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SUMMARY

Water demand uncertainty in a water supply system (WSS) arises mainly due to the abnormal behaviors of
water users and the change of network configuration when it is expanded to new consumers. In practice, this
directly impacts the optimal designed WSS. This paper presents a methodology to address the issue of water
demand uncertainty in the designing a WSS that combines the Latin Hypercube Sampling Technique (LHST)
and a multiobjective algorithm optimization. The two objectives are: (1) minimisation of capital cost, and (2)
maximization of WSS robustness. The decision variables are the pipe diameter alternatives for each pipe in the
network under constraints of nodal head limitations. The output from the multiobjective algorithm optimization
process is the Pareto front containing design solutions which are the trade-off solutions in terms of the two
objectives. Both cases of uncertain uncorrelated and correlated demand were taken into account. The new
methodology is tested on two benchmark published water supply systems: Two loop network and Hanoi
network. With only thousand samples, the LHST was capable of producing a good range of random output
variables corresponding to uncertain input variables. The result will support more options for designers to
select the most appropriate network configuration and it is clear that neglecting demand uncertainty may lead to

a seriously under-designed network.
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1. INTRODUCTION

The aim of designing a water supply system
(WSS) is to provide sufficient water to
consumers over a long period of time meeting
performance requirements such as required
quantity, quality, and pressure at nodes with
lower cost and higher system robustness.
Unfortunately, a number of uncertainties exist
in the operation process as abnormal operating
conditions such as water demand, pipe
roughness, component failure, and pressure
requirement (Chung et al., 2009; Basupi and
Kapelan, 2015; Thissen et al., 2017...).

The most notable source amongst
uncertainties in WSS design is water demand
at nodes and it arises mainly due to the
different behaviors of water users and the
change of network configuration when it is
expanded to new consumers as well. Water
demand uncertainty directly impacts the
uncertainty in nodal pressure head as well as
other hydraulic parameters, therefore within an
optimal WSS design procedure, studying
uncertain conditions which impacts network
reliability has received considerable attention
in the research community (Babayan et al.,

2005; Kapelan et al., 2005, Sun et al., 2011...).

Babayan et al. (2005) developed a new
approach where the standard genetic algorithm
(GA) is linked with Epanet (Rossman, 2000) to
an integration-based uncertainty quantification
method. In the study, the uncertain demand
was assumed to follow the normal probability
density function (PDF) with a predefined
standard deviation of 10% from mean value.
The network reliability was then determined
using a Monte Carlo simulation (MC) with
large number of samples. The results compared
to available deterministic solutions
demonstrated the importance of applying the
uncertainty concept in WSS optimization.
However, the level of robustness of the
designed network was not estimated directly
and explicitly.

Kapelan et al. (2005) assumes that a lot of
information is required to define probability
density functions of input parameters by using
MC and, therefore, a lot of time is consumed.
Hence, the Latin hypercube sampling
technique (LHST) was used in the multi-
objective optimization framework to identify
the optimal robust Pareto fronts of minimizing
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the cost and maximizing the robustness. A
small number of samples were enough for each
objective evaluation leading to significant
computational savings when compared to the
full sampling approach.

Sun et al. (2011) proposed a fast approach
to improve computational efficient when
addressing the multi-objective WSS design
optimization including cost and robustness
under uncertain nodal demands. Compared to
traditional methods (MC and LHST) the fast
approach saves a large amount of
computational time but it produces somewhat
more expensive designs, particularly in the part
of the Pareto front where the solutions have a
robustness greater than 80%.

In real WSSs, nodal demands are highly
correlated due to abnormal conditions, e.g.,
hot, dry weather that affects the network as a
whole. For solving this situation, nodal
demands were assumed to be Gaussian
distributed and temporally correlated at a
coefficient of 0.5 between any two nodes.
Sampling technique is the approach to generate
series of random uncertain input variables
(nodal demands). This procedure can be
obtained by many ways depending mainly
upon the distribution of a sample set. Since
demand changes may follow the normal
distribution (Babayan et al., 2005; Kapelan et
al., 2005), MC simulation has been used
frequently. However, this technique is time
consuming since it requires a very large
number of samples (hundred thousands) to
produce an acceptable result. In contrast, the
LHST needs only small number of samples. A
dominant advantage of the LHST, compared to
MC, is a better random sample stratification,
1.e. nodal demands, which leads to a more
accurate evaluation of the nodal pressures.

In practice, nodal demands in a WSS can
also be not independent because they may
temporally depend on the scale of some factors
which affect the network as a whole. For
instance, hot and dry weather can result in a
significant extra consumption for all nodes.
Hence, LHST with a procedure proposed by

Iman and Conover (1982) will be employed to
produce a rank correlation matrix of uncertain
correlated demand variables in this study.

In this study, a network robustness
probability is defined to evaluate the network
robustness under demand uncertainty. The new
methodology is tested on two benchmark
published water supply networks: Two loop
network and Hanoi network.

2. RESEARCH METHODOLOGY
2.1. Multiobjective problem definition

The aim of using single objective WSS
optimization is to find either the “least cost” or
“most benefit” solution. However, a frequently
asked question arising from this is how reliable
the behavior of the least-cost designed WSS
will be in case any failure or uncertainty
occurs. Therefore, in this study, the objectives
of the robust design methodology presented
here are to (1) minimize the capital cost and
(2) maximize the system robustness. The
robustness is defined here as the probability
that heads at all network nodes are
simultaneously equal to or above the
corresponding minimum requirements for that
node. More specifically, the optimization

problem is formulated as follows:
np

Minimize PIC = Z C(D;).L; (D
i=1

Maximize RP = P(H; = Hiyeq; Vi=1,..., Ny) (2)
where PIC is total capital cost, C(D;) is unit cost
per unit length of pipe with diameter D;, L; is
pipe length, D; is commercial pipe diameter i
D; € D, with D is discrete set of all available
design options, np is number of pipe in the
system, and RP is design robustness defined as
probability P that heads (H;) at all system nodes
are simultaneously equal to or above the
corresponding minimum requirements for that
node (H;q). The set of commercial pipe
diameters are considered as decision variables
in a process of optimization, then the optimal
design procedure will select alternative pipe
diameters taken only out of this set with
constraints of nodal head limitations.
2.2. An approach for solving uncertain
demand problem
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Water demand uncertainty arises mainly
due to the different behaviors of water users
and the change of network configuration when
it is expanded to new consumers. In practice,
nodal demands in a WSS may temporally
depend on the scale of some factors which
affect the network as a whole. For instance, hot
and dry weather can result in a significant extra
consumption for all nodes. Therefore, LHST
with a procedure (Iman and Conover, 1982)
will be employed to create a rank correlation
of uncertain correlated demand
variables in this study. The procedure to
produce correlation matrix of nodal demands
can be briefly described as follows:

Suppose that R (Ns x Nv) as the matrix of
independent random samples is generated
based on mean and standard deviation. Ns is
the number of samples and Nv is the number of
uncertain nodal demand input variables.

Let C (Nv x Nv) be the desired correlation
matrix with the desired correlation coefficient.
Because correlation matrix C is positive
definite and symmetric, it may be written as C
= PP’ where P is the lower triangular matrix
obtained by using Cholesky factorization.

Matrix R* with the desired correlation
coefficient is achieved as R* = RP’. The rank
correlation matrix M of R* should be close to C.

The samples in R are finally rearranged
column-wise to have the same rank ordering as
the corresponding column of R*. Thus, the
input values have the same sample rank
correlation matrix that R* has. Each row of

matrix

input values matrix now represents a single
correlated demand loading condition.

By using this procedure, a set of random
uncertain input nodal demands are generated
based on a set of expected values (or mean
values - ) and standard deviations (o).
Expected values are assumed equaling to the
deterministic demands at nodes. While standard
deviations are hypothesized equaling to 10%
and 30% of the corresponding expected values.

The uncertain output variables (nodal heads

or pressures) corresponding to these uncertain
input variables are then calculated using the
Epanet model. Subsequently, the robustness
probability is computed as the ratio (percentage)
of the number of times (N¢) that a particular
criterion is satisfied at all nodes (i.e. nodal
pressures are not smaller than corresponding
minimum required pressures) to total number of
samples ( Ny ) as given in Eq.3:
Nc¢

Ny

Where RP is so-called the robustness
probability of network; N¢ is number of times
that the minimum required heads are met
simultaneously at all nodes.

Procedure solving the WSS optimal design
under demand uncertainty is expressed in Fig.
1 and can be interpreted as follows:

(i) From the Pareto front achieved by
multiobjective optimization, several significant
solutions are proposed.

(i) Nodal demands are the only uncertain
variables, which are assumed following a
normal distribution with means equal to the
deterministic demands at demand nodes and an
assumed standard deviation.

(ii1) The LHST is in turn executed with the
proposed solution to generate a matrix
including Ns rows and Nv columns of random
uncertain input nodal demands. Based on
either uncertain uncorrelated demands or
uncertain correlated demands, a different
LHST procedure is used.

(iv) Corresponding to each row of input
nodal demand matrix, a set of corresponding
nodal heads is evaluated using Epanet model.
Finally, a matrix of random nodal heads is
evaluated including Ns rows and Nv columns.

(v) Calculate network robustness probability
equivalent to the network configuration using
Eq.3. Associate the robustness probability with
cost and network reliability the results will
support designers to select an appropriate
solution under demand uncertainty.

RP = 3)
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Figure 1. Procedure for evaluating robustness probability
of WSS optimal design under demand uncertainty

3. RESULTS AND DISCUSSION

Demand uncertainties can be either
uncorrelated or correlated as discussed above.
Uncorrelated demand occurs whenever an
uncertain demand taking place at a node does
not impact the others; otherwise it is the case
of correlated demand. It is assumed here that
nodal demands are:

(1) Uncertain uncorrelated demands with a
standard deviation equal to 10% of the mean
value (i.e., coefficient of variation o= 0.1u);

(2) Uncertain uncorrelated demands with a

JOURNAL OF FORESTRY SCIENCE AND TECHNOLOGY NO. 8 (2019)

standard deviation equal to 30% of the mean
value (i.e., coefficient of variation o = 0.3 u);

(3) Uncertain correlated demands with a
standard deviation equal to 10% of the mean
value (i.e., coefficient of variation o = 0.1 u).

The capability of the proposed approach in
this study was evaluated for both uncorrelated
or correlated wuncertainty based on its
application on two benchmark published
networks: Two loop network (TLN) and Hanoi
network (HN), the network description can be
found in Geem, Z. W. (2006).
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3.1. Uncertain uncorrelated demands

3.1.1. Application on TLN water supply system
Figure 2 express all trade-offs Pareto

solutions produced by the multiobjetive

optimization procedure between the total

capital cost and the network robustness

x10°

probability. The red circles represent possible
solutions with a standard deviation equal to
10% of the mean value or coefficient of
variation o = (.1u (Case 1), while the blue x-
marks represent possible solutions with
coefficient of variation o = 0.3 u (Case 2).
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Figure 2. Pareto solutions obtained by multiobjetive optimization with respect to the TLN

Applying the new approach for solving
uncertain demand problem to several solutions
selected on the Pareto optimal front based on
cost, the robustness probabilities for TLN were
achieved (Table 1). To obtain theses, three
different sample sizes of (i) 1,000; (ii) 10,000;

and (iii) 100,000 samples were used in order to
verify the stunning performance of LHST. The
robustness probability value decreases when
the demand uncertainty increases, or in other
words, robustness probability rose with the
higher cost and network reliability as well.

Table 1. Robustness probability under uncertain uncorrelated demands corresponding to different
cost solutions and different samples (i:1,000 samples; ii: 10,000 samples, and iii: 100,000 samples)

Robustness probability with demand uncertainty (%)

Solutions Cost ($) Casel: c=0.1u Case2: 0=0.3u
i i iii i i iii

Solution 1 419,000 45.1 45.15 45.08 N/A N/A N/A
Solution 2 428,000 58.7 58.68 58.51 46.8 46.82 46.85
Solution 3 438,000 74.6 74.56 74.62 N/A N/A N/A
Solution 4 452,000 87.25 87.3 87.22 N/A N/A N/A
Solution 5 455,000 N/A N/A N/A 57.82 57.79 57.85
Solution 6 460,000 100 100 100 N/A N/A N/A
Solution 7 486,000 100 100 100 76.45 76.4 76.48
Solution 8 522,000 100 100 100 94.22 94.2 94.18
Solution 9 570,000 100 100 100 100 100 100

Average running time: (i) 2.10; (ii) 23.4; and (iii) 910.0 seconds, respectively
(computer: AMD Dual Core 2.0 GHz)

Note: N/A is not available.
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In the table 1, there are several solutions
representing cost and corresponding robustness
probability which selected randomly from the
Pareto fronts produced from WSS optimization
in case of uncertain uncorrelated demands with
o= 0.1uor o= 0.3u The Table also displays
that there were only little difference of RP
values but big difference of calculation time
among the results produced by three big
numbers of samples. Consequently, the
number of samples of 1,000 can be large
enough to reflect the precise results. Also, it
can reduce a considerable computational time.
Therefore, this value would be used for

calculating robustness
benchmark system.
3.1.2. Application on HN water supply system

All trade-offs Pareto solutions produced by
the multiobjetive optimization procedure
between the total capital cost and the network
robustness probability for HN system is
displayed on figure 3 with respect to 2 cases
(Case 1 and Case 2).

By applying the procedure mentioned in
section 2.2 on several proposed solutions for
Hanoi network, the robustness probability with
1,000 samples can be achieved as presented in
table 2.

probability of HN
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Figure 3. Pareto solutions obtained by multiobjetive optimization with respect to the HN

Table 1. Robustness probability under uncertain uncorrelated demands corresponding to different
cost solutions with 1,000 samples

Robustness probability with demand uncertainty (%)

Solutions Cost (Mi.$)
o=0.1u o=03u
Solution 1 6.046 48.2 N/A
Solution 2 6.152 68.1 N/A
Solution 3 6.194 88.0 N/A
Solution 4 6.218 N/A 48.2
Solution 5 6.370 100 58.6
Solution 6 6.595 100 75.0
Solution 7 6.780 100 85.0
Solution 8 7.320 100 100
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From table 1 and table 2, it can be shown
that, with small capital cost, robustness
probability of water supply system is also
small; and the equivalent robustness
probability was higher in case of smaller
standard deviation (Case 1 with o = 0./u). In
other words, for the same robustness
probability, Case 1 with lower demand
fluctuation was more cost-effective than Case
2 (o = 0.3) with higher demand fluctuation.
3.2. Uncertain correlated demands (Case 3)

This situation occurs due to the change of
the amount of water requirement at the same
time, on the whole system, for example, the
effect of hot, dry weather to all domestic
demands. All nodal demands were assumed to
follow normal distribution and their standard
deviations were also assumed to equal 10%.
The correlation coefficient between demand
nodes was assumed to equal 0.5 to investigate
its impact. In this circumstance, the correlation
matrix C (mentioned in section 2.2) was
created with the desired correlation coefficient,

TLN

100 i - -
——Case 1

90
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RP (%)

60

30 ]
$419000 $487000 $690000 $860000 $1210000
Cost solutions of TLN

i.e. the correlation matrix of 1.0 on the main
diagonal and 0.5 elsewhere.

The corresponding robustness probabilities
to five proposed solutions for TLN and HN
network were also estimated using the Latin
hypercube sampling technique. Comparing the
results derived from 2 cases having the same
standard deviation, i.e. Case 1 and Case 3
(Figure 4), showed that:

For the lower cost interval, in general, the
robustness probabilities achieved in Case 3 are
higher than the corresponding solutions
obtained in Case 1. In contrast, for the higher
cost interval, the robustness probabilities in
Case 3 tend to be lower than in Case 1, or in
other words, they are more costly than the
corresponding solutions in Case 1. From this
comparison, it can be said that a consequence
of the correlation between nodal demands was
acknowledged. Accordingly, the impact of
uncertain demand is more serious in case of
lower cost and vice versa.

HN
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Figure 4. The comparison of robustness probabilities under uncertain uncorrelated and correlated
demands (Case 1 and Case 3) for five representative solutions of TLN and HN systems

As a result of two applications above, the
multi-objective optimization with respect to
WSS design problem is assured to provide
more alternatives for a network configuration.
The selected network configuration based on
either cost may not be advanced because the
designers tend to select the network with less
cost. To guarantee the configuration under
demand uncertainty, it is necessary to consider
the network robustness. Therefore, a demand
uncertainty consideration may become useful
for a more reliable WSS design.
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4. CONCLUSION

This paper focused on multiple objective
optimizations for optimally designing and
operating a WSS towards the consideration of
demand wuncertainty in WSSs. The two
objectives are: (1) minimisation of total cost,
and (2) maximization of WSS robustness. The
decision variables are the pipe diameter
alternatives. =~ The  output  from  the
multiobjective algorithm optimization process
is the Pareto front containing design solutions
which are trade-off solutions in terms of the
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two objectives.

Uncertain conditions were taken into
consideration in order to predict the behavior
of the designed network. Among the
uncertainties, uncertain nodal demand is the
most important one because it directly affects
other  hydraulic  parameters. Normally,
demands can be considered as uncertain
uncorrelated. However, in some extreme cases,
such as hot and dry weather, demands can be
increased at all nodes and are then considered
uncertain correlated. Both cases were taken
into account. With only thousand samples, the
Latin hypercube sampling technique was
capable of producing a good range of random
output variables corresponding to uncertain
input variables. The result will support more
options for designers to select the most
appropriate network configuration and it is
clear that neglecting demand uncertainty may
lead to a seriously under-designed network.
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SU DUNG THUAT TOAN LATIN HYPERCUBE SAMPLING TOI UU bA
MUC TIEU HE THONG CAP NUOC TRONG DIEU KIEN BAT THUONG

Pham Vin Tinh'
"Triecong Pai hoc Lam nghiép

TOM TAT

Su bit thuong vé nhu cau dung nudc trong hé thong cip nude thuong xay ra khi co hanh vi sir dung nuée khac
thuong hodc c6 sy md rong hé théng cép nuée toi ngudi dung méi. Pidu nay anh hudng truc tiép t6i ché do
thily Iuc ciia hé théng da dugc thiét ké toi uu. Bai bdo trinh bay phuong phap két hop gitra thuat toan Latin
Hypercube Sampling (LHST) véi thuat toan t6i wu da myc tidu nham giai quyet su bét thuong trong nhu cau su
dung nudc khi thiét ké hé thong cap nude. Cac ham muyc tiéu bao gom: (1) t6i thiéu chi phi dau tu va (2) téi da
d6 6n dinh ciia hé thong cip nudce. Cac bién quyét dinh 13 cac sy lya chon duong kinh cho cac doan ong dudi
cac rang budc vé cot ap tai cac diém léy nude. Két qua qua trinh t6i wu da muc tiéu 14 bién Pareto bao gdm cac
giai phap hai hoa gitra chi phi va d6 6n dinh cua hé thong. Hai truong hop bat thuong khong phu thude va co
phu thudc 1dn nhau gitra cac diém dung nude duoc xem xet trong nghién ciru nay. M6 hinh d8é xuét dugc kiém
ching bai hai hé thong cép nuéc miu: Two loop network and Hanoi network. Chi v6i ¢& mau nhoé (1000) thuat
toan LHST cho két qua tdt v6i cac bién diu vao bat thuong. Két qua nay s& hd tro cac nha thiét ké c6 duoc su
lga chon phu hgp hon trong viéc can nhéc vén dAu tu va do on dinh cua hé théng cép nudc.

Tir khéa: Diéu kién bat thwong, LHST, thiét ké hé thong cip nuwéc, toi wu da muc tiéu.
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