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Abstract: Hydraulic analysis of Water Distribution System (WDS) is usually performed with single uncertainty of
pipe roughness coefficient. However, in real world multiple uncertainties exist. In this paper, dual uncertainties of
pipe roughness coefficient were considered, which is represented by Interval-Values Fuzzy Set (IVFS). In addition, the
fuzziness was assumed to follow trapezoidal fuzzy distribution. The measure of fuzziness and interval of variables based
on IVFS were defined. By applying Interval-Values Fuzzy Set-Genetic Algorithm (IVFS-GA) algorithm, pipe flow and
nodal pressure under uncertain effects of pipe roughness coefficients were analyzed. The method proposed was applied
to three cases to analyze the fuzziness and interval of pipe flow and nodal pressure, which were defined with trapezoidal
membership distributions. The fuzziness and interval of pipe flow have no direct relationship, while the fuzziness and
interval of nodal pressure have the same trend. In the three WDSs, the intervals of nodal pressures are more significant
than pipe flows. The results obtained can help the manager analyze the hydraulic performance of WDS under uncertainty
of pipe roughness coefficients.
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1. Introduction

Water Distribution System (WDS) is one of the critical infrastructures which supply customers with acceptable flow
and pressure [1, 2]. Mathematical models of WDS are constructed to represent the real systems and provide accurate
estimation of flow and pressure under deterministic information. However, the model input parameters are usually
uncertain, which leads to the inaccuracy of model output parameters. Therefore, the uncertainty of flow and pressure
should be researched in depth under uncertain conditions [3].

Many methods were proposed to analyze the uncertainty of WDS such as Monte-Carlo simulation, First-Order
Reliability Method (FORM), and fuzzy set theory [3—7]. By performing tens of thousands Monte-Carlo simulation, the
random distribution of output parameters can be obtained through hydraulic simulation by calling EPANET hydraulic
engine. However, Monte-Carlo simulation requires significant computational time [8]. To reduce the computational
burden, the FORM based on Taylor series was proposed. However, the FORM is mostly suitable for linear system [9]. To

Copyright ©2025 Yumin Wang, et al.

DOI: https://doi.org/10.37256/cm.6620257746

This is an open-access article distributed under a CC BY license
(Creative Commons Attribution 4.0 International License)
https://creativecommons.org/licenses/by/4.0/

Co iporary Math tics 8006 | Yumin Wang, et al.


https://ojs.wiserpub.com/index.php/CM/
https://ojs.wiserpub.com/index.php/CM/
https://www.wiserpub.com/
https://orcid.org/0000-0001-6074-3824
https://doi.org/10.37256/cm.6620257746
https://creativecommons.org/licenses/by/4.0/

analyze uncertainty in nonlinear and non-monotonic system, fuzzy set theory was introduced to perform hydraulic analysis
and optimization in WDS under uncertainty [9-13]. In fuzzy set theory, the fuzziness of parameters was represented by
fuzzy membership functions within the range of [0, 1] [14]. The at-cut set of fuzzy parameters can be obtained for a certain
membership degree a. By transferring the membership function of roughness coefficients to o-cut sets, the pipe flow
and nodal pressure at each a-cut set can be optimized. As such, the fuzzy membership function of output parameters was
estimated and applied to WDS [15]. The wave speeds, pipe friction factors, and nodal demands were supposed to follow
triangular fuzzy distribution in transient simulation model to obtain fuzzy nodal pressure by performing optimization
process [1, 16]. Instead of triangular fuzzy distribution, trapezoidal fuzzy distribution was considered for pipe roughness
coefficients, and fuzziness of nodal pressure and pipe flow was evaluated [17]. By proposing fuzzy set to address
uncertainty of nodal demands, the Newton-Raphson iterative process was performed to analyze nodal hydraulic heads,
which avoids the optimization approach [18]. Almost all the approaches mentioned above subject to single uncertainty
of fuzziness with measure methods of fuzziness proposed. However, in real world, the input parameters exist multiple
uncertainties including randomness, intervals, and fuzziness, etc. that cannot be treated as conventional fuzzy sets [19—
21]. To deal with uncertainties presented in fuzziness and interval, Interval-Valued Fuzzy Set (IVFS) was proposed
and hydraulic analysis with trapezoid fuzzy membership functions was performed. Moreover, the interval of IVFS was
measured by defining the fuzzy preference relationship between the lower and upper fuzzy sets. Through the introduction
of IVFS, the multiple uncertainties including fuzziness and interval of pipe flow and nodal pressure can be analyzed more
completely.

In this paper, firstly, the uncertainty of pipe roughness coefficients was expressed by IVFS with trapezoid membership
function distribution. The «-cut sets of pipe roughness coefficient were assumed. Secondly, the Genetic Algorithm
(GA) was performed to obtain optimized minimum and maximum pipe flow and nodal pressure at each ¢-cut set of pipe
roughness coefficient based on EPANET-TOOLKIT-MATLAB platform. Thirdly, the method was applied to three WDSs
to analyze and compare the uncertainties of pipe flow and nodal pressure. Finally, the conclusion was drawn.

2. Methodology
2.1 IVFS theory
2.1.1 Definition of IVFS

An interval number A™ is expressed by Eq. (1) as follows.
Ai:{x|x_§x§x+,x€R}. (1

X +xt
2

The midpoint and radius of interval A* are termed as M (x*) and R(x™), which can be expressed as M (A*) =

+ _ —
and R(A%) = T T respectively.

A fuzzy set A with trapezoidal distribution is defined as (x, x2, x3, x4). The membership function is defined as
5 (x), which is expressed by Eq. (2) as follows.

0, x <x
X—X1
, x1<x<x
X2 — X1
pi(x) =<1, X <x<x3 ()
X4 —X
y 3<x<xy
X4 — X3
0, X > x4
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Where x; is the minimum possible value, x; is the most possible minimum value, x3 is the most possible maximum
value, and x4 is the maximum possible value.

The greater membership function represents the closer degree the variable belonging to the fuzzy set, and vice versa.
The a-cut of fuzzy set Alis expressed as [ﬂ , W], where the elements with the membership degree greater than or equal
to a. When o = 0, the a-cut set of fuzzy set A is the interval expressed as [x], x4]. In case of x, = x3, the trapezoidal
fuzzy set becomes fuzzy triangular set. The closer distance between x| and x4 represents the less fuzziness. In case of
X1 = X3 = X3 = X4, the fuzzy set A becomes a determined value.

An IVEFS is the combination of the interval set and fuzzy set, which can deal with fuzziness and intervals. The IVFS
AZ is defined by Eq. (3) as follows.

At = [A*, A*] = [(xf, Xy, X3, Xy ), ()CT7 x2+, x;, xj()] ) 3)

Where A~ is the lower trapezoidal fuzzy number, and A is the upper trapezoidal fuzzy number. The closer distance
between x| and xf’ or between x, and x;f represents the less intervals.
The membership of A~ and A+ are expressed by Eq. (4) and Eq. (5) as follows, respectively.

0, x<x
xX—xy
— —, X <x<x,
Xy =X
pe=(x) =191, x, <x<x; “4)
Xy, —X _ _
- =, X3 <x<x,
Xy — X3
0, X2 x,
0, )cg)cl+
X <x<
—_, X x<ux
xj—xfr’ L="=
e (=141, ¥ <x<xf (s)
+
X, —X
%, X+SXSXI
Xy — X3
+
0, xX2>x,

Where x| <x; <x3 Sx;,xfﬁx?ﬁx}'ﬁxz.

The o-cuts of IVFS A~ and A™ are expressed by { [(x_)a, (xt )a} }, respectively, which are shown in Figure 1. The

closer distance between (x~)” and (x*)” as well as between (x ) and (x7)” represents the less intervals. In case of

()%= ("% and (x7)* = (x7)” at various a-cuts, the IVFS A= becomes fuzzy set A, and the interval of A= vanished.
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Figure 1. An interval-valued trapezoidal fuzzy number

2.1.2 Measure of IVFS

To measure the fuzziness of IVFS, the average dispersion degree DD was proposed by Eq. (6) as follows.

_ 1 1 Z?:l (xr:lax|oc,« - xr;in|oc,~) x0.2 Z?:] (xr-;ax|al~ B xgin O‘i) x02
D:E(DDL—FDDU):E — - + n N
(xmaX’ao+xmin|o(0) /2 (xmax’ao+xmin 0‘0) /2

(6)

Where DDy refers to DD for lower bounds of IVFS variable, DDy refers to DD for upper bounds of IVFS variable,

Xmax oy and x| q. refer to maximum and minimum values of lower bounds of IVFS variables corresponding to o;, which

min
are 0.2,0.4, 0.6, 0.8, and 1.0, respectively, and x;;,, |o; and x;;lin |o; refer to maximum and minimum values of upper bounds
of IVFS variables corresponding to ¢;, which are 0.2, 0.4, 0.6, 0.8, and 1.0, respectively. The IVFS variable with greater
values of DD indicates the IVFS variables are fuzzier.

To measure the interval of IVFS, the fuzzy preference relations is applied and expressed by Eq. (7) as follows.

§+§+SO
S1 + 37 +3p+ Sk + 250

R(A™,A") = ()

Where EZ refers to the area that the left part of A~ superior to the left part of AT, ?R refers to the area that the right part
of AT superior to the right part of A~ E refers to the area that the right part of A™ superior to the right part of A~, Sg refers
to the area that the left_gart of A- i}lperior to the left part of AT, and S refers to the overlapping part between A~ zgd AT,
The greater value of Sz, Se, 1, Sg corresponds to greater interval between A~ and AT. When S; = Sg =8, =Sz =0,
the IVFS A* becomes fuzzy set A with R (A=, AT)=0.25.

The value of R(A~, A™) ranges between 0 and 1 (Shown in Figure 2). The values of R(A~, A") means the interval
of IVFS A=. In case of the value of R (A, AT)is equal to 0 and 1, the interval of IVFS A= is the biggest, which is shown
in Figure 2a and 2b. When the values of R(A~, A1) become closer to 0.5, the interval of IVFS A becomes the least.
The fuzzy preference relations R (A, A1) can be applied to analyze the interval of pipe flow and nodal pressure, which
are expressed as [IVFS.

The relationship between A~ and A" have several scenarios, which are shown in Figure 2. The figures from Figure
2a to 2j correspond to 10 scenarios between A~ and A™. In 10 figures, the ranges of R(A~, A™) value are [0, 1], except
for Figure 2a and 2b.
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Figure 2. The relationship between A~ and A
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As such, the variables in Figure 2 have several forms expressed in Table 1.

Table 1. The variables in the relationship between A~ and A™

Scenario 572 §R ?L SR So R(A™,A")
1 O+@ @+0O / / / 1
2 / / O+@ @+® / 0
3 ) ® / / ®
4 @ @ @ ® ®
5 / @ ) @ ®
6 @ @ ) / ® [0.1]
7 [ / &) @ ®
8 ) @ / @ ®
9 ) ® &) @ ®
10 [ @ / / ®

By applying Eq. (7) and Table 1, the interval of pipe flow and nodal pressure can be analyzed and compared.

2.2 Hydraulic analysis based on IVFS-GA method

GA is widely applied to search the best solutions based on selection (reproduction), crossover, and mutation principles.
To prevent being trapped into local optimal solutions, GA uses probabilistic search rule instead of deterministic one. The
GA process had been described in detail in literatures [11, 17].

The uncertainty of pipe roughness coefficients is described by IVFS (Shown in Section 2.1). By combining
the GA mentioned above with IVFS, the membership functions of pipe flows and nodal pressures can be obtained
based on EPANET-TOOLKIT-MATLAB platform. The IVFES is introduced to describe pipe flow and nodal pressure
under fuzzy and interval uncertainties of pipe roughness coefficients. The roughness coefficients are considered to
be fuzzy parameters with trapezoidal distribution, shown in Figure 1. For o-cut levels of 0.0, 0.2, 0.4, 0.6, 0.8,
and 1.0, the IVFS of pipe roughness coefficients is RE = [IfQj7 Ig} =Ry, Ry, Ry, Ry), (R, Ry, Ry, R})] =
[(110, 118, 122, 130), (115, 123, 127, 135)]. If & = 0, the lower boundary values expressed as R, and R, are assumed
to be 110 and 130, respectively, and the upper boundary values expressed as R] and R are assumed to be 115 and 135,
respectively. If o = 1, the lower boundary values expressed as R, and R; are assumed to be 118 and 122, respectively,
and the upper boundary values expressed as R; and R7 are assumed to be 123 and 127, respectively. As such, for o values

0f 0.2, 0.4, 0.6, and 0.8, the IVFS of pipe roughness coefficients termed as [(M, (R*)“) ) (@7 (R*)O‘)} are
[(111.6, 128.4), (116.6, 133.4)], [(113.2, 126.8), (118.2, 131.8)], [(114.8, 125.2), (119.8, 130.2)], [(116.4, 123.6), (121.4,
128.6)], respectively. The optimization process by calling GA was performed for lower boundary and upper boundary
under each o-cut level of pipe roughness coefficient, respectively. The IVES of pipe flow and nodal pressure are obtained
by performing optimization process expressed as follows.

Objective function:
min or max (H.i)a; ®)
a
min or max (QJi) . )

s. t.:
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(R)* <R<(R)*forR; (10)
(R")* <R<(RM) forR™; (11)
Y Q)i — Y (Qou ); = Qi (12)
ZZ"AHZO. (13)

Prepare the .inp and .rpt files in
EPANET software for selected
water distribution sy stem

|

Define the interval-valued fuzzy set of
roughness coefficient with trapezoidal
membership function at each a-cut level

|

Acquire the lower and upper bounds of
roughness coefficient at each a-cut level

!

Assign the IVFS ofroughness
| coefficient to each pipe of the network

!

Run the hydraulic simulation
(EPANET) of the network

v

Acquire the minimum and maximum
values of lower and upper nodal
pressure and pipe flows by GA
method at each a-cut level

All a-cut finished?

Figure 3. Framework of IVFS-GA method

Where (H)* = [(H7)%, (H;")*] is lower and upper pressures of node i at a certain o-cut level (m), (Qj.t)"‘ =
{(Qj’)o‘7 (QJ*)O‘} is lower and upper flows of pipe j at a certain o-cut level (L/s or GPM), the minimum and maximum
values of (H; )%, (H;")%, (Q;)*, and (Q])® are expressed as [(5)“, (Hf)a}, [(Hf)"‘, (Hf)a}, Q)% (Q;)“},
and (Q;F)O‘, (Q;r)“}, respectively. In Eq. (10) and Eq. (11), (Rf)a and (Rf)a are the a-cuts of lower IVFS pipe

roughness coefficient set I?i, (R+)a and (R*)a are the o-cuts of upper IVFS pipe oughness coefficient set R*. In Eq.
(12), (Qin); and (Qou ); are the inflow and outflow of node i, Q; is the nodal demand at node i. In Eq. (13), Y; AH is the
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algebraic sum of head loss in loop /. The Eqs. (12) and (13) are based on nodal flow continuity and loop pressure loss
balance, which can be simulated through EPANET hydraulic engine.

By calling EPANET toolkit functions in MATLAB environment, the hydraulic simulation was performed by EPANET
simulation, and the optimization model expressed in Eq. (8)-(13) was performed by GA. By combining the optimization
results of the minimum and maximum values for lower and upper boundaries of (Q;)* and (Qj)"‘ under each a-cut
level, the IVFS of pipe flow with trapezoidal distribution membership function can be obtained. Similarly, by combing
the optimization results of the minimum and maximum values for lower and upper boundaries of (H; )* and (H;")* under
each a-cut level, the IVFS of nodal pressure with trapezoidal distribution membership function can also be obtained. As
such, the IVFS of nodal pressure and pipe flow can be plotted and analyzed.

The framework of IVFS-GA method was described in Figure 3. The detailed process is described as follows.

1. Select a network and prepare the .inp and .rpt files of the network with hydraulic information of pipes, nodes,
reservoirs, and tanks.

2. Compile the GA code in MATLAB environment to call EPANET toolkit program.

3. Define the values of [((R’)O‘, (R*)“) , ((R*)“, (R*)O‘)} at various a-cut levels for pipe roughness coefficient.

4. Perform GA to acquire the minimum and maximum values of (Q; )%, (Q;”)O‘, (H)%, and (H;")% at each a-cut
level.

5. Plot the IVFS of pipe flows and nodal pressures with trapezoidal distribution membership function.

6. Analyze the fuzziness and interval of node and pipe in the network.

2.3 Case study

Case 1 The network in Case 1 has a source, three loops, 32 nodes, and 34 pipes, which is shown in Figure 4 [22].
Node 1 is a reservoir with a hydraulic pressure of 100 m, and the elevations for all the nodes are assumed to be zero. The
detailed nodal demands and pipe information can be found in reference [17].

13 [12] 12

[11]
114
[10]

3 [33] 32 [34] 25 [26] 26 [27] 27 [28] 16 [15] 15 [14] 14 [13] 10] [9] 9
[16]
(32] [25] 174 (8]
24| [17] 84
18;
30 [7]
o
7
G311 [24] | 1
[19] [61
29| [30] 28 [29] 23| [23] 20 [20] 3 3] 4[4 5151 6
[21] (2]
21 p) L
[22]
22

Figure 4. Layout of Case 1
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Case 2 The network in Case 2 has three source nodes (node 10, 65, and 165), 19 nodes, and 40 pipes, which is shown
in Figure 5. The details can be found in reference [17].

170

120

Figure 5. Layout of Case 2

Case 3 The network in Case 3 has one source node, a pump station, 34 nodes, one tank, and 40 pipes (Shown in
Figure 6). The details can be found in literatures [23, 24].
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Pump
1 station

Figure 6. Layout of Case 3

3. Results and discussions

The proposed method was applied to three WDSs of Case 1, 2, and 3. Among them, Case 1 and 2 were WDSs applied
to compare the method in this paper with other literatures, and Case 3 is WDSs applied to illustrate the application of the
method proposed in this paper. The fuzziness of pipe flows and nodal pressures were measured by DD expressed in Eq.
(6), and the interval of pipe flows and nodal pressures were measured by R (A~, A™) expressed in Eq. (7). The effects of
uncertain roughness coefficient on the pipe flow and nodal pressure were compared.

Case 1 By applying IVFS-GA method to Case 1, the minimum and maximum values of (Q; )%, (Q}“)"‘, (H; )%, and

(H;")* under the IVFS of pipe roughness coefficient [((R’)"‘7 (R*)O‘) , ((R*)“, (R*)"‘)} at various a-cut levels were

acquired. The IVFS of pipe flows and nodal pressures with trapezoidal distribution membership function can be obtained
and shown in Figure 7.

Volume 6 Issue 6]2025| 8015 Contemporary Mathematics



(a) ‘—o— Lower bounds —«— Upper bounds (b) ‘—-— Lower bounds —<— Upper bounds

0.9+ 0.9 1
£ &
5 S
5 0.6 £ 061
= =
& gy
8 0.3 2 03
: :
= =
0.0 T T T 0.0 ; T |
1,140 1,160 1,180 1,200 260 280 300
O (LPS) 0,7 (LPS)
© —e— Lower bounds —— Upper bounds (d) —=— Lower bounds —<«— Upper bounds
0.9 0.9 -
g g
9 b3
=1 i =] 4
2 0.6 E 0.6
R=) =%
z 2
b5 =
__g 0.3 1 2 03
5 g
= =
0.0 : - : ‘ 0.0 . . .
125 130 135 140 145 160 170 180
Oy, (LPS) 0y (LPS)
(e ‘—.— Lower bounds —— Upper bounds | ® ’_._ Lower bounds  —— Upper bounds
0.9 + 0.9
8 g
k31 k3]
5 0.6 £ 0.6
= =
= =3
2 0.3 8 031
g 5
= =
0.0 ! f : ! - 0.0 T T T T T 4
20 25 30 35 40 5 10 15 20 25 30
H, (m) H; (m)
(2) |=—Lowerbounds —— Upper bounds (h)  —— Lower bounds —— Upper bounds
0.9 1 0.9
£ g
o k3t
g 0.6 g 0.6
= =
£ =
= =
= 1
2034 2 0.3
g g
= b
0.0 : : . : 0.0 +— : : : r :
30 35 40 45 50 5 10 15 20 25 30
Hig (m) Hyy (m)

Figure 7. Membership function of IVFS for pipe flow and nodal pressure in Case 1. (a) Flow in pipe 8; (b) Flow in pipe 17; (c) Flow in pipe 22; (d)
Flow in pipe 29; (e) Pressure at node 9; (f) Pressure at node 13; (g) Pressure at node 18; (h) Pressure at node 29
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The results obtained for flows of pipe 8, pipe 17, pipe 22, and pipe 29 and pressures of node 9, node 13, node 18,
and node 29 were similar with the conclusion in the literature [15]. By applying Eq. (6) and Eq. (7) to the membership
function of IVFS for pipe flow and nodal pressure in Figure 7, the fuzziness and interval of pipe flow and nodal pressure
can be measured (Shown in Figure 8 and Table 2).

0.8 4

\
N
N
\

0.6

S imiii

0.4 -

Interval of pipes/nodes

00 T T T T T T T T

8 17 22 29 9 13 18 29
No. of pipes/nodes

Figure 8. Interval of pipes/nodes in Case 1

Table 2. Fuzziness and interval of pipes/nodes in Case 1

Pipes/Nodes  Fuzziness Interval Pipes/Nodes Fuzziness Interval

Pipe 8 0.03 0.53 Pipe 17 0.07 0.55
Pipe 22 0.00 0.00 Pipe 29 0.06 0.55
Node 9 0.30 0.75 Node 13 0.54 0.75
Node 18 0.18 0.74 Node 29 0.55 0.76

By applying triangular membership function, the fuzziness of pipe 17 is the most significant among selected pipes of
8, 17,22, and 29 [15]. However, by applying trapezoidal membership function, the fuzziness of pipe flows measured by
dispersion degree (DD) follow the order of pipe 17 (0.07) > pipe 29 (0.06) > pipe 8 (0.03) > pipe 22 (0.00), which is the
same with the results obtained in reference [17]. Although the fuzziness obtained between triangular membership function
and trapezoidal membership function is not completely the same, they express the same trend. The results indicated that in
Case 1, the fuzziness of pipe 17 and pipe 29 are more significant than other selected pipes. The interval of pipes decreased
in the order of pipe 17 (0.55) = pipe 29 (0.55) = pipe 8 (0.53) > pipe 22 (0.00). The reason is that the distance between
pipe 17 (0.55) and 0.50 is the same with the distance between pipe 8 (0.53) and 0.50, which indicated that the interval of
pipe 17 and pipe 8 is the same. The condition is also suitable for pipe 29. The results showed that in Case 1, the interval
of pipe 17, pipe 29, and pipe 8 are the same, which indicted the effects of uncertain roughness coefficients on interval of
pipe flow are the same. In addition, pipe 22 is not affected by uncertain roughness coefficients including fuzziness as well
as interval.

By applying triangular membership function, the fuzziness of node 29 is the most significant among selected nodes
of 9, 13, 18, and 29 [15]. By applying trapezoidal membership function, the fuzziness of nodal pressure measured by
(ﬁ) follow the order of node 29 (0.55) > node 13 (0.54) > node 9 (0.30) > node 18 (0.18). The results indicated that
in Case 1, the fuzziness of node 29 and node 13 are more significant than other selected nodes. The interval of nodal
pressure decreased in the order of node 29 (0.76) > node 9 (0.75) = node 13 (0.75) > node 18 (0.74). The results showed
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that in Case 1, the intervals of node 29, node 9, node 13, and node 18 are almost the same, which also indicated the effects
of uncertain roughness coefficients on interval of nodal pressure are almost the same. The results indicated that in Case 1,
the effects of uncertain roughness coefficients on fuzziness and interval of pipe flows and nodal pressure are almost the

same.

In addition, the effects of uncertain pipe roughness coefficient on nodal pressure are greater than the effects on pipe

flows.

Case 2 By applying IVFS-GA method to Case 2, The IVFS of pipe flows and nodal pressures with trapezoidal

distribution membership function can be obtained and showed in Figure 9.
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Figure 9. Membership function of IVFS for pipe flow and nodal pressure in Case 2. (a) Flow in pipe 4; (b) Flow in pipe 36; (c) Flow in pipe 56; (d)
Flow in pipe 72; (e) Pressure at node 55; (f) Pressure at node 70; (g) Pressure at node 140; (h) Pressure at node 150

The results obtained for flows of pipe 4, pipe 36, pipe 56, and pipe 72 and pressures of node 55, node 70, node 140,
and node 150 are similar to the conclusion in the literature [ 15]. The fuzziness and interval of pipe flow and nodal pressure
can be obtained by the same method measured as Case 1 (Shown inFigure 10 and Table 3).
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Figure 10. Interval of pipes/nodes in Case 2
Table 3. Fuzziness and interval of pipes/nodes in Case 2
Pipes/Nodes  Fuzziness Interval Pipes/Nodes Fuzziness Interval
Pipe 4 0.08 0.62 Pipe 36 0.11 0.61
Pipe 56 0.12 0.56 Pipe 72 0.36 0.56
Node 55 0.02 0.81 Node 70 0.01 0.57
Node 140 0.02 0.80 Node 150 0.01 0.79

By applying trapezoidal membership function, the fuzziness of pipe flows measured by DD decreased in the order
of pipe 72 (0.36) > pipe 56 (0.12) > pipe 36 (0.11) > pipe 4 (0.08). The results indicated that in Case 2, the fuzziness of
pipe 72 is the most significant among selected pipes. The interval of pipes decreased in the order of pipe 4 (0.62) > pipe
36 (0.61) > pipe 56 (0.56) = pipe 72 (0.56). The results showed that in Case 2, the intervals of pipe 4 and pipe 36 are more
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significant than pipe 56 and pipe 72. The results indicated that different from Case 1, the effects of uncertain roughness
coefficients on interval of pipe flow are not the same. The results also indicated that in Case 2, the effects of uncertain
roughness coefficients on fuzziness and interval of pipe flows have no direct relationships.

The fuzziness of nodal pressure measured by DD decreased in the order of node 55 (0.02) = node 140 (0.02) > node
150 (0.01) =node 70 (0.01). The results indicated that in Case 2, the fuzziness of node 55, node 140, node 150, and node
70 are almost the same. The interval of nodal pressure decreased in the order of node 55 (0.81) > node 140 (0.80) > node
150 (0.79) > node 70 (0.57). The results showed that in Case 2, the intervals of node 55, node 140, and node 150 are
almost the same, which are greater than the interval of node 70. The results also indicated that the effects of uncertain
roughness coefficients on fuzziness and interval of nodal pressure are the same. Similar with Case 1, generally the effects
of uncertain pipe roughness coefficient on nodal pressure are greater than the effects on pipe flows in Case 2.

Case 3 By applying IVFS-GA method to Case 3, The IVFS of pipe flows and nodal pressures with trapezoidal
distribution membership function can be obtained. The results obtained for flows of pipe 3, pipe 4, pipe 17, and pipe 24
and pressures of node 5, node 7, node 14, and node 29 are shown in Figure 11. Similar with Case 2, the fuzziness and
interval of pipe flow and nodal pressure can be obtained (Shown in Figure 12 and Table 4).
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Figure 11. Membership function of IVES for pipe flow and nodal pressure in Case 3. (a) Flow in pipe 3; (b) Flow in pipe 4; (c¢) Flow in pipe 17; (d)
Flow in pipe 24; (e) Pressure at node 5; (f) Pressure at node 7; (g) Pressure at node 14; (h) Pressure at node 29

By applying trapezoidal membership function, the fuzziness of pipes flow measured by DD decreased in the order
of pipe 17 (0.75) > pipe 24 (0.65) > pipe 4 (0.12) > pipe 3 (0.11). The results indicated that in Case 3, the fuzziness of
pipe 17 is the most significant among selected pipes. The interval of pipes decreased in the order of pipe 24 (0.55) > pipe
4 (0.54) > pipe 3 (0.52) = pipe 17 (0.52). The results showed that in Case 3, the intervals of pipe 24, pipe 4, pipe 3, and
pipe 17 are almost the same. The results indicated that similar with Case 1, the effects of uncertain roughness coefficients
on interval of pipe flow are almost the same. The results indicated that in Case 3, the fuzziness and interval of IVFS for
pipe flows have no direct relationships.

The fuzziness of nodal pressure measured by DD decreased in the order of node 5 (0.50) > node 7 (0.40) > node 14
(0.10) > node 29 (0.00). The results indicated that in Case 3, the fuzziness of node 5 is the most significant among the
selected nodes. The interval of nodal pressure decreased in the order of node 7 (0.78) > node 5 (0.77) > node 14 (0.75)
> node 29 (0.55). The results showed that in Case 3, the intervals of node 7, node 5, and node 14 are almost the same,
which are greater than the interval of node 29. The results indicated that in Case 3, the fuzziness and the interval of IVFS
for nodal pressure are almost the same. The results also indicated that generally the effects of uncertain pipe roughness
coefficient on nodal pressure are greater than the effects on pipe flows in Case 3.
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Figure 12. Interval of pipes/nodes in Case 3

Table 4. Interval of pipes/nodes in Case 3

Pipes/Nodes  Fuzziness Interval Pipes/Nodes Fuzziness Interval

Pipe 3 0.11 0.52 Pipe 4 0.12 0.54
Pipe 17 0.75 0.52 Pipe 24 0.65 0.55
Node 5 0.50 0.77 Node 7 0.40 0.78
Node 14 0.10 0.75 Node 29 0.00 0.55

4. Conclusion

In this paper, the IVFS of pipe roughness coefficient is proposed to analyze the effects of multiple uncertainties of
pipe roughness coefficient on pipe flows and nodal pressure. The proposed method was performed based on IVFS-GA
algorithm. Based on the interval values of o-cut sets defined for lower and upper pipe roughness coefficients, the minimum
and maximum values of pipe flows and nodal pressures were obtained. Accordingly, the IVFS of pipe flows and nodal
pressures were obtained, and the fuzziness and interval of pipe flows and nodal pressures were determined and compared
among pipes and nodes. The method was applied to three networks. The results indicated that the fuzziness and interval
of pipe flows have no direct relationships, while the fuzziness and interval of nodal pressure have close relationship. The
results also indicated that the uncertainty of pipe roughness coefficients has more significant effects on interval of nodal
pressure than pipe flows, which may due to the fact that the hydraulic relation between nodal pressure and pipe roughness
coefficient is closer than the hydraulic relation between pipe flow and pipe roughness coefficient. Moreover, the effects of
uncertainty for pipe roughness coefficients on flow among pipes and pressure among nodes should be researched in depth,
which may have relationships with flow, nodal demand, topology of pipes and nodes, etc. In this paper, only the effects
of fuzziness and interval of pipe roughness coefficients on pipe flows and nodal pressure were analyzed. The effects of
the other parameters of hydraulic and water quality in WDS should also be researched in future research. In addition, the
effect of uncertain parameters on water quality is an important issue, which have close relationship with human health and
should be paid more attention. The results obtained can give managers more message under complex uncertain conditions.
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