulic quantity at the change of the calibration
parameter value; a*j is the value of the initial calibration
parameter value; a, is the value of the hydraulic quantity
at the changed calibration parameter value; N, is the
number of observations and N is the number of
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resitev izraza (2) uporabimo metodo kon¢nih razlik,
za katero je potrebno N +1 hidravli¢nih simulacij, pri
¢emer je dodatna simulacija pridobljena s predhodno
oceno vrednosti parametrov modela.

Bolje umerjeni parametri hidravlicnega modela
dajejo natancnejse vrednosti koeficientov Jacobijeve
matrike. [z tega izhaja, da je smiselno izvajati iterativni
postopek umerjanja in izbire merilnih mest (sl. 1) in
to do sprejemljive natan¢nosti glede na namen
hidravlicnega modela [6]. Optimizacijski problem
izbire merilnih mest je obravnavan z vidika
izpolnjevanja dveh ciljnih funkecij, ki bosta
podrobneje obravnavani v nadaljevanju.

2.1 Ciljna funkcija natan¢nosti umerjanja

Z vecanjem Stevila merilnih mest se povecuje
tudi natan¢nost umerjanja parametrov hidravli¢cnega
modela. Metoda, ki je uporabljena za vrednotenje
prve ciljne funkcije natanc¢nosti umerjanja
hidravli¢nega modela, je povzeta s podrocja teorije
regresijske analize in je bila uspesno uporabljena pri
razvoju modelov za umerjanje in izbiro merilnih mest
modelov podtalnice [7]. Kasneje se je ta metoda
uspesno uporabila tudi na podrocju izbire merilnih
mest za izvedbo umerjanja hidravli¢énih modelov VS.

S prvo ciljno funkcijo se vrednoti prostornina
obmoc¢ja zaupanja parametrov. V nasprotju z
dolocevanjem intervalov zaupanja se prostornina
obmocja zaupanja parametrov ukvarja z verjetnostjo,
da so iskane vrednosti N, parametrov hkrati v
doloCenem N, - razseznem obmocju. Prostornina
obmocja zaupanja je sorazmerna kvadratnemu korenu
determinante kovarian¢ne matrike parametrov
hidravlicnega modela in se ga matematicno lahko
izrazi takole [6]:

calibration parameters. Eq. (2) is solved using the finite-
difference method with N +1 hydraulic simulations, where
the additional simulation is obtained for the initial values,
i.e., by a preliminary parameter-value assessment.

Better calibrated model parameters give more
precise values of the Jacobian matrix coefficients.
Consequently, it is reasonable to carry out an
iterative procedure of calibration and sampling
design (Fig. 1) to reach an acceptable accuracy level
with regard to the hydraulic model's purpose [6].
The optimisation problem of the sampling design
has two objectives and will be further discussed in
the next sections.

2.1 The Objective Function of Calibration Accuracy

An increase in the number of measurement
locations will consequently increase the confidence
level or the accuracy of the obtained parameter as-
sessments. The method used to evaluate the first
objective function of the calibration accuracy derives
from the regression analysis theory and was
successfully used in the development of models for
the calibration and sampling design of groundwater
models [7]. Later on it was also successfully used in
the area of WDS hydraulic models.

The first objective function is to evaluate the
parameter's confidence region volume. In contrast to
the determination of confidence intervals, the volume
of a parameter's confidence region deals with the
probability that the sought values of N, parameters
can at the same time be found in a certain N,
dimensional area. The confidence region volume is
proportional to the square root of the determinant of
the covariance matrix of hydraulic model parameters
and can be mathematically expressed as follows [6]:

(det Cov, )% 3,

kjer sta: Cov, - kovarian¢na matrika parametrov
hidravlicnega modela; det() — determinanta matrike.
Kovarianéna matrika iz enacbe (3) je podana z
izrazom:

where Cov  is the covariance matrix of the hydraulic
model parameters; and det() is the matrix determi-
nant. The covariance matrix from Eq. (3) is expressed
as follows:

Cov, =s*-(JTWJ)" 4),

kjer so: s? - varianca regresijske napake; J - Jacobijeva
matrika z elementi matrike 9y/0 a, (i=1,....N;
=1,...,N)); W - simetri¢na, pozitivno definirana
matrika uteznih koeficientov; J” - transponirana
Jacobijeva matrika.

where s?is the regression error variance; J is the
Jacobian matrix with the matrix elements o yl/ o a,
(=1,...,N_; j=1,...,N ); Wis the symmetrical, posi-
tively defined matrix of weight coefficients; and J” is
the transposed Jacobian matrix.
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Pri oblikovanju prve ciljne funkcije se lahko
brez veéje izgube splosnosti izrazov v enacbi (4)
predpostavi, da veljajo tipine domneve regresijske
analize: natancnost meritev je neodvisna od kraja
na VS; vsa merilna oprema, ki bo uporabljena pri
zbiranju meritev, ima podobno natan¢nost; in samo
tlaki so predmet obravnave pri optimizaciji izbire
merilnih mest. Posledi¢no se lahko matriko uteznih
koeficientov W priblizno izrazi kot diagonalno
matriko, katere diagonalni elementi zavzemajo
vrednosti 1/0°,, kjer je o, nespremenljiva
standardna napaka vseh tlacnih meritev. Z
upostevanjem teh predpostavk se lahko enacba
(3) oblikuje na nacin, da se prostornina N,
razseznega obmocja zaupanja parametrov idealizira
kot kubiéni prostor [6]. Tako se namesto enacbe
(3) uporabi izraz:

‘When formulating the first objective function, it
can be assumed - without any major loss in the general-
ity of the expressions in Eq. (4) - that the typical
assumptions of the regression analysis hold true: the
measurement accuracy is independent of the location
ona WDS; all the measuring equipment that will be used
in gathering the measurements have similar accuracies;
and the only pressures are the subject of the discussion
in the sampling design optimisation. Consequently, the
weighting matrix, /¥, can be approximated by a diagonal
matrix with all non-zero elements equal to 1/0%,, where
o, is the constant standard error of all the pressure mea-
surements. The first objective function from Eq. (3) can
be formulated so as to idealise the volume of N,
dimensional parameter's confidence region as a three-
dimensional space [6]. Therefore, instead of Eq. (3), the
following expression is used:

1
(detCov, )2, ®),

Enacba (5) se uporabi v optimizacijskem postopku
prve ciljne funkcije, kjer se zmanjSuje negotovost v
ocene parametrov umerjanja hidravli¢nih modelov.
Ker je zmanjSevanje determinante kovarianéne
matrike parametrov racunsko in algoritmi¢no
zahtevno, se uvede preoblikovanje ciljne funkcije,
ki zveCuje determinanto inverzne kovarianc¢ne
matrike:

Eq. (5) is used in optimising the first objective
function, where the uncertainty in the model
parameters is minimised. Since minimising the
determinant of the covariance matrix of parameters
is computationally and algorithmically very
demanding, a transformation of the objective function
is introduced, which maximises the determinant of
the inverse covariance matrix:

1
F, =min(detCov, )ﬁ =max (detCov,' ) (©),

kjer je izraz za inverzno kovarian¢no matriko Cov
podan z enacbo [6]:

where the inverse covariance matrix Covu" is ob-
tained using Equation [6]:

1
Cov'=—J"J 7).
= )

Predstavljena ciljna funkcija ', s katero se
zvecuje determinanto inverzne kovarianéne matrike,
se imenuje kriterij D-optimalnosti. Knopman in Voss
[7] sta omenjeni kriterij D-optimalnosti primerjala tudi
z drugimi metodami za ocenjevanje stopnje zaupanja
v parametre hidravlicnega modela in povzela, da D-
optimalnost izkazuje enake rezultate v smislu izbire
merilnih mest ob vecji racunski u¢inkovitosti v
racunalniskih uporabah.

Ker se bo prva ciljna funkcija zdruzila Se z drugo
ciljno funkcijo, je primerno, da se vrednotena shema
izbire merilnih mest iz enacbe (6) normalizira z
vrednostjo determinante celotne inverzne kovarianéne
matrike, tako da bo prva ciljna funkcija zavzemala
vrednosti od 0 do 1. Z uvedbo normalizacije enacbe
(6) je koncna oblika prve ciljne funkcije enaka:

The presented objective function F,, used
to maximise the determinant of the inverse covariance
matrix, is called the D-Optimality criterion. Knopman
and Voss [7] analysed the D-Optimality criterion by
other methods for assessing the level of confidence
in hydraulic parameters and summarised that D-
Optimality yields the same results in terms of sam-
pling design at a higher computational efficiency in
computer applications.

Since the first objective function will be joined
with the second objective function, it is appropriate to
normalise the evaluated sampling design scheme from
Eq. (6) with the value of the determinant of the full
inverse covariance matrix, so the first objective function
will assume the values from 0 to 1. Normalisation of Eq.
(6) gives the final form of the first objective function:
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maxF1=[

kjer je Cov ', — cela inverzna kovariantna
matrika z upostevanjem vseh moznih merilnih
mest [5]. Determinanto inverzne kovarian¢ne
matrike se izracuna z numeri¢no metodo
oblikovanja spodnje in zgornje trikotne matrike
(LU razstavitev) [8]. Determinanta je po
razstavljanju matrik zmnozek diagonalnih
elementov zgornje trikotne matrike.

2.2 Ciljna funkcija stroskov izvajanja meritev

Druga ciljna funkcija optimira skupne stroske
izvajanja meritev na VS. Upostevani so stroski: (a)
stalni oz. investicijski stroski in (b) spremenljivi oz.
operativni stroski.

Splosne enacbe za vrednotenje stroskov
izvajanja meritev je tezko dolociti, zato se
postopek poenostavi s predpostavko, da je
glavni stroSek vsakokratnega zbiranja meritev
vezan le na spremenljivi oziroma operativni del
skupnih stroskov. Ciljno funkcijo se zato izrazi v
odvisnosti od Stevila merilnih mest, njen namen
pa je zmanjSanje stroskov izvajanja meritev in s
tem posredno tudi Stevila merilnih mest. Zazelena
je uporaba druge ciljne funkcije v normalizirani
obliki [5]:

minF, =N

kjer sta: N - Stevilo merilnih mest na sistemu; N, -
Stevilo vseh moznih merilnih mest v sistemu. Iz izraza
(9) je razvidno, da tako oblikovana druga ciljna
funkcija tezi k ¢im manjSemu Stevilu merilnih mest.

2.3 Vzpostavitev optimizacijskega problema

Ker sta si zgoraj navedeni ciljni funkciji
protislovni, je treba najti resitev, ki bo v najvecji
meri zadovoljevala tako prvo kakor drugo ciljno
funkcijo. Prva ciljna funkcija bo najboljsa, ¢e bodo
meritve zbrane na vseh moznih merilnih mestih,
medtem ko bo druga najboljsa, ¢e bo Stevilo
merilnih mest ¢im manjse, saj bodo s tem povezani
sestavljen iz naslednjih delov: (a) ciljne funkcije,
(b) optimizacijskih spremenljivk oziroma neznank
in (c) robnih pogojev. Formulacija optimizacijskega
problema za izbiro merilnih mest je sestavljena iz
dveh ciljnih funkcij, opredeljenih v zgornjih

1

detCov;' [N
— ®),
detCov, ',

where Cov ”, is the full inverse covariance matrix
taking into account all the potential measurement
locations [5]. The determinant of the inverse covari-
ance matrix is calculated by means of a numerical
method for defining the lower and upper triangular
matrix (LU Decomposition) [8]. After the decomposi-
tion of the matrices, the determinant is a product of
the diagonal elements of the upper triangular matrix.

2.2 The Objective Function of Measurement Costs

The second objective function is optimising
the costs related to measurements performed on a sys-
tem. Considered here are the following: (a) capital or
investment costs and (b) variable or operational costs.

It is difficult to determine general equations
to estimate the measurement costs; therefore, the
procedure is simplified by the assumption that the
main measurement costs for each measurement per-
formed are related only to the operational part of the
total costs. The objective function can thus be ex-
pressed with regard to the number of measurement
locations. Its purpose is to minimize the measure-
ment costs and indirectly also the number of mea-
surement locations. It is desirable to use the second
objective function in a normalised form [5]:

N
max ; =1~ N ),

F
where N is the number of measurement locations in the
system; N, is the number of all potential measurement
locations in the system. Eq. (9) shows that the thus
formulated second objective function tends towards
the lowest possible number of measurement locations.

2.3 Definition of the Optimisation Problem

Since the above-mentioned objective
functions are mutually contradictory, a solution has
to be found that will, to the largest extent, satisfy
both the objective functions. The first objective
function will be optimal if measurements are collected
at all possible measurement locations, while the
second will be optimal if the number of measurement
locations is zero, since this will incur the lowest costs.
The optimisation problem involves the following
parts: (a) the objective function; (b) the optimisation
variables or unknowns; and (c) the constraints. The
optimisation problem formulation for the sampling
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odstavkih. Normalizirana izraza (8) in (9), ki sta
oblikovana na nacin, da se njuni vrednosti zveca,
sta zdruzena v en izraz:

) 1/p
maxE=[Zwi-F,.”] —Pe
i=1

kjer so: E - skupna ciljna funkcija; w, - uteZni
koeficient za dolocevanje pomembnosti posamezne
ciljne funkcije; p - potenca; F, - i-ta ciljna funkcija;
Pe - kazenska funkcija. UteZna koeficienta w, in
w, sta izbrana na nacin, da je njuna vsota enaka 1.
Vrednosti, ki jih zavzema skupna funkcija £, so v
obmoc¢ju (0, 1), ¢e niso krSeni robni pogoji.
Kazenska funkcija se uporablja za vkljuCevanje
izrecnih robnih pogojev v optimizacijskem
problemu in pomeni najvecje in najmanjse Stevilo
merilnih mest:

pG “(Npin =N

Pe= ch .(N_Nmax)5
0

kjer so: N - dejansko Stevilo merilnih mest v sistemu;
N, . - najmanjSe potrebno Stevilo merilnih mest na
sistemu (N > 0); N - najvecje Stevilo merilnih
mest v sistemu (N, < N,); N, - Stevilo vseh moznih
merilnih mest v sistemu; pc, in pc, - stroSkovna
koeficienta kazenske funkcije.

Optimizacijska orodja se uporabljajo za
reSevanje zahtevnih in obseznih optimizacijskih
problemov. Genetski algoritmi (v nadaljevanju GA)
so razred nelinearnih, prilagodljivih in hevristicnih
metod za iskanje in optimizacijske probleme in
spadajo v skupino razvojnih algoritmov. GA
posnemajo naravno nacelo reprodukcije, mutacije in
naravne izbire za zagotovitev prezivetja najbolj
sposobnega oziroma najboljSega osebka, tj. resitve.
Nacelo GA in njegova uporaba pri optimizaciji VS je
podano v [9] do [11].

GA so optimizacijska metoda, ki se posebe;j
dobro izkaze pri reSevanju velikih in zapletenih
problemov z mnogimi lokalnimi ekstremi in s
katero se skoraj vedno najdejo reSitve blizu
najboljse [12]. Ta lastnost izvira iz dejstva, da
GA raziskujejo prostor reSitev s skupnostjo
(populacijo) kromosomov, tj. moznimi resitvami,
ki so nakljucno razprSene po celotnem prostoru
reSitev. Ena od prednosti GA je tudi ta, da
zahtevajo le vrednotenje ciljne funkcije za
optimizacijski postopek brez zahtevnih
numeri¢nih opravil ter moznost uporabe tako
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design consists of two objective functions defined
in the previous paragraphs. The normalised Eq. (8)
and Eq. (9), formulated so as to maximise their val-
ues, are joined into a single expression:

(10),

where £ is the common objective function; w, are the
weight coefficients to determine the importance of an
individual objective function; p is the norm order; /' is the
i-th objective function; and Pe is the penalty function.
The weight coefficients w, and w, are selected so that
their sum is equal to 1. The values assumed by the joint
objective function £ are within the interval (0, 1), if this
does not exceed the constraints. The penalty function is
used to introduce explicit constraints into an optimisation
problem and will represent the maximum and minimum
values of the number of measurement locations:

N< Nmin

N>N,_,.
NminSNSNmax

(1D,

where N is the actual number of measurement locations
in the system; N is the minimum required number of
measurement locations in the system (V, . > 0); N is
the maximum number of measurement locations on the
system (N <N,); N, is the number of all the potential
measurement locations in the system; and pc, and pc,
are the cost coefficients of the penalty function.

Optimisation tools are used for solving
demanding and comprehensive optimisation
problems. Genetic algorithms (hereinafter referred to
as GAs) are a class of nonlinear, adaptive and heuristic
methods for search and optimisation problems and
belong to the group of evolutionary algorithms. GAs
mimic nature's principles of reproduction, mutation
and natural selection to ensure the survival of the
fittest and therefore the best individual, i.e., the best
solution. The principle of GAs and their application
to WDS optimisation are given by [9] to [11].

GAs are an optimisation method especially
useful in solving large and complex problems with
many local minimums and maximums that almost always
provides a solution close to the optimum one [12].
This feature arises from the fact that GAs explore the
solution space with a population of chromosomes,
i.e., possible solutions randomly distributed across
the entire solution space. One of the advantages of
GAs is that they require only the evaluation of the
objective function for the optimisation procedure,
without demanding numerical operations, as well as
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diskretnih kakor tudi zveznih spremenljivk v
postopku optimizacije [13].

3 OVERITEV MODELA ZA IZBOR MERILNIH
MESTNA VSANYTOWN

Za uporabo in overitev prikazane metode je
bil izdelan optimizacijski model za najboljSo izbiro
merilnih mest z uporabo GA, ki je poimenovan IMMe.
Samo preizkusanje pa je bilo izvedeno na hidravlicnem
modelu “Anytown®, ki ga je prvi definiral Thomas
M. Walski [14]. Omenjeni model je bil izbran zaradi
njegove razsirjenosti na podrocju preizkusanja
razli¢nih orodij za analizo VS in zasnove, ki vkljucuje
tudi dolocene znacilnosti dejanskih VS. Optimizacijski
model izbire merilnih mest je namenjen dolo¢evanju
merilnih mest, ki bodo sporocali najboljse informacije
v fazi umerjanja izbranih parametrov hidravli¢nega
modela. Koeficienti hrapavosti cevi po Hazen-
Williamsu so bili izbrani kot parametri umerjanja.
Ceprav je v hidravliénem modelu “Anytown* §tevilo
parametrov enako Stevilu cevi (tj. 34 cevi), se lahko
Stevilo parametrov znatno zmanjsa prek zdruzevanja
koeficientov hrapavosti, s ¢imer se je dolocilo pet
skupin (N, =5).

Umerjanje parametrov hidravlicnih modelov,
tj. koeficientov hrapavosti cevi, zahteva
kakovostne meritve hidravli¢nih veli¢in, ki bodo v
najvecji meri podajale zadostno koli¢ino informacij
za u¢inkovito umerjanje [ 15]. Optimizacijski problem
jebil oblikovan na nacin, da doloc¢a najboljsa merilna
mesta za pet neodvisnih ustaljenih hidravlicnih
simulacij, tj. Stirje neodvisni pozarni odvzemi vode
in ob normalni porabi. Ker je skupno $tevilo vozlis¢
N, =16, jenajvecje Stevilo meritev N, = 80 vrstic
(16 vozlis¢ krat 5 obteznih primerov). Izhajajoc iz
teoreticnega ozadja izbire merilnih mest, se tlacna
obcutljivost vseh moznih merilnih mest zapise v
Jacobijevi matriki, ki ima N, = 80 vrstic in N, = 5
stolpcev.

Optimizacija ciljne funkcije (enacba (10)) z
GA se je posebno dobro izkazala v izjemno
kombinatornih problemih, kamor spadata tako
umerjanje kakor tudi izbira merilnih mest [12].
Uporabljeni so bili Simple GA v povezavi z
binarnim kodiranjem kromosomov, sestavljenih iz
16 genov (16 moznih merilnih mest). Populacija 100
kromosomov je bila zaceta in iz nje so se izbirali
starSevski kromosomi z uporabo t.i. “ruletnega
kolesa” ter verjetnostjo krizanja 0,75 in verjetnostjo
pojava mutacije 0,07. Vzpostavitev nove generacije

the possibility of using both discrete and continuous
variables in the optimisation procedure [13].

3 SAMPLING DESIGN MODEL VERIFICATION
FOR AN ARTIFICIAL WDSIN ANYTOWN

For the application and verification of the
presented method, an optimisation model (called IMMe)
for the optimal selection of measurement locations us-
ing GAs was developed. The verification process was
carried out on the Anytown hydraulic model, which
was first defined by Thomas M. Walski [14]. His model
is seen as a benchmarking model for testing various
tools of WDS analysis and implies realistic concepts
of real WDS characteristics. The sampling design
optimisation model was applied to determine the
measurement locations that will provide the most
information for the model's parameter calibration. Pipe-
roughness coefficients according to Hazen-Williams
were selected as the calibration parameters. Although
the Anytown model consists of only 34 individual pipe-
roughness coefficients, their number was seriously
reduced by introducing pipe grouping criteria, which
resulted in five groups (N, = 5).

Calibrating the model parameters, i.e., the
pipe roughness coefficients, requires high-quality
measurements of system variables, which will, to the
largest extent possible, provide sufficient information
for an efficient calibration [15]. The sampling design
optimisation problem was formulated to determine
optimal measurement locations for five independent
steady-state loading conditions, i.e., four indepen-
dent fire flow tests and a normal operation loading
condition. Since the total number of nodesis N, =
16, the maximum number of observations is N, = 80
rows (16 nodes x 5 loading conditions). Following
the theoretical background of the sampling design,
the pressure sensitivity of the possible measurement
locations is expressed by the Jacobian matrix
consisting of N, = 80 rows and N, = 5 columns.

The optimisation of the objective function
(Eq. (10)) by the GA thus proved to be successful in
extremely combinatorial problems, like sampling
design and calibration [12]. Simple GAs were applied
and solutions were presented in binary coding for the
chromosome composed of 16 genes (16 possible mea-
surement locations). A population of 100 chromo-
somes was initialised to perform an evolution chro-
mosome based on a roulette-wheel parent selection
with a probability of 0.75 and a mutation probability
0f 0.07. Full generation replacement with elitism was
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potomcev iz starSevskih kromosomov je potekala
s popolno zamenjavo populacije skupaj s funkcijo
odlicnosti [13]. Poleg opisanega primera Simple
GA so bili za potrebe overitve modela in njegove
uporabe na primeru VS Sezana uporabljeni tudi
ustaljeni GA s celosStevilénim kodiranjem
kromosomov. Ostali parametri GA so ostali enaki
kakor v zgornjem primeru. Pri reSevanju
optimizacijskega problema izbire merilnih mest so
bili uporabljeni tako Simple kakor ustaljeni GA.

Rezultati optimizacijskega postopka so
prikazani na sliki 2, na kateri je prikazana prva ciljna
funkcija F, tj. natanCnosti umerjanja, v odvisnosti
od stevila merilnih mest. Na splosno se lahko podata
dve ugotovitvi, tj. vkljuéevanje dodatnih merilnih
mest povecuje natancnost umerjanja in krivulja ciljne
funkcije /', spremeni nagib. V priCujo¢em primeru se
nagib spremeni med 4. in 5. merilnim mestom, kar
pomeni, da je uvajanje nadaljnjih merilnih mest manj
ucinkovito. Rezultati na sliki 2 so prikazani skupaj s
primerjavo z rezultati modela Kapelan idr. [5], ki so
povzeti iz literature in so namenjeni postopku
verifikacije.

Opravljena overitev modela za izbiro merilnih
mest v obeh primerih uporabe posameznih tipov GA
izkazuje enake rezultate. Ker je obseznost
optimizacijskega problema na dejanskem VS Sezane
prevelika za uporabo Simple GA z binarnim
kodiranjem, bodo uporabljeni le ustaljeni GA v
kombinaciji s celoStevilénim kodiranjem
kromosomov.

applied to create a new generation of offspring chro-
mosomes [13]. Besides the described example of the
Simple GA, also a Steady-state GA with integer coding
were used for model verification for its later use on the
Sezana WDS example. The other GA parameter settings
remained the same as those above. The optimisation
problem of sampling design was solved by using both
Simple and Steady-state GAs.

The results of the optimisation process are
presented in Fig. 2, where the first objective function
F,, i.e., the objective function of the calibration
accuracy, is presented in relation to the number of
measurement locations. In general, two characteristics
can be perceived, i.e., the inclusion of additional
measurement locations results in a higher calibration
accuracy, and the curve of the objective function £,
has a change of slope. In the presented case the slope
changes between the 4th and 5th measurement loca-
tions, which indicates that the introduction of further
measurement locations would be far less efficient. The
results in Fig. 2 are also compared to the sampling
design model of Kapelan et al. [5] by literature review
for model verification purposes.

The performed verification of the sampling
design model shows the same results in both cases of
the use of individual types of GA. Since the application
of the optimisation problem to the real Sezana WDS is
considered to be too large for solving the problem by
the use of the Simple GA with a binary coding, only the
steady-state GA in combination with integer coding
will be applied to the aforementioned case study.
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Sl. 2. Rezultati modela izbire merilnih mest IMMe in primerjava s Kapelan idr. [5]
Fig. 2. Results of "IMMe" model and a comparison to Kapelan et al. "CAO1" model [5]
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4PRIMER VS SEZANA

Overjena metoda izbire merilnih mest je bila
uporabljena na dejanskem VS mesta Sezana, da bi
vzpostavili niza merilnih mest na VS za zbiranje
kakovostnih meritev za razpoznavo parametrov
umerjanja. Uporaba optimizacijskega modela z
uporabo genetskih algoritmov je bila izvedena za
dolo¢evanje merilnih mest tlakov za umerjanje
koeficientov hrapavosti cevovodov pod
neodvisnimi pozarnimi odvzemi vode, tj. odpiranje
hidrantov.

VS mesta Sezana je na Primorskem in oskrbuje
priblizno 5.500 prebivalcev, povprecna poraba pa je
ocenjenana 16,55 I/s. Popoln hidravliéni model VS je
bil vzpostavljen z uporabo ustreznih podatkov
geografskega informacijskega sistema (GIS) in
racunalnisko podprtega nacrtovanja upravljalca
Kraski vodovod Sezana. Postavljeni model sestavljajo
1 vodni vir, 6 vodnih zbiralnikov, 4 ¢rpalke, 696 vozIisc,
738 cevi in 1 znizevalni ventil tlakov. Osrednji oz. mestni
del VS je oskrbovan prek dveh vodnih zbiralnikov, ta
dva sta v blizini prenosnega cevovoda, ki dovaja vodo
naprej na obalno podrocje. Popoln hidravli¢ni model
je bil poenostavljen, tako da je ogrodni model
sestavljalo le Se 132 vozlis¢ in 173 cevi. Oba hidravlicna
modela sta bila grobo umerjena z meritvami pretoka v
cevovodih in ravni vode v vodohranih.

4.1 Oblikovanje problema izbire merilnih mest

Koeficienti hrapavosti cevovodov ogrodnega
hidravlicnega modela so bili razvrsceni po
“ameriskem” kriteriju zdruzevanja [2]. Koncno Stevilo
skupin koeficientov hrapavosti je bilo 48, kar pa bi
posledi¢no privedlo do izjemno velikega Stevila
merilnih mest, potrebnega za resitev inverznega
problema dolocevanja parametrov, tj. umerjanja [ 15].
Nanasajo¢ se na ciljno funkcijo stroskov izvajanja
meritev, lahko ugotovimo, da je mnozi¢no zbiranje
meritev zelo drag postopek. Zato je bilo Stevilo skupin
koeficientov hrapavosti zmanjSamo z uporabo
ohlapnejsih kriterijev, vezanih samo na podatke
materiala in starosti cevovodov, ki so bili najbolj
nezanesljivi. Tako je bilo dolocenih 16 skupin
hrapavosti (N, = 16), kar naj bi omogocalo vzpostavitev
dobro dolocenega problema umerjanja. Za potrebe
dolocitve obcutljivostnih koeficientov za postavitev
Jacobijeve matrike so bile dolo¢ene predhodne ocene
koeficientov hrapavosti za vsako skupino na podlagi
strokovnih ocen in ustreznih preglednic.

4 CASE STUDY OF SEZANA

The verified IMMe sampling design model
was applied to the real-life WDS of the town of
Sezana, to find an optimal set of measurement
locations on the WDS to collect quality
measurements for the identification of model
parameters. To identify the pressure measurement
locations for the calibration of the pipe roughness
values, the multiple independent fire flow loading
conditions, i.e., hydrant flushing, were assessed and
GAs were applied to perform the optimisation task.

The WDS of Sezana is located in the coastal
region of Slovenia, supplying a population of around
5,500 residents, while the average residential and
industrial demand is estimated to be 16.55 I/s. A full-
pipe WDS model was established using the relevant
GIS and CAD data, resulting in a WDS model
consisting of 1 reservoir, 6 tanks, 4 pumps, 696
junctions, 738 pipes and 1 pressure reducing valve.
The inner part of the WDS is supplied through two
tanks, which are located near the transmission main,
delivering water to the coastal region. For the
purposes of the sampling design analysis the full
pipe model was skeletonized to a model of 132
junctions and 173 pipes. Both, full pipe and
skeletonized WDS models were macro-calibrated for
demands using flow and tank level measurements.

4.1 Formulation of the Sampling-Design Problem

Using the sampling design approach on the
skeletonized WDS model, pipe roughness values
were grouped using the "American" grouping
criterion [2]. The resulting number of pipe
roughness groups is 48, which would
consequently lead to a high number of measurement
locations for the inverse problem of parameter
identification, i.e., the calibration [15]. According
to the second objective function, measurement
collection is a costly process. Therefore, the number
of pipe roughness groups was reduced according
to loosened criteria of the pipe material and age,
which were unreliable and sparse. A total of 16 pipe
roughness groups (N, = 16) were created, which
should ennsure a well-posed calibration problem.
The pipe roughness values for each group were
previously estimated using expert judgment and
relevant pipe roughness tables for the purpose of
sensitivity analysis and Jacobian matrix
determination.

Izbor merilnih mest na vodovodnih sistemih - Sampling Design for Water Distribution System 827



Strojniski vestnik - Journal of Mechanical Engineering 52(2006)12, 817-834

Poleg krajev tlacnih meritev je bilo treba
dolociti tudi kraje odpiranja hidrantov, Stevilo
mogocih lokacij je 95 (N, ... = 95) od skupaj 132
vozlis¢. Izvedena je bila obcutljivostna analiza krajev
odpiranja hidrantov, kjer so vozlis¢a najbolj
obcutljiva na povecanje hitrosti v ceveh [ 16]. Skupaj
jebilo dolocenih 14 krajev odpiranja hidrantov (N, ,
= 14), pri katerih se je reSeval problem izbire merilnih
mest za umerjanje koeficientov hrapavosti.

Optimizacijski problem izbire merilnih mest je
bil oblikovan skladno s ciljem dolocitve najboljsih
krajev merilnih mest za umerjanje 16 skupin
hrapavosti cevovodov (N, = 16). Kraji zbiranja tla¢nih
meritev na sistemu so bile omejene na 95 (N, = 95)
mogocih krajev merilnih mest, kjer bodo zbrane
meritve pri 14 (N, . = 14) neodvisnih ustaljenih
obteznih primerih. Izvedena je bila analiza
obcutljivosti tlakov v vozlis¢ih za vse mogoce kraje
merilnih mest in vse obtezne primere za dolocCitev
tlaénih obcutljivosti za 16 skupin hrapavosti
cevovodov. Postavljena je bila ti. “cela” Jacobijeva
matrika za vsa mogoca merilna mesta z N, = 1330
vrsticami (95 vozliS¢ x 14 obteznih primerov) in N, =
16 stolpcev (16 skupin koeficientov hrapavosti
cevovodov). Ker je Jacobijeva matrika edinstvena
matrika za definiran problem izbire merilnih mest VS,
jo je treba le enkrat izracunati pred optimizacijskim
postopkom [5], medtem ko so vse reSitve
optimizacijskega postopka izpeljane iz polne
Jacobijeve matrike.

Resitve postopka izbire merilnih mest so bile
pridobljene z ustaljenim GA skupaj s celostevilcnim
kodiranjem kromosomov, ki predstavljajo indekse
krajev merilnih mest. Kodiranje s celimi Stevili je
dobilo prednost pred binarnim kodiranjem, ker je
primernejSe za reSevanje izbire merilnih mest na
velikih realnih VS [5]. MozZnost ponavljanja ista
merilna mesta v eni in isti resitvi je bila odpravljena z
izbrisom vsakega dodatnega kraja merilnega mesta
iz te reSitve, ¢e bi se le-ta ponavljala. V
optimizacijskem postopku GA je bila uporabljena
skupnost 200 kromosomov z moznostjo krizanja v
dveh tockah kromosoma z verjetnostjo 0,85 in
verjetnostjo mutacije v genu 0,07. Za dolocevanje
funkcije sposobnosti so bile uporabljene naslednje
vrednosti uteznih koeficientov ciljnih funkcij w, =1
in w, =0 ter potenca p = 1. VeCkratni zagoni GA so
bili uporabljeni v optimizacijskem postopku izbire
merilnih mest.

Besides the determination of pressure
measurement locations, hydrant flushing locations
needed to be identified. A total number of 95
NV, ima— 95) out of 132 junctions were identified. A
sensitivity analysis was performed to identify the
hydrant flushing locations, i.e., junctions at which
pipes were most sensitive to increased velocities
[16]. A total of 14 locations (N, , = 14) were
determined, at which the sampling design problem
for the calibration of the pipe roughness values was
solved.

The sampling design problem was formulated
in order to obtain the optimal measurement locations
for identifying a total number of 16 pipe roughness
groups (N, = 16). The pressure data collection loca-
tions were reduced to 95 (N = 95) possible mea-
surement locations, where data could be obtained from
14 (N,,,, = 14) independent steady-state loading
conditions. A pressure sensitivity analysis was
performed for all the possible measurement locations
and all the loading conditions to obtain the pressure
sensitivities of the 16 pipe roughness groups. A full
Jacobian matrix was written with N, = 1330 rows (95
nodes % 14 loading conditions) and N, = 16 columns
(16 pipe roughness groups). Since the Jacobian matrix
is a unique matrix for a defined sampling design
problem of a WDS it has to be calculated only once
prior to the optimisation process [5], while the
estimations on sampling design solutions are derived
from the full Jacobian matrix.

The sampling design solutions were
obtained using a Steady-State GA together with
integer coding of the chromosomes, which in turn
represent the IDs of the measurement locations.
Integer coding was preferred to binary coding since
integer coding is more suitable for large, real-life
sampling design problems [5]. The possibility of
repeated measurement locations in one sampling
design solution was handled with the exclusion of
all the additional measurement devices at one and
the same measurement location. In the GA search
process a population of 200 chromosomes was used
with a two-point crossover probability of 0.85 and a
gene mutation probability of 0.07. The weighting
coefficients w, = 1 and w, = 0, and an exponent of p
= | were used to evaluate the fitness function. Trivial
solutions (with N =0 and N =95) were excluded and
multiple GA runs were performed to identify non-
trivial sampling design solutions.

828 Banovec P. - Kozelj D. - Santl S. - Steinman F.



Strojniski vestnik - Journal of Mechanical Engineering 52(2006)12, 817-834

M

09
038 - //
07

wl A

Ciljna funkcija F1 / Objective function F*

—e— IMMe
0.5
0.4 F1=0.646
N =13
03
0.2
0.1
0 R RRERERREEE R R A AREE:
- © ® ® N — 1V O ©® N~ L O O N - DO ® N~ T 1 O o
- - N8 N N ® ® + ¥ O 1 © © © N N ©o © © O

Stevilo merilnih mest N / Number of measurement locations N

Sl. 3. Rezultati izbora merilnih mest modela IMMe v VS Sezana
Fig. 3. Results of IMMe sampling design model on WDS of Sezana

4.2 Rezultati izbire merilnih mest VS Sezana

Pri izbiri merilnih mest se doloca razmerje med
prvo in ciljno funkcijo z uporabo uteznih
koeficientov w, in w,. Ker je razmerje uteznih
koeficientov tezko natan¢no dolociti, se lahko v
postopku uporabi stalno Stevilo iskanih merilnih
mest. Zato je bil izbran utezni koeficient w, = 0. Z
uporabo celostevilénega kodiranja vseh mogocih
merilnih mest (indeksacija) in z dolocitvijo dolzine
kromosoma z zelenim §tevilom merilnih mest je
mozno to¢no dolociti najboljSa merilna mesta.
Rezultat takSnega postopka je diagram na sliki 3, ki
pomeni natanénost umerjanja parametrov (prva
ciljna funkcija) v odvisnosti od dolo¢enega Stevila
merilnih mest (druga ciljna funkcija).

Na sliki 3, ki prikazuje natanénost
umerjanja parametrov, tj. prvo ciljno funkcijo, je
razvidno strmo naraScanje funkcije F, do 13
merilnih mest. Zatem se z dodajanjem Stevila
merilnih mest rast funkcije F, upocasni, kar
pomeni, da vsako dodano merilno mesto prispeva
manj “informacije” k natan¢nosti umerjanja
parametrov. Optimizacijski model podaja
potrebno pomo¢ pri dolo¢evanju razporeditve
merilnih mest po VS. Rezultati s slike 3 so lahko
pomo¢ v dveh primerih odlocanja: (a) ¢e je
vnaprej izbrana natannost umerjanja
parametrov, ki jo Zelimo doseci v samem postopku
umerjanja, lahko ugotovimo koliko merilnih mest
je potrebnih; (b) ocenimo kak$no natanc¢nost
umerjanja lahko pricakujemo pri izbranem stevilu

4.2 Results of the Sampling Design Case Study -
WDS of SeZana

The sampling design problem deals with the
trade-off between the first and the second objective
functions using the weighting coefficients w, and w,.
Since such a trade-off and the corresponding weights
are hard to correctly identify, it is preferable to apply
the search process for a fixed number of measurement
locations; therefore, w, = 0. Using integer coding of
all the measurement locations and a chromosome
length equal to the number of desired measurement
locations, it is possible to correctly identify a sampling
design solution within those constraints. The result
of such a search process is a diagram of the calibration
parameter accuracy (the first objective function)
against the number of measurement locations (the
second objective function), and is shown Fig. 3.

Fig. 3 shows that the calibration parameter ac-
curacy, i.e., the objective function 1, rapidly increases
until it reaches a total of 13 measurement locations.
Later, the slope rises more slowly, indicating that every
additional measurement location adds less "informa-
tion" to the calibration parameter accuracy. The
optimisation model provides the necessary support in
determining how the selected number of measurement
locations is to be distributed across the WDS. There
are two ways to interpret the results from Fig. 3: (1) one
can determine in advance what level of calibration
parameter accuracy is desirable for the calibration
process, and through that the number of measurement
locations can be identified; (2) the level of calibration
parameter accuracy can be estimated from a certain
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Preglednica 1. Rezultati izbire merilnih mest za primer VS Sezane

Table 1. Results of sampling design for WDS of Sezana

Ciljna funkcija .
Objelctive funcjtion (B vl 1 idedle D

F, N 13141142[145(49]50]|52|55]|67]68]70]83]90]97]98]99(112{114]117(118[119]132
0.502 10 1 11 1] 1 111 1 11111
0.556 11 1 11111 1 111 1 11111
0.608 12 1 11111 1 111 111 11111
0.646 13 111 11111 111 111 1 11111
0.671 14 11111 11111 111 111 1 11111
0.693 15 11111 11111 111 11111 1 11111
0.712 16 11111 11111111111 11111 1 11111
0.731 17 1111111 111111111171 11111 1 11111
0.748 18 111111 11111111 1(1 111111111 11111
0.764 19 1111111 1111111111101 111111111 11111
0.777 20 0 A T T O I 111111111 11111
0.789 21 0 1 e e Y I A 1{1]1
0.800 22 0 A T N O e [ e e [ e e I I

merilnih mest oziroma razpolozljivi merilni opremi.
Konc¢ni rezultat je dolocitev najboljsih merilnih mest
z uporabo GA. Optimizacijski rezultati s slike 3
so lo¢eno podani v preglednici 1, kjer so
prikazana najboljsa vozlis¢a za izbrano Stevilo
merilnih mest. V preglednici 1 je podan le delez
celotnih resitev optimizacije in predstavlja resitve
za 10 do 22 merilnih mest, tj. dolocitev vozlis¢,
kjer bo namescena merilna oprema.

Metodologija izbire merilnih mest modela
IMMe sloni na vrednotenju tlaénih obcutljivosti
na spremembe parametrov umerjanja, zato je
primerno postaviti vprasanje tlacnih obcutljivosti
in merilnih mest [8]. Vsota tlacnih obcutljivosti
posameznih merilnih mest, ki je podana na sliki 4,
prikazuje, da vecja ko je tlacna obcutljivost
vozli§ca, bolj je vozlis¢e primerno, da postane
merilno mesto. Kot primer bo obravnavano
vozlisée 99, ki ima veliko tlacno obcutljivost pri
spremembi parametrov umerjanja in je blizu
odvzema pozarne vode, kar povzroca povecane
pretoke in s tem tudi hidravli¢ne izgube, poleg tega
pa je tudi oddaljeno od vodnih virov. Izsledki, ki
izhajajo iz predhodnih ugotovitev, so v skladu z
ugotovitvami drugih raziskovalcev ([5] in [6]), ki
trdijo, da naj se tlaéne meritve zbirajo blizu vozlis¢
z veliko porabo (odjemom) in naj bodo na obrobju
VS, dale¢ pro¢ od vodnih virov.

Doloc¢evanje najboljSih N merilnih mest z
uporabo kriterija obcutljivosti posameznih
merilnih mest ni vedno tudi najboljSe za
dolocevanje skupine N-1 merilnih mest [6].
Upostevanje nacela nalaganja v tem primeru lahko
vodi v napacne razlage, ¢e upostevamo povezavo
med parametri umerjanja ob izracunu prve ciljne
funkcije.

830

number of available measurement locations, e.g., the
measurement equipment that can be installed. The final
result is an optimal set of measurement locations obtained
within the GA search process. The optimisation results
inFig. 3 are directly related to Table 1, where optimal sets
of measurement location IDs are given. Table 1 is just a
segment of the entire sampling design results and
presents solutions from 10 to 22 measurement locations,
i.e., the table determines the node IDs where the
measurement devices are to be placed.

The sampling design methodology of the
IMMe model is based on quantifying the pressure sen-
sitivities to the calibration parameter changes; there-
fore, the pressure sensitivities and measurement
location selection should be addressed [8]. Fig. 4 shows
briefly the sums of the pressure sensitivities at
individual measurement locations, just to indicate that
the higher the node sensitivity the better the node is
suited to being selected as a measurement location.
The case of node 99, with the high pressure sensitivity
for all the calibration parameters changes, situated near
the fire flow discharges, which causes high flows and
thus large hydraulic losses, is also quite remote from
the water sources. This behaviour is also in agreement
with the general findings by different researchers ([5]
and [6]) stating that pressure measurements should be
collected near the high consumption nodes and on the
margin of the WDS far away from the water sources.

Determination of an optimal set of N
measurement locations by using the sensitivity criterion
for a certain measurement location is not always optimal
for determining the set of N-1 measurement locations
[6]. Using the superposition principle could be mis-
leading if the correlation between the calibration
parameters becomes significant when calculating the
first objective function.
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I1zjavo lahko podkrepimo kar z rezultati izbire This case can be underlined by examining
najboljsih merilnih mest iz preglednice 1 in tla¢nih the sampling design results from Table 1 and the
obcutljivosti s slike 4. Zanimiva primerjava z vidika pressure sensitivities from Fig. 4. From the point of
tlacnih obcutljivosti je med vozlis¢ema 99 in 112. S view of the pressure sensitivity of the measurement
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slike 4 je razvidno, da izkazuje vozlis¢e 99 precej
vecéjo tlacno obcutljivost kakor vozlisée 112,
medtem ko je mogoce iz preglednice 1 razbrati, da je
vozlis¢e 112 najboljSe merilno mesto v primeru N=
12, medtem ko se vozlisc¢e 99 ne uvrséa v najboljsi
niz merilnih mest. Nacelo nalaganja merilnih mest
se izkaze za napacno, saj se vozlis¢e 112 ne pojavlja
v nobenem od naslednjih petih naborov najboljsih
merilnih mest. Obstaja ve¢ razlogov za omenjene
razlike, ki pa imajo odloc¢ilen vpliv na izbiro merilnih
mest: (a) razvr§¢anje parametrov umerjanja, (b)
hidravlicne razmere, ki jih povzrocijo pozarni
preizkusi in povecane hidravlicne izgube, (c) blizina
vozlis€a 112 vozlis¢u s povecano porabo in (d) vpliv
topologije omrezja. Pri razlagi primera N= 12 merilnih
mest prispevajo vozlis¢a 112 in preostala izmed
najboljsih merilnih mest vecjo natan¢nost umerjanja
parametrov, kakor to izkazujejo njihove posamicne
tlacne obcutljivosti. Opazovana lastnost izhaja iz
povezave med koeficienti Jacobijeve matrike, ki
doloca strukturo najboljsih merilnih mest glede na
najvecjo natanc¢nost umerjanja parametrov
hidravlicnega modela.

Prostorska porazdelitev najboljsih 13
merilnih mest, podanega z vozIis¢ ID, je prikazana
nasliki 5. Od 14 leg povecanega odvzema je bilo za
namestitev merilne opreme izbranih samo pet
vozli§¢, medtem ko je preostalih 8 razporejenih
drugod po VS Sezane. Z upostevanjem dejstva, da
najve¢ “informacije” podajo prav vozlisca s
povecano porabo, obravnavani primer dokazuje, da
to le delno drzi. Glede na dejstvo, da so se koeficienti
hrapavosti cevi razvrstiti glede na podane kriterije,
so najboljsa merilna mesta dolocena na krajih, kjer
bodo meritve zagotavljale najvec¢ “informacij” za
¢im vecjo natan¢nost umerjanja koeficientov
hrapavosti cevi.

5 SKLEPI

Razvoj, overitev in uporaba racunalniskega
optimizacijskega modela IMMe za najboljso izbiro
merilnih mest z uporabo GA so bili uspesni.
Metodologija izbire merilnih mest uposteva lastnosti
obcutljivostne matrike, ki je dolocena s strukturo
parametrov umerjanja, hidravlicnimi razmerami ob
zbiranju meritev, hidravliénimi veli¢inami, ki se merijo,
in kraji zbiranja meritev. Optimizacijski problem izbire
merilnih mest je doloc¢en z dvema kriterijema, in sicer
najvecje natancnosti umerjanja in najmanjsega Stevila
merilnih mest. Uporaba GA v postopku izbora

locations, a comparison of the nodes 112 and 99 is
interesting. As can be seen from Fig. 4., node 99 has a
much higher pressure sensitivity than node 112, while
Table 1 in turn shows that node 112 presents the optimal
measurement location in the case of N = 12, when
node 99 is not selected. Differences to the superposition
principle arise because node 112 does not occur in any
of the following five sets of optimal measurement
locations. There could be several reasons for the
mentioned differences, all having a decisive impact on
the sampling design: (a) calibration parameter grouping,
(b) hydraulic conditions caused by the fire flow tests
and its increased head losses, (c) proximity of node 112
to a node with increased consumption, (d) influence of
network topology. When considering N = 12
measurement locations, node 112 and others from the
optimal set contribute to a higher calibration parameter
accuracy due to the first objective function, regardless
of the individual pressure sensitivities. This property
can be observed because of the correlation of the
coefficients of the sensitivity matrix, which indicates
that the optimal measurement locations are those which
contribute the most to the identification of the calibration
parameters.

The resulting node IDs for the 13 most
informative measurement locations from Table 1 are
presented in Fig. 5. Out of 14 hydrant flushings only
5 measurement locations correspond to the same
location, while the remaining 8 are located elsewhere
throughout the WDS. When referring to the fact
that measurement data provides the most
"information" at locations of high discharge, the
presented case study shows this is only partly true.
Optimal measurement locations were placed at
positions where measurements provide most
"information" for calibrating those parameters, i.e.,
the calibration grouped pipe roughness coefficients.

5 CONCLUSIONS

The development, verification and application
of the optimisation model called IMMe for optimal sam-
pling design by using GAs were successful. The
sampling design methodology takes into account the
properties of a sensitivity matrix determined by the
structure of the calibration parameters, the hydraulic
conditions during measurement collection, the
hydraulic quantities measured, and the measurement
locations. The optimisation problem of the sampling
design is determined by two criteria, i.e., on the
maximisation of the calibration accuracy and on the
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najboljsih merilnih mest hidravlicnega modela
Anytown se je izkazala za zelo ucinkovito. Po
opravljeni overitvi je bil model IMMe uporabljen na
dejanskem VS Sezana, kjer so bila dolo¢ena najboljsa
merilna mesta za umerjanje koeficientov hrapavosti
cevovodov. Nadaljnje raziskovalno delo naj bi bilo
usmerjeno v doloCitev ustreznejSega zapisa druge
ciljne funkcije, ki bi bila izrazena oziroma odvisna
neposredno od stroskov izvajanja meritev, hkrati pa
tudi v vrednotenje uporabe metodologij na dejanskih
VS.
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minimisation of the number of measurement locations.
The use of GAs in the sampling design procedure on
the artificial hydraulic model of Anytown proved very
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locations were obtained for the pipe roughness
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appropriate expression for the second objective
function, which would be directly dependent on the
measurement costs and, in parallel research, on other
assessments of the sampling on the WDS.
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