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Abstract:

Purpose — The chaotic growth of cities results in numerous problems related to public health and urban
environment. One of these problems is the crisis in urban water supply systems. The objective of this paper
is to develop a mathematical model for the water supply system crisis in urban environment (WSC) able to
tackle with the ambiguity of the real available data.

Design/methodology/approach — The applied methodology comprises the following steps: (1) identification
of the influencing factors in WSC; (2) proposal of a conceptual model for WSC description; (3) gathering
and simulation of the necessary and available data; (4) optimization of the conceptual model parameters;
and (5) verification of the proposed model performance.

Findings — The results indicated that there is a great amount of influencing factors in WSC (showed in
the complete text); the conceptual model that was developed is composed by two others partial models (
WSC = WC — WA). Thefirst partial model explained the water consumption (WC = fii.c (fiycrs oo s fiven )
and the second partial model explained the water availability (WS = fiys(fiys1s -+ fiysn)), in which
functions fyreys s fiyen are related to influencing factors in water consumption (i.e. temperature, relative
humidity, rainfall, revenues collected, unemployment indicator), and functions fiys1s -+ fiysn are related to
the influencing factors in water availability (i.e. total water-loss, intermittence in water supply system). The
proposed conceptual model has showed good agreement to the simulated data.

Originality/value — The paper is among the first works to describe a WSC model and to analyze the
possibility of applying fuzzy logic to deal with the ambiguity of the real data. The water supply crisis in

urban environments was adequately modelled.

Keywords: Water crisis, Water scarcity, Water vulnerabilities, Fuzzy Logic, Water consumption, Water
demand
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1. INTRODUCTION

According to data from World Meteoro-
logical Organization, the global consumption of
water increased more than six times in less than a
century, more than the double of the rate of pop-
ulation growth and continues to grow with the in-
creasing consumption by agricultural, industrial
and domestic sectors (Freitas and Santos, 1999).
Such data allow the conclusion that in the com-
ing years the global situation of water reserves will
tend to crisis, both in quantitative and qualitative
aspects, if adequate water management actions are
not be taken. More recently, it has been observed
the existence of water supply system crisis in ur-
ban environment (WSC), context characterized
by water scarcity and by damage for the environ-
ment and for the population health, especially
among poor populations. As human populations
continue to grow, these problems are likely to be-
come more frequent and serious. One example is
the case of New York City's water supply, which
is facing a crisis. The social and economic devel-
opment of New York City since the 1970s led to
a sudden crisis in the city's water supply system
in the 1990s (Gandy, 1997). Other examples also
were reported, like in Palestine, where a case of
WSC has been observed caused mainly by the
inadequate access to freshwater resources and its
inappropriate management (Zahra, 2001). The
Tijuana city, in Mexico, has shown the highest
rates of economic growth in the country, resulting
in a rapid increase of water demand and a conse-
quent appearance of a WSC (Fullerton Jr. et al.,
2007). In Brazil, the Campina Grande city faced,
in the period 1998-2000, a WSC caused by severe
periods of drought and the complete absence of
management of freshwater resources (Régo ez al.,
2001). This WSC lead Campina Grande city to
serious water rationing with duration of one year.
This is not a unique case in Brazil, since it has
been observed frequent water rationing in Recife
and Sio Paulo cities (Tucci ez /. 2000). In the
Brazilian Federal District, the accelerated non-
planned urbanization and changes in land are
causing a strong impact over water resources. The
local water supplier predicts that, as soon as 2010,
water demand will exceed the systems capability
of water supply (IWAS, 2009).

Mathematical modeling is a well-known tool
for management of the freshwater. However, when
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considering WSC, there are some limitations of
the conventional mathematical modeling that
are related to vague and ambiguous data (e.g.
real water-loss, real available water, setting water
tariffs, among others). The objective of this
paper is to develop a mathematical model for the
water supply system crisis in urban environment,
dealing with this ambiguity and uncertainty of
the real data.

2. METHODOLOGY

The methodology of this work comprised
the following steps: (1) identification of the in-
fluencing factors in WSC; (2) proposal of a con-
ceptual model for WSC; (3) data gathering and
data simulation; (4) optimization of the proposed
conceptual model parameters; and (5) assessment
of conceptual model performance.

For step (1), a survey was conducted on the
literature related to WSC management. For step
(2) the definition of WSC present in the litera-
ture was taken and the fuzzy nonlinear program-
ming was used (Motiee er al., 2001; Thakre ez
al., 2009). In this paper, an overview of the basic
concepts of fuzzy mathematical programming is
required. In general, a fuzzy set initiated by Za-
deh (1965) can be summarized as follows. Defi-
nition 1: a subset A of a set X is said to be fuzzy
set if pry: X — [0,1], where i, denote the degree
of belongingness of A in X. Definition 2: a fuzzy
set A of set X is said to be normal if p,(x) = 1,
¥ x € X. Definition 3: the height of 4 is defined
and denoted as h(4) = suppu,, ¥V x € X. Defini-
tion 4: the a-cut and strong a-cut is defined and
denoted respectively as @, = {x/p,(x) = aj,
ﬂ; = {x/p,(x) = a}. Definition 5: let &, b be
two fuzzy numbers, their sum is defined and denot-
cd a5 fap5(z) = up min,— s (g (), 15 (v},
where 0 = A € R. Definition 6: if a fuzzy num-
ber @ is fuzzy set A on R, it must possess at last
following three properties: ()py(x) =1; (i)
{x € Rfus(x) = a} is a closed interval for
every oo € (0,1]; (iii) {x € R/pz(x) = 0} is a
bounded and it is denoted by [a}, af]. Theo-
rem 1: a fuzzy set A on R is convex if and only if
pal(Axey + (1= Dxy) = minfp, (xy) pa(x,)],
for all x4,%, € X and for all A € [0,1] where min
denotes the minimum operator. Theorem 2: let @
be a fuzzy set on R, the @ € f(R) if and only psz
satisfies (equation 1):
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1, forx€[mn]
palx) =4 L(x) forx<m

R(x) for =n (1)

where L(x) is the right continuous mono-
tone increasing function, 0 < L(x)< 1 and
lim, .. L(x) =0, R(x) is a left continuous
monotone decreasing function, 0 < R(x) = 1
, and lim, .. R(x) = 0. As examples of mem-
bership functions for a fuzzy number 1, such as
approximately m = 10, a triangular membership
function (equation 2) and a bell-shaped member-
ship function (equation 3) is widely used.
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Such membership functions are illustrated
in Figure 1 and 2. More information about fuzzy
mathematical programming is available in the lit-
erature (Slowinski and Teghem, 1990; Sakawa,
1993; Peraei et al., 2001; Cao, 2002; Thakre ez
al., 2009).
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Figure 1 — Fuzzy number 11, triangular membership function
Figure 2 — Fuzzy number 11, bell-shaped membership function

For the third step (step 3), a case study was
simulated in Brazil, more precisely in Federal Dis-
trict, taking into account predictions made by
some researchers. The necessary data were gath-
ered from the Brazilian Federal District’s water
supplier and sanitation company (CAESB), from
the National Institute for Meteorology (INMET)
and from the Brazilian Federal Districts Gov-
ernment (GDF). The simulation was conducted
assuming the hypothesis of significant increase
in the water consumption in coming years and
managerial and political stagnation of the water
supplier and sanitation company. The time series
analysis refers to the last three years. The period
for model calibration was considered for two years
(2007-2008) and the verification period is con-
sidered for one year (2009). Data were normal-
ized prior to optimization of conceptual model
parameters. This was done to restrict their range
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within the interval of —1.0 to +1.0, in order to
eliminate the difference among scales measuring
the influencing factors, according to equation 4:

_2x (% max — Xg)

Xmax ~ Xmin (4)

nerm

where x is the normalized value, x is the origi-
nal value, x is the maximum value and x _ is the
minimum value. For step (4), the minimization
of the sum of squared errors and the Differential
Evolution & Particle Swarm Optimization algori-
thm (DEPS) was employed, using the spreadsheet
from Open Office (Calc-Solver). In step (5), some
tests used to model performance assessment were
proposed, among them, the correlation coefficient
(r), the determination coefficient (R?), the average
absolute relative error (AARE) and graphic obser-

ved values versus estimated values.
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3. RESULTS AND DISCUSSIONS
Table I shows the influencing factors in the WSC.

Table I — Influencing factors in the WSC

Item | Influencing factors

1 Population growth rate > '»!>17:19,20,27. 31

2 Human population density '» 713!

3 Socio-economic leve] ©% 10121719, 30, 32

4 Education level »*

5  Industry level #1719 2732

6  Ambient temperature >3 !0 1113, 15,19, 30,32

7 Relative humidigy ' 1131519, 30,52

8 Ralnfall 2,3, 10,11, 13,15, 19, 21, 30, 31, 32

9 SCaSOHality 1,3,4,9,13, 15,19, 22, 27, 30, 32

10 Size and topographic characteristics of the city '* %"

11 DPercentage of water metering > ' 2% 32

12 Water tariffs 2,7,8,9,11, 16, 18, 23, 28, 29, 30, 32

13 Type of water tariffs policies 7% 1 16 18,23, 28,29, 32

14  Existence of wastewater collection systems #

15  Human Development Index '3

16  Pressure in the water distribution network > 32

17  Existence of conservation habits & '>

18  Number / type of hydro-sanitary equipment per household - 1426.28,29.52
19  Constructed Area per household

20 Number of rooms '

21 Abundance or scarcity of water sources &> 223132

22 Water-loss > %

23 Social representation and identification of each family "¢ 1
24  Existence and type of municipal water resources policy ' %
25 Acceptance of the population to water conservation and rational use actions *
26 Typology of land use '

27 Type of consumers '

28  Type of municipality '*3*

29  Predominant function of urban environment *

30  Existence of policies to promote water conservation '

31  Intermittence in water supply system

32 Energy consumption %3

33  Existence of regulatory policy on water consumption '¢%
34  Existence of environmental education program >'¢%

35  Dissemination of the belief: water is an inexhaustible resource and low-priced ©

Source: ! Keshavarzi et al. (2006); ? Fullerton Jr et al. (2007); > Cochram and Cotton (1984); 4 Schindler and Donahue (2006); > Morais and
Almeida (2006); ¢ Corral-Verdugo (2003); 7 Savenije and Van der Zaag (2002); ® Rogers et al. (2002); ° Tillman ez al. (2005); '° Lépez-Paredes et
al. (2007); ' Athanasiadis ez al. (2005); 12 Froukh (2001); ' Lertpalangsunti ez al. (1999); 4 Albuquerque ez a/. (2008); > Mahabir ez /. (2003);
' Hoag (1992); '7 Altunkayank ez 4/. (2005); '8 Melo and Jorge Neto (2007); ' Qin et al. (2008); *° Pinto and Araujo Neto (2009); *! Miranda
and Fill (2009); 22 Cardoso and Bordigon (2009); 2 Acselrad e /. (2009); > Belem (2009); »* Galvio (2007); 2 Sim et a/. (2005); ¥ Motiee et al.
(2001); 2 CUWA and A&N (2004); 2 Mitchell and Cubed (1997); % Silva ez al. (2008); *' Chakrabarti (2001); 3> Fernandes Neto ez a/. (2004)
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The WSC has appeared as an inadequate ra-
tio between water consumption and water supply
(Motiee et al., 2001). The water consumption and
water available are vague and ambiguous terms, be-
cause are dependent of haziness measures, qualita-
tive factors, scarcity data and low-quality data (Sim
et al., 2005). Some of these factors were considered
in this paper, the faulty water metering, the impre-
cise value of the average pressure in the water distri-
bution network and the imprecise value of water-
loss in water supply system. A fuzzy mathematical
model of the WSC'is written as (equation 5):
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where WC is a fuzzy mathematical model that
represent the average value of the water consump-
tion and W is a fuzzy mathematical model that
represent the average value of the water supply.
The membership functions for the fuzzy num-
bers WC and WS are approximately equal to the
observed values of water consumption and water
supply, following a triangular membership func-
tion as shown in Figures 3 and 4.
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Figure 3 — Fuzzy number for water consumption
Figure 4 — Fuzzy number for water supply

For mathematical representation of the WC,
a fuzzy mathematical model was proposed con-
sidering some influencing factors in water con-
sumption: the ambient temperature, the relative
humidity, rainfall, collected revenues, unemploy-
ment indicator, and average pressure in the water
distribution network. The WC model was based
on some assumptions, as follows: the existence
of a non-linear relationship among the influenc-
ing factors, the existence of a haziness of 10% in
observed values of water consumption (error of
household’s water meter), the increase of the wa-
ter consumption with the increase of the ambi-
ent temperature, the existence of a relationship
between relative humidity and the rainfall, the
reduction of water consumption with the increase
relative humidity, the increase of the water con-
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sumption with the increase of the revenues col-
lected, the reduction water consumption with the
increase of the unemployment indicator, the in-
crease water consumption with the increase of the
average pressure in the water distribution network
and the existence of a haziness of 5% in observed
values of the average pressure in the water distri-
bution network. Likewise, a fuzzy mathematical
behavior of the WS was proposed, considering
as influencing factors the total water-loss in wa-
ter supply system and the intermittence in water
supply system. The W5 model was based on the
following assumptions: the existence of a non-
linear relationship among the influencing factors,
the existence of a haziness of £10% in observed
values of the water supply (error of waterworks’
water meter), the reduction of the water supply
with the increase of the intermittence in water
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supply system, the reduction of the water supply
with the increase of the total water-loss in water
supply system and the existence of a haziness of
+10% in observed values of the total water-loss.
All assumptions made are according to previous
research (Lertpalangsunti ez al., 1999; Froukh,
2001; Fernandes Neto er al., 2004; Sim et al.,
2005; Fullerton Jr ez al., 2007). The equations 6
and 7 compose the proposed model:

rhtrf

W = o+ 57— B + B3 — B+ BT )

WS = g, — g3 —

3 (7)
1.2
1.0
0.8

0.6

0.4

Degree ofbelongingness (|0
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DD T T T 1
45 50 L 60 Gh
Water metwork presure (mH20)

where 8, B,,..., B, are parameters, #p is the ambi-
ent temperature, 74 is the relative humidity, 7fis
the rainfall, 7c is the amount of collected revenues,
ui is the unemployment indicator, ¥ is the aver-
age pressure in the water distribution network, wi
is the total water-loss in water supply system and
ic is the intermittence in water supply system. The
membership functions for the fuzzy numbers p7
and wl were considered approximately equal to
the observed values of the average pressure in the
water distribution network and total water-loss in
water supply system, following a pattern of a tri-
angular membership function as shown in Figures
5 and 6. The gathering and simulated data and its

respective descriptions are shown in Table II.
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Figure 5 — Fuzzy number for pressure in the water distribution network
Figure 6 — Fuzzy number for total water-loss in water supply system

Table II — Gathering and simulated data

Gathering and simulated data Average * sd* Symbol Unit Data source
Water consumption 14,381.2 £773.8 Wt x 10> m®.month™! Simulated
Water supply 15,234.0 + 325.3 ws x 10°> m’. month'  CAESB **
Ambient temperature 21.1£1.15 1p °C INMET **
Relative humidity 67.83 £ 10.10 rh % INMET **
Rainfall 113.21 £82.26 f mm.month! INMET **
Collected revenues 681.70 £ 41.05 ra million R$.month?  GDF **
Water distribution network pressure 54.63 £ 6.62 vr mH20 Simulated
Unemployment indicator 16.85 £ 1.13 ui % GDF
Total water-loss in water supply system 18.99 + 4.41 wi % Simulated
Intermittence in water supply system 35.32£6.95 ic hours.month Simulated
* sd is the standard error; ** availability of data on the Internet, partially simulated
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Equations 8 and 9 show the results of the
optimization of the parameters in the proposed
conceptual model when applying the previously

WC = —0.9859 + 12350 — 1.4188™#7f + 0.8302"° — 1.4983% + 1.46207"

described data normalized according to the Equa-
tion 4. Table IIT and Figures 7, 8,9, 10, 11 and 12
show the results of the model performance.

(8)
W5 =~ 21550 — 1,7744w! — 1 48109ic 9)
Table III — Results of calibration and verification of models
Calibration Verification
Models r R? AARE r R? AARE
Water consumption - Wt 0.8777 0.7704 7255 0.5994 0.3593 127.80
Water supply - WS 0.9755 0.9516  45.05 0.9412 0.8858 69.93
L 25 - L 25 -
g z
5 5
= 1.5 1 = 1.5 1
E R*=0.7704 E R*=0.3853
z o z
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Figure 7 — Calibration WC model
Figure 8 — Verification WC model
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Figure 9 — Calibration W5 model
Figure 10 — Verification W5 model
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The calibration and verification results
indicated that the proposed conceptual model
has shown good agreement to the gathered and
simulated data, when considering some previous
research. For instance, a study on water demand
developed in Oklahoma and Tulsa cities, Okla-
homa State, USA, resulted in a statistical model
to explain water demand with R* range within
the interval of 0.140 a 0.920 (Cocharn and Cot-
ton, 1984). In a household water demand study
in the northwest of Spain, price, billing, climat-

ra
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—0— WC-0bs. WC-Est.
WE-Obs. WS-Est.

Watervolume
.
(%]

05 ;X J'.
05 _M . i
v
1.5 1
Obs. isvalue obsened
Est. is value estimated
-25

Jam Abr Jul Out Jan Abr Jul Out
Period studied

ic, and sociodemographic variables were used as
explanatory variables and the results showed a
R? range within the interval of 0.198 a 0.891
(Martinez-Espifieira, 2002). Another study with
the objective of predicting future water con-
sumption from Istanbul city, Turkey, was devel-
oped, using the Takagi Sugeno Fuzzy method for
modelling monthly water consumption, and the
overall prediction presented an average absolute
relative error less than 10% (Altunkaynak ez al.,
2005).
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Figure 11 — Calibration WC and WS model
Figure 12 — Verification WC and W5 model

In another regional water study, the case of
Tijuana city, in Northwestern Mexico, the pur-
pose was to analyze monthly water consumption
dynamics, and the empirical estimation results
were considered fairly satisfactory with the R*
range from 0.4582 to 0.5932 (Fullerton Jr ez al.,
2007).

4. CONCLUSIONS AND
RECOMMENDATIONS

4.1 CONCLUSIONS

It can be concluded that the water sup-
ply system crisis in urban environment was ad-
equately modeled, the ambiguity and the lack of
precision of the available real data was acceptably
managed, and the fuzzy approach has been dem-
onstrated to be adequate to the problem studied.
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The conceptual model developed in this research
can contribute to the water conservation in urban
environment, being an important tool for water
resources planning.

4.2 RECOMMENDATIONS

The ambiguity and haziness index of the
real data should be considered in next studies. In
the future, more influencing factors in water crisis
should enter in the model being developed, in or-
der of improving prediction results.

ACKNOWLEDGEMENTS

The authors would like to express their
gratitude for the financial support from the Bra-
zilian agencies CNPq (project No. 556084/2009-
8), CAPES and DPP-UnB.

53



REFERENCES

Acselrad, M.V., Johnsson, R.M.E, Santos,
M.R.M,, Pereira, L.EM. (2009), “O processo de
implementagio da cobranga pelo uso da dgua no
estado do Rio de Janeiro (2004-2009)”. in Pro-
ceedings of the XVIII Simpdsio Brasileiro de Recursos
Hidricos. Campo Grande, Brasil, ABRH, Campo
Grande.

Albuquerque, T.M.A., Ribeiro, M.M.R., Vieira,
Z.M.C.L. (2008), “Andlise multicriterial de alter-
nativas tecnoldgicas para redu¢ao do consumo de

dgua’. Revista ABRH, Vol. 13 No. 4, pp. 99-110.

Altunkaynak, A., Ozger, M., Cakmakci, M.
(2005), “Water consumption of Istanbul City by
using logic fuzzy”, Water Resources Management,

Vol. 19, pp. 641-54.

Athanasiadis, I.N., Mentes, A.K., Mitkas, P. A.,
Mylopoulos, Y.A. (2005), “A hybrid agent-based
model for estimating residential water demand”,

Simulation, Vol. 81 No. 3, pp. 175-87.

Belem, M.G. (2009), “A cobranga da dgua bru-
ta no setor de saneamento’. in proceedings of the
XVIII Simpdsio Brasileiro de Recursos Hidricos.
Campo Grande, Brasil, ABRH, Campo Grande.

Cao, B-Y. (2002), Fuzzy geometric programming,
Kluwer Academic Publishers, Netherlands.

Cardoso, E., Bordignon, N.J. (2009), “O desafio

para garantia do abastecimento puiblico em situa-

¢oes de estiagem em municipios abastecidos por

mananciais em pequenas bacias hidrogréficas: O

caso de Sao Bento do Sul — SC”, in proceedings of
the XVIII Simpdsio Brasileiro de Recursos Hidricos.

Campo Grande, Brasil, ABRH, Campo Grande.

Chakrabarti, PG.D. (2001), “Rooftop rain water
harvesting — an alternative technology for fresh
water augmentation in chronically deficient urban
agglomerates of India” in symposium of the Frontiers

in urban water management: Deadlock or hope? in
Marseille, France, UNESCO, Marseille, pp. 191-9.

Cochram, R., Cotton, A. (1984), “Municipal

water demand study Oklahoma city and Tulsa
Oklahoma”, Oklahoma water resource board. avail-

54

able at: http://www.owrb.ok.gov/studies/reports/
reports_pdf/pub_123_municipal_water.pdf (ac-
cessed 18 February 2010).

Corral-Verdugo, V. (2003), “Determinantes psi-
g

colégicos e situacionais do comportamento de
conservacao de dgua: um modelo estrutura’, Eszu-

dos em Psicologia, Vol. 8 No. 2, pp. 245-52.

CUWA - California Urban Water Agency, A&N
— A&N Technical Services, Inc. (2004), “Urban
water conservation potential: 2003 technical up-
date”. available at: http://www.cuwa.org/library/
CUWA_03UrbanWaterConservationPotential.
pdf (accessed 18 February 2010).

Fernandes Neto, M.L., Naghettini, M., Von
Sperling, M. (2004), “Avaliacao da relevincia dos
parametros intervenientes No CONsUmMo per capita
de dgua para os municipios de Minas Gerais”,
Revista Engenharia Sanitdria e Ambiental, Vol. 9

No. 2, pp. 100-7.

Freitas, M.A.V.; Santos, AH.M. (1999), “Im-
portancia da dgua e da informacao hidrolégica”, in
O estado das dguas no Brasil; perspectivas de gestio
¢ informagaes de recursos hidricos proceedings of the
national conference 7z Brastlia, Brazil, 1999, AN-

EEL/MME/ MMA-SRH/OMM, pp.13-6.

Froukh, M.L. (2001), “Decision-support system
for domestic water demand forecasting and man-
agement”, Water Resources Management, Vol. 15,

pp- 363-82.

Fullerton Jr., T.M., Tinajero, R., Cota, J.E.M.
(2007), “An empirical analysis of Tijuana con-
sumption”, Atlantic Economic, Vol. 35, pp. 357-69.

Galvao, J.R.B. (2007), “Avaliacio da relagao
pressdo X consumo, em dreas controladas por vél-
vulas redutoras de pressio (VRDs) estudo de caso:
rede de distribui¢io de dgua da regido metropoli-
tana de Sao Paulo”, Masters dissertation, pub-
lished by PPGEC, Polytechnic School, Sao Paulo
University, Sao Paulo, Brazil, pp. 247.

Gandy, M. (1997), “The making of a regulatory
crisis: restructuring New York city’s water supply”,

Blackwell Publishing on Bebalf of the Royal Geo-
graphic Society, Vol. 22 No. 3, pp. 338-58.

ENGEVISTA, V. 13, n. 1. p. 46-56, maio 2011



Huang, H.C. (2009), “Designing a knowledge-
based system for strategic planning: A balanced
scorecard perspective”, Expert Systems with Appli-
cations, Vol. 36, pp. 209-18.

IWAS (2009), “I'WAS — Latin America (Brazil)”,
International Water Research Alliance Saxony,
Leipzig, Germany, available at: http://www.iwas-
sachsen.ufz.de/data/IWAS%20Agua%20DEF-
110531.pdf (accessed 17 September 2009).

Keshavarzi, A.R., Sharifzadeh, M., Haghighi,
A.AK., Ami, S. (2006), “Rural domestic water
consumption behavior: A case study in Ramjerd
area, Fars province, I.R. Iran”, Warer Research,

Vol. 40, pp. 1173-8.

Lertpalangsunti, N., Chan, C.W., Mason, R,
Tontiwachwuthikul, P. (1999), “A toolset for con-
struction of hybrid intelligent forecasting systems:
application for water demand prediction”, Artifi-
cial Intelligence in Engineering, Vol. 13 No. 1, pp.
21-42.

Lépez-Paredes, A., Sauri, D., Galdn, J. M. (2005),
“Urban water management with artificial societ-
ies of agents: the FIRMABAR simulator”, Simula-
tion, Vol. 81 No. 3, pp. 189-199.

Mahabir, C., Hicks, EE., Fayek, A.R. (2003),
“Application of fuzzy logic to forecast runoff”.
Hydprological Process, Vol. 17, pp. 3749-62.

Martinez-Espifeira, R. (2002), “Residential Water
Demand in the Northwest of Spain”, Environmen-
tal and Resource Economics, Vol. 21, pp. 161-87.

Melo, J.A.M., Jorge Neto, PM. (2007), “Estima-
¢ao de fungoes de demanda residencial de dgua em
contexto de pregos nao lineares”. Pesquisa ¢ Planeja-

mento Econdmico, Vol. 37 No. 1, pp. 149-73.

Miranda, A.A.; Fill, H.D.O. (2009), “Avaliacao

da viabilidade do abastecimento doméstico a par-

tir da coleta das dguas pluviais”, in proceedings of
the XVIII Simpésio Brasileiro de Recursos Hidricos.

Campo Grande, Brasil, ABRH, Campo Grande.

Mitchell, D.L., Cubed, M. (1997), “California

Urban water agencies — BMP performance evalu-
ation”, available at: http://www.cuwa.org/library/

ENGEVISTA, V. 13, n. 1. p. 46-56, maio 2011

BMP_PerformanceEvaluation.pdf (accessed 18
February 2010).

Morais, D.C., Almeida, A.T. (2006), “Modelo de
decisao em grupo para gerenciar perdas de dgua”,

Pesquisa Operacional, Vol. 26 No. 3, pp. 567-84.

Motiee, H., Manouchehri, G.H., Tabatabai,
M.R.M. (2001), “Water crisis in Iran: codifica-
tion and strategies in urban water” in symposium
of the Frontiers in urban water management: Dead-
lock or hope? in Marseille, France, UNESCO, Mar-
seille, pp. 55-62.

Peraei, E.Y., Maleki, H.R., Mashinchi, M. (2001),
“A method for solving a fuzzy linear program-
ming”. Korean J. Comput. & Appl. Math, Vol. 8
No. 2, pp. 347-356.

Pinto, A.L.C., Araujo Neto, M. D. (2009), “Es-
tudo preliminar do abastecimento publico para
subsidiar o uso dos recursos hidricos no Distri-
to Federal”, in proceedings of the XVIII Simpdsio
Brasileiro de Recursos Hidricos, Campo Grande,
Brasil, ABRH, Campo Grande.

Qin, X.S., Huang, G.H., Chakma, A., Nie, X.H.,
Lin, Q.G. (2008), “A MCDM-based expert sys-
tem for climate-change impact assessment and
adaptation planning — A case study for the Geor-
gia Basin, Canada”, Expert System with Applica-
tions, Vol. 34, pp. 2164-79.

Régo, ].C., Ribeiro, M.M.R., Albuquerque, J.PT.,

Galvao, C.O. (2001), “Participagao da Sociedade

na Crise 1998-2000 no Abastecimento d’dgua em

Campina Grande — PB, Brasil” in proceedings of
the 1V Didlogo Interamericano de Gerenciamento de

/fgmls conference in Foz do Iguacu, Brazil, ABRH/

IWRA, Foz do Iguacu.

Rogers, P, Silva, R., Bhatia, R. (2002), “Water is
an economic good: how to use prices to promote
equity, efficiency, and sustainability”, Water policy,
Vol. 4, pp. 1-17.

Savenije, H., Van der Zaag, P. (2002), “Water as

an economic good and demand management —
Paradigms with Pitfalls”, Water International, Vol.
27 No. 1, pp. 97-104.

55



Sakawa, M. (1993), Fuzzy sets and interactive
multiobjective optimization, Plenum Press, New

York, NY.

Schindler, D.W., Donahue, W.E. (2006), “An im-
pending water crisis in Canada’s western prairie

provinces”, PNAS, Vol. 103 No. 19, pp. 7210-6.

Silva, W.T.P, Silva, L.M., Chichorro, J.E (2008),
“Gestao de recursos hidricos: perspectivas do con-
sumo per capita de 4gua em Cuiab4”. Revista En-

genharia Sanitdria e Ambiental, Vol. 13 No. 1, pp.
8-14.

Sim, P, McDonald, A., Parsons, J., Rees, P
(2005), “The options for UK domestic reduction:
a review”, available at: http://eprints.whiterose.

ac.uk/5002/1/domestic_water_reduction.pdf (ac-
cessed 15 August 2009).

Slowinski, R., Teghem, J. (1990), Stochastic

versus fuzzy approaches to multiobjective math-

56

ematical programming under uncertainty, Kluwer

Academic Publishers, Netherlands.

Thakre, PA.; Shelar, D.S.; Thakre, S.P. (2009),
“Solving fuzzy linear programming problem as
multi objective linear programming problem”, in

proceedings of the World Congress on Engineering
Vol I1, in London, U.K., WCE, London.

Tillman, D.E., Larsen, T.A., Pahl-Wostl, C., Gu-
jer, W. (2005), “Simulating development strate-
gies for water supply”, Journal Hidroinformatics,
Vol. 7 No. 1, pp. 41-51.

Tucci, C.E.M., Hespanhol, 1., Cordeiro Netto,
O. M. (2000), “Cendrios da gestdo da dgua no
Brasil: uma contribui¢ao para a visao mundial da

dgua’, Revista ABRH, Vol. 5 No. 3, pp. 31-43.

Zahra, B. A. A. A. (2001), “Water crisis in Pales-
tina”, Desalination, Vol. 136, pp. 93-9.

ENGEVISTA, V. 13, n. 1. p. 46-56, maio 2011



