
World Journal of Engineering and Technology, 2020, 8, 456-484 
https://www.scirp.org/journal/wjet 

ISSN Online: 2331-4249 
ISSN Print: 2331-4222 

 

DOI: 10.4236/wjet.2020.83034  Aug. 26, 2020 456 World Journal of Engineering and Technology 
 

 
 
 

Effectiveness of Several  
Metaheuristic Methods to Analyze  
Hydraulic Parameters in a Drinking  
Water Distribution Network 

Sulianto 

Department of Civil Engineering, University of Muhammadiyah Malang, Malang City, Indonesia 

 
 
 

Abstract 
The reliability and ease of applying metaheuristic methods in solving large 
and complex equation systems make it interesting to be applied as an alterna-
tive solution to solving problems in various fields. This article proves the ef-
fectiveness of an optimization model based on the metaheuristic method for 
the analysis of hydraulic parameters of drinking water distribution pipes. The 
metaheuristic methods explored are Differential Evolution (DE) algorithm, 
Particle Swam Optimization (PSO) algorithm and CODEQ algorithm. The 
effectiveness of the three methods is measured relative by comparing the re-
sults of the analysis of the three models with the results from Newton Raph-
son method and Monte Carlo simulation method. The analysis shows that the 
optimization model based on the DE, PSO and CODEQ algorithms is very 
effective for solving problems on a simple network that has 6 pipe elements 
and 5 service nodes. The results obtained have a level of accuracy as good as 
Newton Raphson method. In the case of complex networks that have 32 pipe 
elements and 21 service nodes, there is an indication of performance degra-
dation which is indicated by a decrease in fitness value. In this case, Newton 
Raphson method still shows its consistency. The optimization model based 
on the metaheuristic method is still far more effective than the Monte Carlo 
simulation method, although it is not as effective as Newton Raphson me-
thod. The Monte Carlo simulation method is not recommended for hydraulic 
pipe network analysis, even for simple networks. 
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1. Introduction 

Analysis of the distribution network hydraulic parameters is an important part 
of the design and maintenance of drinking water supply systems. In the case of 
a branched network, the hydraulic analysis can be done more simply because 
even though the hydraulic equation system is non-linear but it is still possible to 
be transformed into a linear function. Thus the solution can be solved analyti-
cally. But in a closed network system (loop) solving the equation system by an 
analytical way is not possible. In the case of a complex network, the equation 
system formed is non-linear and complex so that it requires special methods to 
solve it. 

Until now there have been many methods for hydraulic analysis of drinking 
water distribution pipelines proposed by world researchers. Method develop-
ment starts from the graphical method, the use of physical analogies to the use of 
mathematical models. Development of hydraulic analysis methods for drinking 
water distribution pipelines in general include; the Hardy Cross method (Cross, 
1936; Hoag and Weinberg, 1957), Simultaneous Node method (Martin and Pe-
ters, 1963; Shamir and Howard, 1968), Simultaneous Loop method (Epp and 
Fowler, 1970; Jeppson, 1976), Simultaneous Pipe petode namely the Linear Me-
thod (Wood and Charles, 1972), the Simultaneous Network method or the 
Global Gradient Method (Todini and Pilati, 1987). These methods are developed 
from the basis of physical analogies and mathematical modeling [1]. Efforts to 
improve the performance of hydraulic analysis methods were proposed by sev-
eral researchers, including; nodal analysis models of looped water distribution 
networks [2], and hydraulic analysis of water supply networks using a Modified 
Hardy Cross method [3]. 

There are currently many application packages offered by manufacturers for 
pipeline hydraulic analysis. A commercial application package called EPANET 
has been developed not only for hydraulic simulations for pipelines, but includes 
water quality analysis [4] [5]. EPANET has been successfully applied for pipe 
hydraulic analysis at “Teiul Doamnei” in Bucharest which has 250 pipe elements 
and 212 nodes to serve a population of 40,000 [6]. During its development, 
EPANET became one of the most popular applications because of its reliability 
and ease of modification to solve certain problems. EPANET can be applied to 
solve problems in pipelines that have discharge and pressure gaps at each service 
node [7]. ELGTnet, a commercial application package proposed by Gupta and 
Prasad can complete a pipeline hydraulic analysis with a very short iteration 
time [8]. The WaterCAD Simulator was successfully applied to the water distri-
bution network in the Sakwa Region of Nigeria [9]. Loop 4.0 and Permata Air 
V8i were successfully applied for hydraulic analysis and optimization of pipe 
diameters in rural networks in zone 1 Nava shihora state of Gujarat, India [10]. 

Along with the development of the computing world, the metaheuristic me-
thod is considered quite reliable because of the ease of its implementation and its 
ability to find “good” and fast solutions, especially to solve systems of equations 
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that have high dimensions. Metaheuristics is a method for finding solutions that 
integrate interactions between local search procedures and higher strategies to 
create processes that can get out of the local optima point and search in the solu-
tion space to find global solutions. The shuffled complex evolution (SCE) algo-
rithm can be used as an alternative solution for pipeline hydraulic analysis. Un-
der special conditions, the SCE Algorithm can solve problems that cannot be 
solved by the Global Gradient Algorithm (GGA) [11]. Application of Differential 
Evolution (DE) Algorithms for hydraulic analysis on complex pipe network that 
have 12 (twelve) pipe elements can show excellent performance. The absolute 
head at each node has similarities with the results obtained from the Newton 
Raphson method [12] [13] [14]. Genetic Algorithms (GAs), Harmony Search 
(HS) and Simulated Annealing (SA) have excellent performance for optimizing 
pipe diameters in drinking water distribution pipelines [15] [16].  

This article presents a new model as an alternative solution to solving the 
problem of hydraulic parameter analysis in complex drinking water distribution 
networks by utilizing the advantages of metaheuristic methods. In this model, 
the hydraulic equation system in a pipeline is brought into the form of a 
non-linear matrix equation system, and then solved using the optimization con-
cept based on the Metaheuristic method. The optimization process uses 3 me-
thods, namely; DE algorithm, PSO algorithm and CODEQ algorithm. As the op-
timized variable is the head value at each node in the pipe network, as an objec-
tive function is to minimize the difference between the discharge outflow at each 
service node and the targeted outflow or required flow, and as a constraint func-
tion is a system of hydraulic equations that applies to the pipe network. The ite-
ration process to find the optimal conditions is done using the M-FILE program 
code from the MATLAB software. To measure the effectiveness of the model 
developed from three methods, the results of the analysis obtained are compared 
with the results of the analysis of the Newton Raphson method and conservative 
simulations using the Monte Carlo simulation method. The model reliability test 
uses two hypothetical data sets, namely; 1) simple network data sets and 2) com-
plex network data sets. In addition to knowing the level of effectiveness of me-
taheuristic methods in solving hydraulic analysis problems in networks, through 
the results of the analysis of two data sets that have different characters, it is ex-
pected to identify the strengths and weaknesses of the models developed. 

2. Method and Materials 
2.1. Hydraulic Equation System 
2.1.1. The Basic Principle of Flow on the Network Pipe 
Flow analysis in network pipe must meet the following basic principles of con-
tinuity and energy conservation; 1) the flow in a pipe must meet the laws of head 
loss for a single pipe flow, 2) the amount of flow that enters the network system 
must be the same as the flow that leaves it, and 3) the flow that enters a node 
must be the same as the number of flows leave it. 
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2.1.2. Head Loss in a Pipe Element 
The pipe element with the notation i connects vertices j and k as shown in Fig-
ure 1. If the head at node j and k is Zj and Zk, then the head loss of element i is: 

2

2
i

f k j i
v

h Z Z L
g

α= − = ⋅ ⋅                     (1) 

where, 
hf—head loss (m);  
Zk—absolute head at node k (m); 
Zj—absolute head at node j (m); 
Li—length of pipe element i (m); 
vi—velocity in pipe element i (m/s); 
α—roughness coefficient of pipe element i.  
If vi = velocity in the pipe element i, Ai = cross-sectional area of the pipe i, and 

Qi = discharge in element i, then this applies:  

i i iQ A v= ⋅                            (2) 

Head in the pipe element is needed to overcome the friction resistance that 
occurs when flowing. The relationship between high energy loss and discharge 
in pipe flow, according to Hazen-William is stated by [17]:  

Q A v= ⋅                            (3) 
2.63 0.540.2785 HWQ C D S= ⋅ ⋅ ⋅                    (4) 

( )2.63 0.54

0.54

0.2785 HWC D hf
Q

L

⋅ ⋅
=                  (5) 

hfS
L

=                            (6) 

with, 
Q—discharge (m3/s); 
D—pipe diameter (cm); 
S—slope of the energy grade line; 
hf—head loss due to limit friction (m); 
L—length of the pipe element (m);  
CHW—Coefficient of pipe wall roughness by Hazen William. CHW values 

can be estimated using Table 1. 
Furthermore if, 

( )2.63 0.540.2785 HWk C D L= ⋅ ⋅ , dan Z hf=            (7) 

then Equation (7) can be simplified into: 

( )0.54i i iQ k Z⋅=                        (8) 

or,  

( )
( )0.46

i
i i

i

kQ Z
Z

⋅=                       (9) 
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Figure 1. Pipe element. 

 
Table 1. Coefficient of pipe roughness according to Hazen-William. 

Material Hazen-Williams coefficient 

Asbestos cement (AC) 140 

Cast iron 100 

Ductile iron (DI) 140 

Polyethylene (PE) 140 

Polyvinyl chloride (PVC) 150 

Unknown, other 100 

Source: [18]. 

 
and,  

( )i i iQ Kt Z⋅=                        (10) 

( )0.46

i
i

i

kKt
Z

=                        (11) 

Equation (10) shows that the Kti value is not constant, but is also influenced 
by the head loss (Z) so that the analysis will provide a system of non-linear equa-
tions. By analogy, the above equation system can also be derived using the basic 
Darcy-Weisbach equation or other similar equations. 

2.1.3. Flow Equation System for a Pipe Element 
By using Equation (11) it can be calculated that the discharge of element i is a 
function of the head in that element. Discharge in an element marked positive (+) 
if it leaves node k and is marked negative (−) if it goes to node j which corres-
ponds to the head at node k greater than node j. In an incoming debit node is 
positive (+) and negative (−) when leaving the node. 

( )0.54i
kj k jQ k Z Z−⋅=                     (12) 

( )
( )0.46

i

kj k j

k j

kQ Z Z
Z Z

⋅= −
−

                 (13) 

then, 

( )i i i
k i k jQ kt dZ kt Z Z= = −⋅                  (14) 

( )i i i
j j j kQ kt dZ kt Z Z= = −⋅                  (15) 

with, 
i
kQ —discharge in node k element i; 
i
jQ —discharge in node j element i. 
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If the equation system is transformed into a matrix, then it is obtained:  

1 1
1 1

i
k ki

i
j j

Z Q
kt

Z Q
 −   

× =    −      
⋅


                 (16) 

or, 
i i iQ K Z∗= ⋅                        (17) 

with, 
i
ki
i
j

Q
Q

Q
 

=  
  

 is a discharge vector element; 

1 1
1 1

i iK k∗ − 
=  − 

⋅  is a characteristic matrix of element I;  

i
ki
i
j

Z
Z

Z
 

=  
  

 is a difference vector of absolute pressure at nodes in element i. 

2.1.4. Hydraulic Equation System in a Simple Network 
A simple network model is shown in Figure 2. In the figure, Qn contributes to 
each node. This Qn will be positive (+) if the flow enters and negative (−) if the 
flow leaves the node (there is real use). Based on the description, the summary 
discharge from the elements connected to the node value must be equal to the 
number of discharges that exit the node, thus for each node applies: 

N i
ji Q F=∑                           (18) 

where the numbers 1, 2, 3, 4 indicate the index node and the letters a, b, c, d in-
dicate the index of the pipe element. Furthermore, by means of a matrix then: 

0i k iF Q Qn= + =∑ ∑                     (19) 

with, Fi = balance discharge at node i dan iQn∑  = increase or decrease in flow 
at node i. If the equation is changed in a matrix symbol then it applies:  

( )F K Z Z= ⋅ ⋅                         (20) 

The characteristic matrix includes the supporting factors for each element. 
These supporters are presented in a table according to the symbols that are linked. 
To facilitate implementation, it is necessary to make a table of the relationship of 
elements with their nodes. According to the simple model above, we can present 
the relationship of elements with their nodes as shown in Table 2 and Table 3. 

2.2. Hydraulic Equation System Solution Using Newton Raphson  
Method 

This method is a numerical method based approach. The solution to Newton 
Raphson’s equation for the pipeline hydraulic analysis graphically is shown in 
Figure 3. 

The calculation steps for the Newton Raphson method are systematically de-
scribed as follows: 

1) Set the initial absolute head at each node (Zinitial), [Zi]; 
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Figure 2. Example of the simple network pipe. 

 

 
Figure 3. Newton Raphson method. 

 
Table 2. Relationship of elements and nodes. 

Element Begin node End node 

a 1 2 

b 2 3 

c 2 4 

d 3 4 

 
Table 3. Supporting matrices of characteristic.  

 node 1 node 2 node 3 node 4 

node 1 Ka −Ka 0 0 

node 2 −Ka Ka + Kb + Kc −Kb −Kc 

node 3 0 −Kb Kb + Kd −Kd 

node 4 0 −Kc Kd Kc − Kd 

 
2) Calculate and arrange the gradient line i, or matrix characteristic of net-

work pipe [Kti]; 
3) Calculate external discharge at Fi service points, with the equation 

[ ] [ ] [ ]i i iF Kt Z= ∗ ; 
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4) Calculate discharge balance at each node [ ] [ ] [ ]i iF F F∆ = − ; 
5) Calculate [ΔZi] by solving the equation [ ] [ ] [ ]i i iKt z F∗ ∆ = ∆ ; 
6) Calculate [Zi+1] with the equation [ ] [ ] [ ]1i i iZ Z Z+ = + ∆ ; 
7) Repeat step 2) to step 6) until the desired tolerance is found; 
8) Set [Zi+1] at the end of the iteration as the absolute head at the node and is 

the variable sought; 
9) Calculate the hydraulic parameters of the network pipe according to the 

value of Zi produced in step 8), including; discharge and absolute head at the 
nodes, as well as the discharge, velocity and head loss in each pipe element. 

2.3. Hydraulic Quation System Solution Using Metaheuristic  
Method  

2.3.1. Optimization Process  
In the implementation of metaheuristic methods, the solution of the network 
pipe hydraulic equation system can be approached through the optimization 
process. In the metaheuristic method, the objective function is stated as a fitness 
function. The objective function of the optimization process is the water balance 
at each service node or can be expressed as the minimization of the deviation of 
the service nodes from the hydraulic analysis with the targeted node discharge, 
i.e. according to the data. Thus the objective function or fitness function of the 
optimization process can be stated as: 

( )( )2

minimum 1fitness RMSE i in
i

Q Z Qo
F

n=

−
= = = ∑         (21) 

where:  
F—water balance at service nodes (l/s); 
RMSE—root mean square error (l/s); 
Z—absolute head at node, (m); 
Qi(Z)—the outflow discharge at node i (l/s) from which is the function Z, and 

is calculated based on Equation (17);  
Qoi—discharge targeted node i (l/s); 
i—node index; 
n—number of node. 
The optimization process using the metaheuristic method to find the height of 

head at nodes (Zi) which produces a minimum RMSE value schematically is 
shown in Figure 4. 

2.3.2. Particle Swam Optimization (PSO) Algorithm  
The PSO algorithm as an optimization tool provides a population-based search 
procedure where each individual called a particle changes their position with 
respect to time. In the PSO system, each particle flies around a multi dimension-
al search space and adjusts its position based on personal experience and the ex-
perience of the particles next to it. In the case of minimization of a function, the 
analysis steps are described as follows [19] [20] [21]:  
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Figure 4. Optimization process using metaheuristic method. 

 
1) Assuming that the size of the group or number of particles is N. To reduce 

the number of evaluation functions needed to find a solution, it is better if the 
size of N is not too big but not too small so that there are many possible posi-
tions towards the best or optimal solution. 

2) Generating an initial population of x with ranges of x(B) and x(A) randomly 
so that we get 1 2, , , Nx x x . Where x is an optimized variable. In the case of 
network pipe hydraulic analysis, the optimized variable is the head at each node 
(Zi), so x(B) = the lower limit of the value of Zi and x(A) = the upper limit of the 
value of Zi. Particle j and its velocity in iteration i are denoted as ( )i

jx  and ( )i
jv , 

so these initial particles are denoted: ( ) ( ) ( )1 20 , 0 , , 0Nx x x . 
The vector, ( ) ( )0 , 1,2, ,jv j N=   is the particle or coordinate vector of the 

particle. Then an evaluation of the objective function value for each particle is 
stated by: 

( )( ) ( )( ) ( )( )1 20 ,  0 , ,  0Nf x f x f x  

The objective function is calculated using Equation (21). 
3) Calculate the velocity of all particles. All particles move to the optimal point 

with a certain velocity. Initially, all the velocity of the particle is assumed to be 
zero. Set iteration i = 1. 

4) In the iteration i, 2 important parameters are found for each particle j, 
namely: 

a) The best value so far from ( )i
jx  (particle coordinates j in iteration i) and 

expressed as Pbest,j, with the lowest objective function value, ( )i
jf x 

  , which a 
particle j found in the previous iteration. The best value for all particles ( )i

jx  
found up to the iteration i, Gbest, with the smallest objective function (fitness 
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function) value among all particles for all previous iterations, ( )i
jf x 

  . 
b) Calculate the velocity of particle j on the iteration i with the following for-

mula: 

( ) ( ) ( ) ( )1 1 , 2 21 1 1 , 1,2, ,j j best j j best jv i v i c r P x i c r G x i j N  = − + − − + − − =    (22) 

where c1 and c2 are learning rates for individual abilities (cognitive) and social 
influences (herd), r1 and r2 random numbers are uniformly distributed in the 0 - 
1 interval. So the parameters c1 and c2 indicate the weight of the memory (posi-
tion) of a particle against the memory of the group (swarm). Values of c1 and c2 
are usually 2, so the multiplication of c1r1 and c2r2 ensures that the particles will 
approach the target by about half the difference. 

c) Calculate the position or coordinates of particle j in the iteration i by: 
( ) ( ) ( )1 , 1, 2, ,j j jx i x i v i j N= − + =               (23) 

Evaluate the value of the objective function for each particle and is expressed 
as: 

( ) ( ) ( )1 2, , , Nf x i f x i f x i                          (24) 

The objective function is calculated using Equation (21). 
5) Check the convergence of the solutions obtained. If all particles go to the 

same value, it is called convergent. If it hasn’t converged then step 4 is repeated 
by updating i = i + 1, by calculating the new values of Pbest,j and Gbest. This itera-
tion process continues until all the particles go to the same solution point. 
Usually stopping criteria will be found, for example, the number of differences 
between the current solution and the previous solution is very small. 

6) The optimum Zi is determined based on the best fitness value obtained in 
the last generation. Hydraulic parameters of the network pipe include; the abso-
lute discharge and energy of the node, and the discharge, flow velocity and com-
pressive height loss in each pipe element are calculated based on the optimum Zi 
value. 

2.3.3. Differential Evolution (DE) Algorithm  
Differential Evolution (DE) algorithm includes stochastic and population-based 
search methods. The DE algorithm has similarities with other evolutionary algo-
rithms (EA), but is different in terms of distance and direction information from 
the population that is now used to guide the process of finding a better solution. 
DE was developed by Reiner Storn and Kenneth Price in 1996. The analysis in 
the DE Algorithm contains 4 (four) components, namely 1) initialization, 2) 
mutation, 3) crossover and 4) selection [19] [22] [23]. The relationship of the 
four components is shown in Figure 5.  

 

 
Figure 5. Relationship of Differential Evolution components. 
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1) Initialization 
In the case of network pipe hydraulic analysis, the optimized vector variable is 

the absolute head at each node (Zj), and j is the node index. Before initializing 
the vector variable that is sought, it is necessary to determine the lower limit (lbj) 
and the upper limit (ubj) of the optimized variables. The lower limit and the up-
per limit will be used as a first step to generate the value of the variable being 
sought. For generation of initial values of the 0th generation variable, variables to 
j and vector i can be represented by the following notation. 

( )( ), ,0 0,1j i j j j jx lb rand ub lb= + −                (25) 

Random numbers are generated by the rand function, where the resulting 
numbers lie between (0, 1). The index j shows the variable j. In the case of mini-
mization of functions with 2 variables, then j will be worth 1 and 2. Determina-
tion of the upper and lower limits is very dependent on the problem being 
solved. 

2) Mutation 
After initialization, DE will mutate and combine the initial population to 

produce a population with the size of an N vector experiment. In DE mutation is 
done by adding the difference of two vectors to the third vector by: 

( )0 1 2, , , ,i g r g r g r gv x F x x= + −                   (26) 

It appears that the difference between the two vectors chosen at random needs 
to be scaled before being added to the third vector, 

0 ,r gx . The scale factor 
( )0,1F ∈  has a positive real value to control the population growth rate. The 

base vector index r0 can be determined in various ways, in general, a different 
random method is used with the index for the target vector, i. Besides being dif-
ferent from each other and different from the index for the base vector and tar-
get vector, the difference vector index r1 and r2 are also selected once per mutant. 

3) Crossover 
At this stage DE crosses each vector xi,g, with the mutant vector vi,g, to form 

the crossing vector, ui,g with the formula. 

( )( )
( )( )

, ,
, , ,

, ,

jika 0,1

jika 0,1
j i g rand

i g j i g
j i g rand

v rand Cr atau j j
u u

x rand Cr atau j j

 → ≤ == = 
→ > ≠

      (27) 

4) Selection 
If the trial vector ui,g has a value of the objective function that is smaller than 

the target vector’s objective function xi,g, then ui,g will replace the position of xi,g 
in the population in the next generation. If the opposite occurs, the target vector 
will remain in its position in the population. 

5) Presentation of results 
- The iteration process will stop at the specified stopping criteria, i.e. the 

maximum number of generations given; 
- Optimum Zi is the xi value determined based on the best fitness value ob-

tained; 
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- Calculate pipeline hydraulic parameters at optimum Zi conditions, including; 
the absolute discharge and energy of the node, as well as the discharge, flow 
velocity and compressive height loss in each pipe element. 

2.3.4. CODEQ Algorithm  
CODEQ is an algorithm proposed by Omran (2008). This algorithm is a synthe-
sis from chaotic search, opposition-based learning, differential evolution and 
quantum mechanism. CODEQ algorithm is a metaheuristic method that in-
volves population as a solution for continuous problems. Omran (2008) de-
scribes the steps of the CODEQ algorithm as follows [24]. 

1) Optimized variables are expressed as xi. In the case of a hydraulic network 
analysis, xi is the pressure height at each node (Zi). 

2) Initialize population from random vector s in the solution search area. 
3) Generating a trial vector vi(t) for each vector xi(t) in the iteration t by muta-

tion, according to the formula: 

( ) ( ) ( )1 2 ( ) lni i i i
lv t x t x t x t
u

 = + −      
                (28) 

U is obtained randomly U(0, 1) and 1 2i i i≠ ≠ . 
4) If the fitness function of the trial vector vi(t) is better than vector xi(t), then 

the vector vi(t) replaces the position xi(t), if not then vice versa. 
5) Generating new vector w(t) on each t iteration with the formula: 

( ) ( )bw t LB UB R x t= + − ⋅ , jika rand ≤ 0.5            (29) 

or, 

( ) ( ) ( ) ( ) ( )( )1 2 2 1g i iw t x t x t x t c t= + − ⋅ − , jika rand > 0.5      (30) 

r is obtained randomly U(0, 1), LB and UB are the lower and upper limits of 
the problem, xb(t) is the worst (least fit) vector in the iteration t, xg(t) is the best 
(fitness) vector in the iteration i, xi1(t) and xi2(t) are randomly selected vectors 
with 1 2i i i≠ ≠  and c(t) are chaotic variables obtained from the formula: 

( ) ( ) ( ) ( )
1

1 0,
c t

c t jika c t p
p
−

= − ∈               (31) 

or, 

( ) ( ) ( ) ( )
1 1

jika 1 ,1
1
c t

c t c t p
p

− −
= − ∈

−
             (32) 

where c(0) and p are obtained randomly at intervals (0, 1). 
6) If the fitness function of the new vector w(t) is better than the worst vector 

xb(t), then the vector w(t) replaces the position of xb(t), if not then vice versa. 
Fitness function is calculated using Equation (21). 

7) Steps 2-5 are repeated until the stopping criteria is met. 
8) Determine the optimum Zi is xb(t) obtained from the best fitness value. 
9) Calculate the hydraulic parameters of the pipeline at the optimum Zi condi-

tions, including; the discharge and absolute head at node, as well as the dis-
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charge, velocity and head loss in each pipe element. 

2.4. Hydraulic Equation System Solution Using Monte Carlo  
Method 

Monte Carlo simulations have been successfully applied in various fields. The 
application of the Monte Carlo simulation method to solve the pipeline hydrau-
lic equation system is analyzed through the following five stages: 

1) Formulate an equations system of performance for the optimization model 
to be simulated. In this case, the model performance function is the same as the 
fitness function in the metaheuristic method as stated in Equation (21), namely 
the value of the root mean square error (RMSE) which is an indicator of the 
deviation between the calculated discharge and the targeted node discharge. 

2) Generating random numbers with normal, uniform, triangular, beta or 
other probabilistic distributions. 

3) Calculate the appropriate random variable for each optimum variable 
sought based on the desired number and sample space. As the random variable 
in this case is the absolute head at the service nodes (Zi). 

4) Evaluate the performance of the model by using input random variable 
values generated from step 3), including. 
- calculation of discharge at nodes as a function of absolute head at nodes 

( )i iQ f Z =   using Equation (17). 
- calculation of RMSE values according to equation (21). 

5) Repeat steps 3) and 4) as many samples as desired. 
6) Determine the optimum Zi value that occurs at minimum RMSE. 
7) Calculate the hydraulic parameters of the network pipe at the optimum Zi 

conditions, including; the discharge and absolute head at the nodes, discharge, 
velocity and head loss in each pipe element. 

2.5. Data for Model Testing  
2.5.1. Data Characteristic on the Netwok-1 
The effectiveness of the hydraulic analysis model developed in this study was 
tested using a hypothetical data set. There are 5 (five) models tested, namely the 
hydraulic analysis model based on Newton Raphson method, DE Algorithm, 
PSO Algorithm, CODEQ Algorithm and Monte Carlo simulation method. The 
five models are tested on simple network pipe and complex network pipe. A 
simple network pipe is called network-1, schematically shown in Figure 6. Net-
work-1 consists of 5 service nodes and 6 pipe elements. Water in network pipe 
comes from reservoirs that have a higher water level than node elevations, so the 
flow system in the network pipe is only influenced by gravity. Reservoir water 
level at network-1 is at elevation +10.00 m and service nodes are at elevation 
+0.00 m. Total targeted outflow discharges at all nodes are 8.00 l/s, consisting of 
node 3, node 4, node 5 respectively 4.00, 2.00 and 2.00 l/s. The characteristics of 
nodes and pipe elements in network-1 are presented in Table 4 and Table 5 in 
detail. 
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Figure 6. Schematic of network-1. 

 
Table 4. Data characteristics of the pipe elements on the network-1. 

Element 1 2 3 4 5 6 

Begin node 1 2 3 2 4 2 

End node 2 3 4 5 5 4 

Length of pipe (m) 100.00 100.00 100.00 100.00 100.00 150.00 

Diameter of pipe (cm) 10.00 5.00 5.00 5.00 5.00 5.00 

CHW 130 130 130 130 130 130 

 
Table 5. Data node characteristics on the network-1. 

Node 1 2 3 4 5 

Elevation of node (m) 0.00 0.00 0.00 0.00 0.00 

Qoutflow (l/s) 8.00 0.00 4.00 2.00 2.00 

Zinitial (m) 2.75 2.65 2.45 2.20 2.35 

2.5.2. Data Characteristic on the Netwok-2 
Complex network data is called network-2, schematically shown in Figure 7. 
Networks consist of 21 nodes and 32 pipe elements. The water level in the re-
servoir is +50.00 m, node 1 is +20.00 m and the other nodes are +10.00 m. The 
total targeted discharge is 165.00 l/s distributed at 30 service nodes as shown in 
Figure 7. Pipe elements 1 and 2 have a diameter 30 cm and other elements are 
uniform with diameter 20 cm. Pipe element 1 has length 200 m and 31 other 
elements have the same length, which is 500 m. The characteristics of the nodes 
and pipe elements in the networks are detailed in Table 6 and Table 7. 

3. Result and Discussion 
3.1. Hydraulic Analysis of Simple Network (Network-1) 

A comparison of the hydraulic analysis results on network-1 using the 5 me-
thods developed in this research is summarized in Table 8 and Table 9. Table 8 
column [2] to column [7] presents a comparison of discharge at node from the  
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Figure 7. Schematic of network-2. 
 

Table 6. Data characteristics of network pipe elements on the network-2. 

Element 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

The first node 1 2 3 4 2 3 4 5 6 7 8 6 7 8 9 10 

The last node 2 3 4 5 6 7 8 9 7 8 9 10 11 12 13 11 

Length (m) 200 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 

Diameter (m) 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

Element 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

The first node 11 12 10 11 12 13 14 15 16 14 15 16 17 18 19 20 

The last node 12 13 14 15 16 17 15 16 17 18 19 20 21 19 20 21 

Length (m) 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 

Diameter (m) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

 
Table 7. Data characteristics of node on the network-2.  

Node 1 2 3 4 5 6 7 8 9 10 11 

Node elevation (m) 20.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 

Q_outflow (l/sec) −165.0 0.0 10.0 5.0 3.0 30.0 10.0 5.0 3.0 15.0 10.0 

Z_initial (m) 25.0 20.0 20.0 19.9 19.9 19.8 19.8 19.7 19.7 19.6 19.6 

Node 12 13 14 15 16 17 18 19 20 21 
 

Node elevation (m) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
 

Q_outflow (l/sec) 5.0 3.0 15.0 10.0 5.0 3.0 15.0 10.0 5.0 3.0 
 

Z_initial (m) 19.5 19.5 19.4 19.4 19.3 19.3 19.2 19.2 19.1 19.0 
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Table 8. Comparison discharge and absolute head at service nodes in the network-1. 

Node 
Discharge node (l/sec) Absolute energy (meter) 

Data NR DE PSO Codeq MC NR DE PSO Codeq MC 

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 

1 8.00 8.00 8.00 8.00 8.00 9.40 10.00 10.00 10.00 10.00 10.00 

2 0.00 0.00 0.00 0.00 0.00 −0.40 8.52 8.51 8.52 8.52 7.99 

3 −4.00 −4.00 −4.00 −4.00 −4.00 −4.90 1.34 1.28 1.34 1.34 −1.96 

4 −2.00 −2.00 −2.00 −2.00 −2.00 −10.70 2.21 2.18 2.21 2.21 −0.52 

5 −2.00 −2.00 −2.00 −2.00 −2.00 −1.10 2.69 2.68 2.69 2.70 1.83 

 
Table 9. Comparison of discharge, velocity and head loss at pipe elements in the network-1. 

Element 
Discharge in pipe element (l/sec) Velocity (m/sec) Energy losses (meter) 

NR DE PSO CODEQ MC NR DE PSO CODEQ MC NR DE PSO CODEQ MC 

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 

1 8.00 8.02 8.00 8.00 9.44 1.02 1.02 1.02 1.02 1.20 1.48 1.49 1.48 1.48 2.01 

2 3.03 3.04 3.03 3.03 3.61 1.54 1.55 1.54 1.54 1.84 7.18 7.23 7.18 7.18 9.94 

3 −0.97 −0.99 −0.97 −0.97 −1.27 −0.50 −0.50 −0.50 −0.50 −0.65 0.88 0.90 0.88 0.88 1.44 

4 2.70 2.71 2.70 2.70 2.79 1.38 1.38 1.38 1.38 1.42 5.82 5.83 5.82 5.82 6.16 

5 −0.70 −0.72 −0.70 −0.70 −1.66 −0.36 −0.36 −0.36 −0.36 −0.84 0.48 0.50 0.48 0.48 2.35 

6 2.27 2.27 2.27 2.27 2.67 1.16 1.16 1.16 1.16 1.36 6.31 6.33 6.31 6.30 8.50 

 
results of analysis with discharge targeted, according to the data shown in Table 
5. Hydraulic analysis based on Newton Raphson method, DE Algorithm, PSO 
Algorithm and CODEQ Algorithm produces a discharge value at the node equal 
to the targeted discharge value. This shows that the four methods succeeded in 
completing the hydraulic equation system very well. The discharge at node from 
the results of a hydraulic analysis based on the Monte Carlo Simulation method 
shows different results and tends to have significant deviations. Table 9 presents 
a comparison of the absolute head at nodes, discharge, velocity and head loss in 
each pipe element produced by the five methods developed. The table shows that 
the analysis of the Newton Raphson method, the DE Algorithm, the PSO Algo-
rithm and the CODEQ Algorithm tend to produce the same value, but the re-
sults of the analysis from the Monte Carlo simulation method show quite signif-
icant different results. This indicates that the Monte Carlo simulation method is 
not relevant to be applied to solve hydraulic equation systems in network pipe 
even in simple network pipe, and three other metaheuristic methods can dem-
onstrate their effectiveness in solving the problem of simple network pipe hy-
draulic analysis. 

Newton Raphson method for hydraulic analysis in network-1 uses the input of 
initial head at nodes (Zi) as shown in Table 5, the maximum number of itera-
tions is set 100 times or stops on stopping criteria (dZ) ≤ 10−6. dZ is the differ-
ence between the absolute number of Z values in the iteration i (Zi) with the ab-
solute number of Z values in the iteration i + 1 (Zi+1). Running the program with 
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the input parameter produces a value of dZ close to “0”, which means that the 
discharge at the service nodes is the same as the targeted discharge. In this re-
gard, it can be said that the estimated Z value based on the results of Newton 
Raphson’s analysis approaches the exact value. Table 8 column [2] and column 
[3] present a comparison of the targeted discharge at nodes and the approach 
discharge at nodes. Table 9 columns [2] [7] and [12] present the hydraulic pa-
rameters from the Newton Raphson analysis results. Furthermore, the hydraulic 
parameters from the Newton Raphson method analysis are used to measure the 
performance of other methods in solving the problem of hydraulic analysis on 
network-1. 

Hydraulic analysis on network-1 uses an optimization method based on the 
DE, PSO and CODEQ algorithms involving the same parameter values, namely; 
the number of individuals in the population (N) = 520, the maximum number of 
generations (iteration) = 150, the lower boundary of the head at node (lb) = 
−30.00 m and the upper boundary of the head at node (ub) = 30.00 m. The de-
velopment of fitness values from generation to generation is shown in Figure 8. 
Although starting from the best fitness values are different, convergent condi-
tions can be achieved in the 150th generation. The best fitness values or mini-
mum RMSE that can be achieved by DE, PSO and CODEQ Algorithms are 0.003 
l/sec, 0.000 and 0.004 l/sec respectively. Quantitatively it appears that the PSO 
algorithm is more effective than the other 2 methods, although the difference is 
not significant. The value of the hydraulic parameters at each node and each 
pipe element resulting from 3 metaheuristic methods have the same values as the 
results of the Newton Raphson analysis, as shown in Table 8 and Table 9. This 
shows that the two methods have the same level of effectiveness in terms of ac-
curacy. 

Hydraulic analysis on network-1 using the Monte Carlo simulation method 
involving parameters, including; population size (nn) = 700,000, number of 
samples (N) = 500,000, the lower boundary value of head at nodes (lb) = −30.00 
m and the upper boundary of head at nodes (ub) = 30.00 m. Figure 9 shows the 
RMSE values for each sample, after being sorted from the largest value to the 
smallest value. The best RMSE value is 0.440 l/s. The outflow discharge at each 
node in converging condition is shown in Table 8 column [7]. Discharge at each 
node have a significant difference to the targeted discharge. Other hydraulic pa-
rameters include; absolute head at each node, as well as discharge, velocity and 
head loss on each pipe element also show significant differences when compared 
with the results of the analysis of the Newton Raphson method and the meta-
heuristic method, as shown in Table 8 and Table 9. These conditions indicate 
that the Monte simulation method Carlo is not relevant to be applied for hy-
draulic analysis of pipe network, even in simple networks. This is due to the high 
sensitivity of the head value at the node to the outflow discharge at each node. 
The application of Monte Carlo simulation methods with large sample inputs 
may show better results, but it becomes inefficient in terms of time to achieve 
convergent conditions. 
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Figure 8. Progress of fitness values from the DE, PSO and CODEQ algorithm. 

 

 
Figure 9. The RMSE value of each sample from the Monte 
Carlo simulation method on Network-1. 

 
There are 2 factors that cause the Monte Carlo simulation method is not rele-

vant to be applied for the analysis of hydraulic parameters in the network, 
namely; 1) variable of head at nodes (Zi) and variable of outflow discharge at 
nodes (Qi) in the network have a relationship with a very high level of sensitivity, 
so that a small change in the value of the variable Zi in one node will have a ma-
jor effect on the value of Qi in all node, and 2) the value of the Zi variable at each 
node is continuous, if the value must be determined conventionally through a 
trial and error approach it will be difficult to find a convergent condition, be-
cause of the unlimited population. In the Newton Raphson method, the Zi value 
is found iteratively but systematically through a mathematical approach, so that 
the greater the number of iterations, the higher the accuracy of the resulting Zi 
value. In this case, the Metaheuristic method is used to find the combination of 
Z values at each node under optimum conditions, to produce the minimum 
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RMSE value. The optimum variable search process in the metaheuristic method 
combines the local and global search process using certain algorithms according 
to the method applied, so that the resulting Zi value will improve from genera-
tion to generation, as shown in Figure 8. The greater the number of generations 
(iteration) involved, systematically will produce a better Zi value. 

The Monte Carlo method has a slight difference from the trial and error me-
thod. The effectiveness of the calculation process on the Monte Carlo simulation 
method is done by limiting the population by taking a number of samples. The 
sample value is chosen randomly by generating random variables with normal 
distribution or other distributions according to the specified lower boundary 
and upper boundary values. The number of samples and the width of the range 
between upper boundary and lower boundary will greatly determine the effec-
tiveness and accuracy of the resulting Zi variable. Various combinations of Zi 
values according to the number of samples are used to calculate the Qi value at 
each node to produce an RMSE value. Because the Zi value is determined ran-
domly, the resulting RMSE value is also random. The process of finding the Zi 
value is not systematic, the Zi value of the nth sample does not guarantee that it 
can improve the Zi value of the n + 1 sample. In Figure 9, the RMSE values have 
been sorted from the largest value to the smallest value. Monte Carlo simulation 
methods may be able to show effective work if the lower and upper limits are 
given precisely, and the number of samples is given in large quantities. However 
this has become inefficient in terms of iteration time. 

3.2. Hydraulic Analysis of the Complex Network (Network-2) 

The results of analysis network-2 from the 5 methods developed indicate that 
Newton Raphson method is still more effective than 4 other methods. Figure 10 
shows the comparison of the mean deviation of discharge at nodes from the 
analysis results with the targeted discharge according to the data shown in Table 
7 in the line [3]. In terms of the accuracy of the discharge at node from Newton 
Raphson method gives a very small deviation value, which means it can show 
very good performance. The Monte Carlo method produces the greatest devia-
tion which means it shows very poor performance. The analysis results from 
method base on DE algorithm and CODEQ algorithm show an equivalent devia-
tion value and are slightly better than the PSO Algorithm. Figure 11 shows the 
mean deviation between the absolute head at the node, and the discharge, veloc-
ity and head loss in the pipe element from the results of the metaheuristic me-
thod analysis of the same parameters from the Newton Raphson method. The 
graph shows that the DE, PSO and Codeq algorithm-based methods produce an 
equivalent deviation but the results of the analysis of the Monte Carlo method 
show much greater results. 

The analysis of network-2 using Newton Raphson method is done by input-
ting the initial absolute head at the nodes (Z) as shown in Table 7, the maximum 
number of iterations is set 100 times or at the stopping criteria dZ = 10−6. From 
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the results of the analysis along 100 iterations, convergent conditions can be 
achieved. Table 8 column [2] and column [3] show that the discharge node from 
the analysis results is close to the targeted discharge as shown in Table 7 in the 
column [3]. The mean of deviation of discharge at node is obtained 0.186 l/s 
with a standard deviation of 0.37 l/s indicating that the deviation is very small 
and occurs evenly at all nodes. This indicates that the Newton Raphson Method 
is very relevant and effective in solving flow analysis problems in networks. The 
results of the analysis of other hydraulic parameters are presented in Table 10 
columns [8] and Table 11 columns [2] [7] and [12]. The results of the analysis 
from Newton Raphson method are then used as a benchmark to measure the 
performance of other methods in the analysis of network-2. 

 
Table 10. Comparison of absolute head and discharge at nodes on network-2. 

Node 
Discharge node (l/sec) Absolute energy (meter) 

Data NR DE PSO CODEQ MC NR DE PSO CODEQ MC 

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 

1 165.000 165.00 161.10 136.00 164.00 168.50 50.00 50.00 50.00 50.00 50.00 

2 0.000 0.00 0.10 −6.40 4.80 −26.80 46.70 46.84 47.69 46.74 46.57 

3 −10.000 −10.00 −15.60 1.40 −23.40 −128.30 43.22 43.32 45.93 42.89 44.38 

4 −5.000 −5.00 −15.90 18.70 0.70 273.20 37.82 37.64 43.75 38.21 63.38 

5 −3.000 −3.00 −18.50 19.30 −2.70 −92.40 36.82 35.87 43.26 36.81 37.74 

6 −30.000 −30.00 −29.60 −51.80 −23.10 −7.10 37.16 38.55 39.19 37.73 37.19 

7 −10.000 −10.00 −12.10 0.80 2.50 −31.20 37.11 38.56 40.44 37.75 39.74 

8 −5.000 −5.00 −11.30 16.90 −5.40 91.10 36.39 37.53 40.57 36.94 48.11 

9 −3.000 −3.00 3.00 15.80 −10.90 −35.50 36.10 35.72 40.47 35.71 37.24 

10 −15.000 −15.00 −2.50 −30.20 −12.80 −293.20 35.01 36.19 37.19 33.67 20.24 

11 −10.000 −10.00 −22.90 −17.20 −3.20 −99.10 35.02 38.23 37.64 35.51 35.90 

12 −5.000 −5.00 −7.60 −0.40 1.60 112.00 34.85 38.01 36.31 36.53 42.28 

13 −3.000 −3.00 −21.80 −6.40 −3.70 −32.30 34.74 32.48 33.27 33.41 32.34 

14 −15.000 −14.90 −18.60 −32.20 −17.70 56.60 34.40 28.90 36.96 26.87 57.92 

15 −10.000 −10.00 −14.20 −13.90 −10.20 −113.30 34.75 44.17 38.65 34.52 56.16 

16 −5.000 −6.10 −10.40 8.80 5.20 −8.60 33.75 46.44 34.19 40.69 36.49 

17 −3.000 −3.90 −4.50 −40.20 −15.50 12.60 33.06 23.82 17.91 24.71 19.09 

18 −15.000 −14.80 −7.10 −15.00 −24.80 −166.30 34.33 24.17 36.96 20.15 37.05 

19 −10.000 −10.00 −8.20 −42.30 −4.60 −14.20 36.00 62.34 47.12 30.50 62.85 

20 −5.000 −5.60 −2.50 −15.20 −9.20 −30.70 36.34 72.71 49.78 38.32 57.25 

21 −3.000 −2.00 −5.00 17.40 −12.00 28.60 34.17 32.19 31.13 20.96 39.19 
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Table 11. Comparison of discharges, velocity and head loss in the pipe elements on network-2. 

Element 
Discharge in pipe element (l/sec) Velocity (m/sec) Head losses (meter) 

NR DE PSO CODEQ MC NR DE PSO CODEQ MC NR DE PSO CODEQ MC 

[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 

1 165.00 161.09 136.00 164.02 168.47 2.34 2.28 1.93 2.32 2.38 3.30 3.16 2.31 3.26 3.43 

2 103.55 104.26 71.83 109.27 80.74 1.47 1.48 1.02 1.55 1.14 3.48 3.52 1.77 3.84 2.20 

3 45.22 46.43 27.64 41.84 −89.16 1.44 1.48 0.88 1.33 −2.84 5.41 5.68 2.17 4.68 19.00 

4 18.18 24.82 12.36 21.83 104.82 0.58 0.79 0.39 0.70 3.34 1.00 1.78 0.49 1.40 25.65 

5 61.45 56.98 57.74 59.59 60.89 1.96 1.81 1.84 1.90 1.94 9.54 8.29 8.50 9.01 9.38 

6 48.34 42.21 45.57 44.03 41.64 1.54 1.34 1.45 1.40 1.33 6.12 4.76 5.48 5.15 4.64 

7 22.04 5.66 33.99 20.69 79.22 0.70 0.18 1.08 0.66 2.52 1.43 0.12 3.19 1.27 15.27 

8 15.18 6.30 31.68 19.10 12.47 0.48 0.20 1.01 0.61 0.40 0.72 0.14 2.80 1.10 0.50 

9 3.92 −1.52 −20.50 −2.22 −30.09 0.12 −0.05 −0.65 −0.07 −0.96 0.06 0.01 1.25 0.02 2.54 

10 15.19 18.49 −5.90 16.19 −57.28 0.48 0.59 −0.19 0.52 −1.82 0.72 1.03 0.12 0.81 8.37 

11 9.29 25.01 5.25 20.32 65.95 0.30 0.80 0.17 0.65 2.10 0.29 1.80 0.10 1.23 10.87 

12 27.53 28.94 26.49 38.72 83.84 0.88 0.92 0.84 1.23 2.67 2.16 2.37 2.01 4.06 16.96 

13 27.07 10.08 31.75 28.10 37.60 0.86 0.32 1.01 0.89 1.20 2.09 0.34 2.81 2.24 3.84 

14 22.93 −12.17 39.74 11.19 47.13 0.73 −0.39 1.27 0.36 1.50 1.54 0.48 4.25 0.41 5.84 

15 21.48 34.32 52.77 28.53 42.88 0.68 1.09 1.68 0.91 1.37 1.36 3.24 7.19 2.30 4.90 

16 −1.32 −26.72 −11.80 −25.24 −80.31 −0.04 −0.85 −0.38 −0.80 −2.56 0.01 2.04 0.45 1.84 15.66 

17 6.86 8.05 21.14 −18.43 −49.45 0.22 0.26 0.67 −0.59 −1.57 0.16 0.22 1.32 1.03 6.38 

18 5.60 45.75 33.14 33.63 62.82 0.18 1.46 1.06 1.07 2.00 0.11 5.52 3.04 3.12 9.94 

19 13.85 53.12 8.09 51.19 −129.04 0.44 1.69 0.26 1.63 −4.11 0.60 7.28 0.22 6.80 37.68 

20 8.88 −47.58 −18.36 18.10 −92.31 0.28 −1.52 −0.58 0.58 −2.94 0.27 5.94 1.02 0.99 20.27 

21 19.19 −57.50 27.32 −39.24 46.91 0.61 −1.83 0.87 −1.25 1.49 1.11 8.44 2.13 4.16 5.79 

22 24.08 58.31 79.48 58.47 73.38 0.77 1.86 2.53 1.86 2.34 1.68 8.66 15.36 8.70 13.25 

23 −10.26 −79.21 −24.14 −54.53 24.66 −0.33 −2.52 −0.77 −1.74 0.79 0.35 15.26 1.69 7.64 1.76 

24 18.23 −28.34 40.79 −48.59 90.84 0.58 −0.90 1.30 −1.55 2.89 1.01 2.28 4.47 6.18 19.67 

25 14.88 97.94 81.99 81.20 85.02 0.47 3.12 2.61 2.59 2.71 0.69 22.62 16.27 15.98 17.40 

26 4.55 42.08 0.00 50.85 93.78 0.15 1.34 0.00 1.62 2.99 0.08 4.73 0.00 6.72 20.87 

27 −20.52 −87.02 −57.63 38.51 −50.74 −0.65 −2.77 −1.84 1.23 −1.62 1.25 18.17 8.47 4.01 6.69 

28 −30.44 −106.19 −80.14 28.97 −93.52 −0.97 −3.38 −2.55 0.92 −2.98 2.60 26.27 15.60 2.37 20.76 

29 −19.23 −57.25 −73.28 37.14 −91.90 −0.61 −1.82 −2.33 1.18 −2.93 1.11 8.37 13.22 3.75 20.10 

30 −24.02 −129.92 −63.58 −64.21 −105.17 −0.76 −4.14 −2.02 −2.04 −3.35 1.67 38.16 10.16 10.35 25.80 

31 −10.16 −64.31 −30.85 −55.20 46.10 −0.32 −2.05 −0.98 −1.76 1.47 0.34 10.38 2.66 7.82 5.60 

32 27.67 134.19 88.27 84.92 86.76 0.88 4.27 2.81 2.70 2.76 2.18 40.52 18.65 17.37 18.07 
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Figure 10. Average deviation of dischrage at nodes on Network-2. 

 

 
Figure 11. Comparation of average deviation absolute energy, discharge in pipe, velocity 
and energy losses. 

 
The application of DE algorithm on network-2 analysis uses the parameter 

input the number of individuals in the population (N) = 2200, the maximum 
number of generations (iteration) = 2000, the lower boundary (lb) = −30.00 m 
and the upper boundary (ub) = 30.00 m. The analysis result gives the best fitness 
value 1.7215, the progress of fitness value from generation to generation is 
shown in Figure 12. The discharge at node from the analysis results is shown in 
Table 10 column [4]. There is a difference in the value of the discharge at node 
from the analysis with the targeted discharge, namely with an average deviation 
of 6.02 l/s and a standard deviation of 5.22 l/s. This value is greater than the val-
ue generated by Newton Raphson method. This indicates that the DE algorithm 
is quite effective in solving the problem of network-2 hydraulic analysis, but its 
performance is not as good as the results of the Newton Raphson method. The 
absolute head at nodes, discharge, velocity, and head loss in each pipe element 
also shows different results when compared to the results of Newton Raphson 
method. 
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Figure 12. Progress of the fitness value from the analysis of DE, PSO and CODEQ Algo-
rithm on the network-2. 

 
The mean deviations of the four hydraulic parameters were 6.06 m, 34.2 l/s, 

1.09 m/s, 6.94 m, respectively. The comparison of the hydraulic parameter values 
from the results of the analysis based on the DE Algorithm with the results of the 
analysis of other methods is shown in Table 11 and Figures 13-17. 

The hydraulic analysis on the network-2 using PSO Algorithm involves para-
meters of the number of individuals in the population (N) = 1000, the maximum 
number of generations (iteration) = 2000 or at control stopping 10−8, the lower 
boundary (lb) = −30.00 m and the upper boundary (ub ) = 30.00 m. In the 2000 
iteration the best fitness value was 4.0575. This value is greater than the fitness 
value generated from the analysis based on the DE Algorithm. The progress of 
fitness values from generation to generation is shown in Figure 12 and the dis-
charge at nodes from the analysis are presented in Table 10 column [5]. The 
mean deviation of discharge at node from the analysis with the targeted dis-
charge at nodes is 15.79 l/s with a standard deviation of 10.07 l/s. This shows 
that in terms of the accuracy of the discharge at nodes the PSO algorithm can 
work quite well, but it is not better than Newton Raphson method and the DE 
algorithm. The absolute head at nodes, discharge, velocity and head loss in each 
pipe element also shows different results when compared with the results of the 
analysis of Newton Raphson method. The mean deviations of the four hydraulic 
parameters were 4.29 m, 23.16 l/s, 0.7 m/s, 3.87 m respectively. This value is 
slightly better when compared to the hydraulic parameters generated by method 
based on the DE algorithm. The comparison of the hydraulic parameter values 
from the PSO Algorithm analysis with the analysis from other methods is shown 
in Table 11 and Figures 13-17. 

The application of the CODEQ algorithm for hydraulic analysis on the net-
work-2 uses parameters of the number of individuals in the population (N) = 1000,  
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Figure 13. Comparison between discharge at the node of the analysis result and targeted 
discharge. 

 

 
Figure 14. Comparison between the absolute head at each node from the analysis of the 5 
models.  

 

 
Figure 15. Comparison of discharges in the pipe elements from the results of the analysis 
of the 5 models.  

 

 

Figure 16. Comparison of velocity in the pipe elements from the results of the analysis of 
the 5 models. 
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Figure 17. Comparison of head losses in the pipe elements from the results of the analysis 
of the 5 models.  
 
the maximum number of generations (iteration) = 2000, the lower boundary (lb) 
= −30.00 m and the upper boundary (ub) = 30.00 m. Analysis until the 2000th 
iteration produced the best fitness value (RMSE) of 1.5728 l/s, and the progress 
of fitness values from generation to generation is shown in Figure 12. Discharge 
at nodes from the analysis as shown in Table 10 column [6] shows the difference 
between the discharge at nodes from the analysis results with the targeted dis-
charge (according to the data), ie with an average deviation of 5.87 l/s and a 
standard deviation of 4.28 l/s. This shows that in terms of the accuracy of the 
node discharge the CODEQ algorithm has better performance than the DE and 
PSO algorithms, but it is not more effective than Newton Raphson method. The 
absolute head at nodes, discharge, velocity, and head loss in each pipe element 
also shows different results when compared with the analysis results from New-
ton Raphson method. The mean deviation of the four hydraulic parameters was 
3.13 m, 26.00 l/s, 0.82 m/s, 3.21 m, respectively. The average value is slightly 
smaller when compared with the hydraulic parameters produced by the DE al-
gorithm and the PSO algorithm. The comparison of hydraulic parameter values 
from the CODEQ algorithm analysis results with the analysis results from other 
methods is shown in Table 11 and Figures 13-17. 

The hydraulic analysis of network-2 using the Monte Carlo Simulation me-
thod involves parameters of the amount of data (N) = 800,000, the number of 
samples (nn) = 400,000, the lower boundary of Zi (lb) = −30.00 m and the upper 
boundary of Zi (ub) = 30.00 m. The analysis produces the best performance in-
dicators or produces a minimum RMSE value of 23.8981 l/s obtained from the 
74,567 sample. The graph of the RMSE values analyzed from each sample and 
sorted from the maximum to the minimum value is shown in Figure 18. The 
analysis results of the discharge at nodes are shown in Table 10 column [7]. 
There is a very significant difference between the analyzed discharge at nodes 
and the targeted discharge, namely the average deviation of 76.64 l/s and the 
standard deviation of 80.17 l/s. The magnitude of the deviation indicates that the 
Monte Carlo simulation method has a poor performance, even worse than 4 
other methods. Absolute head at nodes, discharge, velocity and head loss in each 
pipe elements from the analysis results of the Monte Carlo simulation method  
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Figure 18. Progress of fitness values from Monte Carlo simu-
lation on the network-2. 

 
with the analysis results from Newton Raphson method also have a very large 
deviation, respectively 8.85 m, 54.16 l/s, 1.71 m/s, 10.97 m. Comparison of hy-
draulic parameter values from the network hydraulic analysis with the Monte 
Carlo simulation method with the analysis results from other methods is shown 
in Figures 13-17. In these graphs, it appears that the curve of the five hydraulic 
parameters produced by the Monte Carlo simulation method does not show a 
good trend when compared to the other four analysis methods. This further 
reinforces the notion that the Monte Carlo simulation method is not relevant to 
be applied for flow analysis in network pipe. 

4. Conclusions  

Newton Raphson method can show very consistent performance in solving the 
problem of hydraulic parameter analysis in drinking water distribution networks. 
In terms of accuracy and speed towards convergent conditions, this method is 
reliable. The optimization model based on DE, PSO and CODEQ algorithms for 
hydraulic parameter analysis in pipelines has an equivalent level of performance, 
but not as effective as Newton Raphson method. In the case of simple pipe net-
work, three optimization models based on metaheuristic methods are reliable, 
but in the case of complex pipe network the three methods are inefficient in 
terms of accuracy and speed of reaching convergent conditions. So, the effec-
tiveness of applying the metaheuristic method is largely determined by the com-
plexity of the pipe network analyzed. 

The Monte Carlo simulation method shows very poor performance, even in 
the case of a simple network. This shows that the Monte Carlo Simulation me-
thod is not relevant for the analysis of hydraulic parameters in pipe network for 
drinking water distribution. There are at least 2 factors that cause the metaheu-
ristic method and the Monte Carlo simulation method to be less effective in 
solving hydraulic equation systems in complex pipe network, namely; 1) the 
head at node variable (Zi) as input and the outflow discharge variable at node (Qi) 
as output in the pipe network have a relationship with a very high level of sensi-
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tivity, so that a small change in the value of the variable Zi at one node will have 
a large effect on the value of Qi in all nodes, and 2) the Zi variable in each node is 
a continuous variable. On the other hand, the metaheuristic method and the 
Monte Carlo simulation method are search methods based on sampling result-
ing from random variables with certain value constraints, while the optimized 
variables are continuous and have a high level of sensitivity. This contrast dif-
ference makes it difficult for the Metaheuristic and Monte Carlo simulation me-
thods to find accurate solutions, especially in complex pipe network. The use of 
multiple precision variables, narrowing the search space by providing appropri-
ate lower and upper bound values, and increasing the number of iterations can 
improve the performance of both methods. 
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