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Abstract: Leaks in a water distribution network (WDS) constitute losses of water supply caused
by pipeline failure, operational loss, and physical factors. This has raised the need for studies on
the factors affecting the leakage ratio and estimation of leakage volume in a water supply system.
In this study, principal component analysis (PCA) and artificial neural network (ANN) were used to
estimate the volume of water leakage in a WDS. For the study, six main effective parameters were
selected and standardized data obtained through the Z-score method. The PCA-ANN model was
devised and the leakage ratio was estimated. An accuracy assessment was performed to compare
the measured leakage ratio to that of the simulated model. The results showed that the PCA-ANN
method was more accurate for estimating the leakage ratio than a single ANN simulation. In addition,
the estimation results differed according to the number of neurons in the ANN model’s hidden
layers. In this study, an ANN with multiple hidden layers was found to be the best method for
estimating the leakage ratio with 12–12 neurons. This suggested approaches to improve the accuracy
of leakage ratio estimation, as well as a scientific approach toward the sustainable management of
water distribution systems.

Keywords: artificial neural network; leakage ratio; principal component analysis; Z-score; water
distribution systems

1. Introduction

Analysis of water supply is a required procedure for assessing the capacity and operating plan of
facilities used in water distribution systems, such as a water purification plant, reservoir, pumping
station, and water intake pipe [1].

The study on water supply networks put priority on the analysis of the pipe network,
improvement of reliability, diagnosis of pipe network technology, and evaluation of aging equipment
and facilities for optimum water distribution. In the case of water distribution networks, continuous
and stable supply is required with a reasonable distribution and timely fluctuating demand under
appropriate pressure [2]

To respond to an accident such as the destruction of water pipes, a facility needs high stability to
minimize damage to water users. To improve the reliability of a water distribution system, researchers
have studied the durability of the pipe network and structural improvement [3–7]. The technical
development of a water supply network requires comprehensive assessment technology for water
quality modeling [8].

Standardization of indicators, survey methods, and procedures for pipe network diagnosis are
increasingly important in system design, operation, and maintenance [9]. A new plan for systematic
maintenance analyzed the impact of pipe damage on the entire network in determining priority in
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water pipe improvement and waterworks maintenance [10,11]. Though projects to improve aging
waterworks are being implemented, no improvements have been made due to evaluation by the
empirical data-based assessment system.

The leakage water ratio, that is the ratio between water loss and water entering the network
(tap water produced at a water purification plant), including physical water losses from leakage,
pipe failure, and accidents in the pipe network. Leakage of the tap water supply is a factor deteriorating
waterworks management and holds the greatest influence over the non-revenue water (NRW) ratio.

The maintenance project for a water supply network to manage leakage focuses on rehabilitation
and replacement of old water pipes using methods to evaluate such pipes, but the evaluation of how
the main parameters affected water distribution systems was not applied. Therefore, factors affecting
leaks should be identified and analyzed when making decisions on the priority of projects for the
maintenance of water supply networks.

Scientific and systematic approaches are needed that consider economic factors such as water
quality and pressure and the costs of facility improvement, energy, and maintenance. Crucial to these
processes is identification of the physical and operational factors that affect leaks in a water network
and provide a methodology for leak reduction [12].

Winarni (2009) found a performance indicator for facility management in water supply systems
by comparing the infrastructure leakage index (ILI) [13,14]. Efforts to reduce leaks and commercial
losses cost money, especially if large pipe sections need replacement. Nevertheless, studies have shown
that efforts toward conservation and NRW reduction can provide water at half to a third of the cost of
water production [15]. A variety of studies have also focused on the effective parameters of a water
distribution network [16–18].

An artificial neural network (ANN) is a model that learns the causal relationship between
independent and dependent variables and estimates dependent variables through statistical learning
algorithms. Sufficient data for independent variables constitute the optimal statistical learning
algorithm used to describe dependent variables of ANN but the algorithm is difficult to use if training
data are insufficient. Due to the lack of learning data for estimating leakage of water networks,
the number of case studies on leak estimation using ANN remain few.

In this study, the leakage ratio for the leakage quantity forecast of a DMA (District Metered Area)
was estimated through principal component analysis (PCA) and ANN. To estimate the leakage ratio
using an ANN and the main factors in the selected water distribution network through previous
research, the ANN devised a model for predicting the leakage ratio.

Predictability analysis of leakage ratio forecasting by ANN was conducted for promoting sustainable
water management. In addition, it is important to selecting a priority pipe network improvement project
of water supply systems among various district metered area using developed methodology.

Data were improved through data standardization (Z-score) and PCA to improve the prediction
accuracy of the ANN model. The hidden layers of the ANN used were divided into single and multi.
The procedure of the study is shown in Figure 1.
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data for statistical analysis. 

In addition, accuracy assessment was performed to compare the simulation results obtained 
through ANN and measured data. Chapter 2 covers the theories of the statistical methods used. 

2.1. ANN for Leakage Ratio Estimation 

The analysis procedure of the ANN consists of the input, hidden, and output layers as shown 
in Figure 2, and learning and output are done through the back-propagation algorithm. 

According to Haykin, a neural network is a massively parallel distributed processor with a 
natural propensity for storing experiential knowledge and making it available for use. It resembles 
the human brain in two aspects: knowledge is acquired by the network through a learning process 
and inter-neuron connection strengths (known as synaptic weights) are used to store knowledge. 
The ANN procedure used is a feed-forward network type with input, hidden, and output layers as 
shown in Figure 2 [19]. 
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Figure 2. Schematic Diagram of Multilayer Feed-Forward Neural Network: (a) Single hidden layer 
(b) Multi-hidden layer [19]. 

Neurons in the input layer simply act as a buffer. Those in other layers are interconnected by 
means of weights. The neurons in the hidden and output layers comprise the activation function, or 
a sigmoidal activation function when used here. The input for each neuron	  in the hidden layer is 
the sum of the weighted input signal . (∑ = , in which  is the interconnecting weight 
between the neuron  in the hidden layer and neuron  in the input layer. The output  from the 
neuron is given by Equation (1) [20]. 

Figure 1. Research flowchart for leakage ratio estimation using PCA-ANN.

2. Theoretical Background

An ANN was used as a statistical analysis method to find correlations between leading factors in
a water distribution system. The Z-score and PCA were further utilized as methods to use the data for
statistical analysis.

In addition, accuracy assessment was performed to compare the simulation results obtained
through ANN and measured data. Chapter 2 covers the theories of the statistical methods used.

2.1. ANN for Leakage Ratio Estimation

The analysis procedure of the ANN consists of the input, hidden, and output layers as shown in
Figure 2, and learning and output are done through the back-propagation algorithm.
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According to Haykin, a neural network is a massively parallel distributed processor with a
natural propensity for storing experiential knowledge and making it available for use. It resembles the
human brain in two aspects: knowledge is acquired by the network through a learning process and
inter-neuron connection strengths (known as synaptic weights) are used to store knowledge. The ANN
procedure used is a feed-forward network type with input, hidden, and output layers as shown in
Figure 2 [19].

Neurons in the input layer simply act as a buffer. Those in other layers are interconnected by
means of weights. The neurons in the hidden and output layers comprise the activation function,
or a sigmoidal activation function when used here. The input for each neuron j in the hidden layer is
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the sum of the weighted input signal xi. (∑ wjixi = netj, in which wji is the interconnecting weight
between the neuron j in the hidden layer and neuron i in the input layer. The output yj from the
neuron is given by Equation (1) [20].

yi = f
(
∑ wjixi

)
=

1
1 + e−netj

(1)

Learning by the error propagation algorithm compares the calculated value of all directions of
the neural network with the target value for learning, and adjusts the connection strength (weighing
factor) so that the square sum of the errors is minimized. This is performed until the error meets a
certain value, and when the iteration is finished, the final value is calculated as output.

2.2. Data Transformation through PCA

PCA is mathematically defined as an orthogonal linear transformation that converts data into a
new coordinate system, so that the greatest variance by the data’s projection lies on the first coordinate
(called the first principal component), the second greatest variance on the second coordinate and so on.

Consider the data matrix X with a column-wise zero empirical mean (the sample mean of each
column has been shifted to zero); each of the n rows represents a different repetition of the experiment,
and each of the p columns is a kind of feature. Mathematically, the transformation is defined by a set
of p-dimensional vectors of weights or loadings w(k) =

(
w1, . . . , wp

)
(k) that map each row vector x(i)

of X to a new vector of principal component scores t(i) = (t1, . . . , tm)(i), given by Equation (2) [20].

tk(i) = x(i)·w(k), (2)

for i = 1, . . . , n k = 1, . . . , m

So that the individual variables of t considered over the data set successively inherit the maximum
possible variance from x, each loading vector w is constrained to be a unit vector.

2.3. Data Standardization Using Z-Score

The Z-score method can be used to distinguish the difference and distribution of the data used
when conducting result analysis. The mean and standard deviation are used to determine how far
the data deviate from the average when standard deviation is taken as a unit, and the method of
z-calculation is shown in Equation (3) [21].

z =
x− µ

σ
(3)

where, µ is the mean of the population and σ is standard deviation of the population.
For parameters of a water distribution systems, the number of units used and the range of values

vary according to the DMA scale. The Z-score thus has the advantage of unifying the ranges of
the parameters used and facilitating the comparison between them. This also serves as a statistical
procedure required before performing PCA.

2.4. Accuracy Assessment for Selecting Optimal ANN Model

To evaluate the accuracy of the leakage ratio using the ANN developed in this study, an error
ratio analysis was performed to evaluate the difference between the measured and simulated values.
Accuracy assessment can be estimated by comparing the measured value with that generated by
the simulation.

The mean absolute error (MAE), mean square error (MSE), and BIAS were used to evaluate the
bias of the estimation results, as well as the prediction method using the G-value. The calculation
method of each equation is shown in Equations (4)–(7).
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MAE =
1
n

n

∑
i=1

[|z(xi)− ẑ(xi)|] (4)

MSE =
1
n

n

∑
i=1

[z(xi)− ẑ(xi)]
2 (5)

PBIAS =
1
n

n

∑
i=1

[z(xi)− ẑ(xi)] (6)

G = (1− ∑n
i=1 [z(xi)− ẑ(xi)]

2

∑n
i=1 [z(xi)− z]2

)× 100 (7)

where, ẑ(xi) is the estimated value at i and z is the mean value of total usage data
If MAE and MSE are smaller, the estimated value indicates high accuracy. If the BIAS is close to

zero, the estimation result is less biased. A G-value of 100 is a perfect estimation. If the G-value is
negative, this means lower reliability than using the average of data values as a predictor [22].

3. Selection of Test Area and Leakage Ratio Parameters

In this study, data on each DMA were required for the calculation of the leakage ratio using an
ANN in a water distribution system. The test area where sufficient data were available was selected in
Incheon, one of Korea’s five largest cities.

Jo, et al. (2016) collected 135 sets of DMA data from Incheon and proposed an NRW ratio
estimation formula using multiple regression analysis [12]. In this study, PCA-ANN was applied to
Incheon, a city that has a relatively well-established system and statistical analysis.

Additional DMA data were collected so that 164 sets of DMA data were used for ANN and basic
statistical analysis. The leakage ratio was calculated from the total supply amount excluding revenue
water and unbilled authorized consumption.

The survey studied the status of water supply, waterworks facilities, and operating status, as well
as the water supply index of the Incheon Waterworks Maintenance Plan established in 2015 [23,24].

3.1. Status of Waterworks in Test Area

The test bed for this study was the administrative area of Incheon. The data were surveyed on the
area’s status, waterworks facilities, and their operating state, as well as the water supply indicators of
basic plans for the Incheon waterworks. In addition, data on water pipe network analysis and model
simulation results were collected [23,24].

Incheon has a water user of 2,851,491 and a water supply ratio of 98.3%. The daily water supply
per person is 343 L per capita per day (LPCD), and the water supply area has nine districts. The city
has 24 reservoirs, 68 pumping stations, and water supply pipe spanning 3634 km from reservoir to
water supply tap [24].

3.2. Selection of Leakage Effective Parameters

After analysis of the technical diagnosis results of Incheon’s water supply network that was
established in 2015, the leakage amount of a DMA was found to be a factor having great influence over
the deterioration of the pipeline [25]

Factors influencing leakage included water supply quantity, pipe length, average pipe diameter,
frequency of leaks, district characteristics, pipe network configuration, and water pressure [12].

The demand energy ratio represents the ratio of the energy supply required for demand for water
quantity and the appropriate hydraulic energy required for customer service. The higher the demand
energy ratio, the higher the supply pressure, so leaks in the pipe network were likely to increase [12,20].

As for water supply data from DMAs in Incheon, the main parameters selected included the pipe
deterioration ratio, water supply quantity and pipe length extension per demand junction, mean pipe
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diameter, the number of leaks, and the demand energy ratio. The selected six parameters were factors
influencing the leakage ratio, which was selected by statistical analysis as a major effective parameter
of a water supply system [12,20].

Data from 164 DMAs were used in all 367 DMAs of Incheon except for those unconstructed or
unmeasured or those with unblocked or unsteady operations.

4. Leakage Ratio Estimation Using PCA-ANN

4.1. Construction of Simulation Model

Table 1 shows the ANN simulation classification using standardized data generated by the Z-score
method. Simulation cases were classified into three categories based on principal component analysis
(PCA), the number of hidden layers in ANNs, and the number of neurons in hidden layers.

Table 1. Modeling simulation cases.

Classification Hidden Layer No. of Neurons Modeling Case

Original data usage case
with 6 input parameters

Single layer 6 Case 1-1-1
12 Case 1-1-2

Multiple layer

12 (6 and 6) Case 1-2-1
18 (6 and 12) Case 1-2-2
18 (12 and 6) Case 1-2-3
24 (12 and 12) Case 1-2-4

PCA data usage case
with 6 input parameters

Single layer 6 Case 2-1-1
12 Case 2-1-2

Multiple layer

12 (6 and 6) Case 2-2-1
18 (6 and 12) Case 2-2-2
18 (12 and 6) Case 2-2-3
24 (12 and 12) Case 2-2-4

PCA data usage case
with 4 input parameters

Single layer 6 Case 3-1-1
12 Case 3-1-2

Multiple layer

12 (6 and 6) Case 3-2-1
18 (6 and 12) Case 3-2-2
18 (12 and 6) Case 3-2-3
24 (12 and 12) Case 3-2-4

This simulation case was selected because the accuracy of leakage ratio estimation was different
according to the comparison of estimation accuracy with PCA, the number of hidden layers, and that
of neurons used in the hidden layer.

Simulation cases were determined with the number of neurons based on research showing that an
ANN presented optimal simulation results with fewer than twice the independent variables proposed
by Heaton (2005) [26]. The simulation was constructed with six neurons equal to the number of
independent variables used in the condition and 12 neurons corresponding to twice the number of
independent variables used in the condition.

In the two hidden layers, the number of neurons in the first hidden layer was set to six and 12,
and the same number of neurons was applied to the second.

When using the principal components, a simulation case was classified into the condition using
the six principal components generated through PCA and four principal components showing an
eigenvalue of 85%.

In constructing an ANN model, 80% of total data are learned and 20% verified to simulate the
constructed neural network. The hyperbolic tangent function is used for the activation function and
the conjugate gradient method is used as the optimization algorithm. The minimum variation of the
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learning error is 0.0001, and the minimum relative variation of the learning error is 0.001. The results
are repeatedly calculated until the error is minimized.

4.2. Results of Leakage Ratio Simulation Using ANN

4.2.1. Z-Score Analysis

Standardized data through the Z-score were produced to examine the suitability of statistical
analysis of the data as a preliminary analysis for estimating the leakage ratio through PCA-ANN.
A standardized analysis using factor data from 164 DMAs was performed. The outlier was removed
by the Z-score. The Z-score results of all parameters are shown in Figure 3.

Sustainability 2018, 10, x FOR PEER REVIEW  7 of 13 

4.2. Results of Leakage Ratio Simulation Using ANN  

4.2.1. Z-Score Analysis 

Standardized data through the Z-score were produced to examine the suitability of statistical 
analysis of the data as a preliminary analysis for estimating the leakage ratio through PCA-ANN. A 
standardized analysis using factor data from 164 DMAs was performed. The outlier was removed 
by the Z-score. The Z-score results of all parameters are shown in Figure 3. 

 
Figure 3. Data conversion by Z-score in each metered district of Incheon. 

The analysis showed that the Z-score of the factors analyzed in 10 DMAs was more than ±3. 
The number of DMAs failing to satisfy the Z-score was three for pipe length per demand junction, 
one for average pipe diameter, two for water supply quantity per demand junction, two for the 
demand water ratio, and one for the leakage ratio. 

Data exceeding the Z-score’s specific range were considered abnormal values in the statistical 
analysis and could affect the analysis results. Therefore, the simulation cases in Table 1 were 
performed by removing the values exceeding the reference value by the Z-score. 

4.2.2. Principal Component Analysis 

Principal component analysis (PCA) was performed using selected DMA data for the 
deteriorated pipe ratio, water supply quantity and pipe length per demand junction, mean pipe 
diameter, the number of leaks, and the demand energy ratio as the main parameters of a water 
distribution system. 

Table 2 shows the PCA results. Component 1, the most generated, showed 38.8% of the six 
parameters and Component 2 showed 22.6%. Both components accounted for 61.5% of all factors 
and Components 1–4 had an overall eigenvalue of 87.7%.  

Table 2. Results of principal component analysis (PCA). 

Component 
Initial Eigenvalues 

Total Variance (%) Cumulative (%) 
1 2.332 38.868 38.9 
2 1.359 22.643 61.5 
3 0.885 14.747 76.3 
4 0.685 11.413 87.7 
5 0.471 7.846 95.6
6 0.269 4.483 100.0 

Table 3 shows the weighting coefficients showing the relationship between the six principal 
components and the six used parameters. Component 1 has a positive relationship with pipe length 
and water supply quantity per demand junction. It has a negative relationship with the deteriorated 
pipe ratio and the number of leaks. 

Component 2 has the closest relationship to the mean pipe diameter. Component 3 has a high 
positive relationship with the demand energy ratio and a negative relationship with other 
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The analysis showed that the Z-score of the factors analyzed in 10 DMAs was more than ±3.
The number of DMAs failing to satisfy the Z-score was three for pipe length per demand junction,
one for average pipe diameter, two for water supply quantity per demand junction, two for the demand
water ratio, and one for the leakage ratio.

Data exceeding the Z-score’s specific range were considered abnormal values in the statistical
analysis and could affect the analysis results. Therefore, the simulation cases in Table 1 were performed
by removing the values exceeding the reference value by the Z-score.

4.2.2. Principal Component Analysis

Principal component analysis (PCA) was performed using selected DMA data for the deteriorated
pipe ratio, water supply quantity and pipe length per demand junction, mean pipe diameter, the number
of leaks, and the demand energy ratio as the main parameters of a water distribution system.

Table 2 shows the PCA results. Component 1, the most generated, showed 38.8% of the six
parameters and Component 2 showed 22.6%. Both components accounted for 61.5% of all factors and
Components 1–4 had an overall eigenvalue of 87.7%.

Table 2. Results of principal component analysis (PCA).

Component
Initial Eigenvalues

Total Variance (%) Cumulative (%)

1 2.332 38.868 38.9
2 1.359 22.643 61.5
3 0.885 14.747 76.3
4 0.685 11.413 87.7
5 0.471 7.846 95.6
6 0.269 4.483 100.0

Table 3 shows the weighting coefficients showing the relationship between the six principal
components and the six used parameters. Component 1 has a positive relationship with pipe length
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and water supply quantity per demand junction. It has a negative relationship with the deteriorated
pipe ratio and the number of leaks.

Table 3. Weight coefficient of each principal component.

Classification
Principal Component

1 2 3 4 5 6

Mean pipe diameter 0.126 0.795 −0.229 −0.534 0.032 0.116
Pipe length per junction 0.809 0.222 −0.019 0.420 0.109 0.328

Water supply quantity per junction 0.795 0.426 −0.082 0.191 −0.007 −0.379
Deteriorated pipe ratio −0.649 0.451 −0.226 0.346 −0.452 0.032
Demand energy ratio −0.261 0.464 0.844 0.051 0.038 −0.006

No. of leaks −0.736 0.278 −0.249 0.254 0.502 −0.055

Component 2 has the closest relationship to the mean pipe diameter. Component 3 has a high
positive relationship with the demand energy ratio and a negative relationship with other parameters.
Components 5–6 are less relevant than Components 1 to 4, and their eigenvalues are relatively low.

4.2.3. ANN Simulation Results

The results of the simulated leakage ratio for Case 1 were compared with the measured leakage
ratio. Figure 4 has graphs comparing the leakage ratio between measured and simulated values using
original parameters. The result of estimating the leakage ratio through the ANN using the original data
of the six parameters were analyzed using the determination coefficient R2, in which the measured
leakage ratio was on the x axis and the simulated leakage ratio by ANN on the y axis.
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Figure 4a,b show that the number of neurons under the condition of a single hidden layer of an
ANN is 6 and 12. Based on correlation coefficient analysis, 12 neurons (Case 1-1-2) converged relatively
well on the y = x graph than six (Case 1-1-1). Figure 4c–f show the condition in which two hidden
layers were used in an ANN, and the number of neurons was 6-6, 6-12, 12-6, and 12-12 (hidden layer
1–hidden layer 2).

Under the condition in which multi-hidden layers were used, the determination coefficient was the
highest at 0.49 when 12 neurons were used in each of the first and second hidden layers. This indicates
that the condition with 12 neurons in each hidden layer was similar to the predicted leakage ratio.

Figure 5 shows the results of the comparison of the simulated and measured leakage ratios
calculated by ANN using six principal components.
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Figure 5a,b show the number of hidden neurons in six and 12 neurons on a single hidden layer of
the ANN model. Because of the determination coefficient, 12 neurons (Case 2-1-2) converged relatively
better on the y = x graph rather than six (Case 2-1-1) saw the same results as Case 1. The difference
was insignificant compared to the case of original data usage.

Figure 5c–f show the results of the leakage ratio using 6-6, 6-12, 12-6, and 12-12 neurons in
multi-hidden layers of the ANN model. In the multi-hidden layers, the determination coefficient was
the highest at 0.55 when 12 neurons were used in the first and second hidden layers. The conclusion
was that the condition using multi-hidden layers predicted the leakage ratio more accurately than that
using a single hidden layer.

Figure 6 shows the results of the comparison of the simulated and measured leakage ratios
calculated by ANN using four principal components.
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Figure 6a,b show that the number of neurons in the hidden layer is six and 12 on the single hidden
layer of the ANN model. In all the experimental cases, 12 neurons, or twice the number of independent
variables used in the ANN model, reflect the measured leakage ratio better than six.

Figure 6c–f show the condition in which multi-hidden layers were used in ANN with the neurons
of 6-6, 6-12, 12-6, 12-12 (hidden layer 1–hidden layer 2). Under the condition in which multi-hidden
layers were used, the determination coefficient was the highest at 0.43 when six neurons were used in
the first hidden layer and 12 in the second; this is a different result than in cases using the original data
and six principal components.

4.2.4. Accuracy Assessment of ANN Simulation

The most reliable case for estimating the test area’s leakage ratio was selected using PCA-ANN.
Accuracy assessment was determined by using the mean absolute error (MAE), mean squared error
(MSE), BIAS, and G-value (goodness of prediction) for the measured leakage ratio and ANN simulation
results. Table 4 shows the accuracy assessment results for all simulation cases.

If the calculated value of the MAE and MSE is small, this means that the estimated value is
correct to the measured value. When using the original data, the measured leakage ratio and the
most accurate simulation results were obtained when 12 neurons were used in a single hidden layer
(Case 1-1-2). In addition, the best result close to 100 in the G value was found in Case 1-1-2 among
Case 1 simulations. On the other hand, for BIAS, which shows bias of the data, the estimation results
were not found to be biased in Case 1-2-4, in which 12 neurons were used in the first and second
hidden layers in the multiple layer case.
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Table 4. Results of accuracy assessment by ANN simulation.

Classification Hidden Layer No. of
Neurons

Modeling
Case MAE MSE PBIAS G-Value Optimal

Model

6 original data

Single layer 6 1-1-1 5.352 49.685 −0.82 29.1
12 1-1-2 4.542 37.498 0.66 46.5 O

Multiple layer

12 (6:6) 1-2-1 4.852 42.818 −0.55 38.9
18 (6:12) 1-2-2 4.886 41.645 −0.87 40.6
18 (12:6) 1-2-3 4.587 41.588 0.17 40.7

24 (12:12) 1-2-4 4.238 42.770 0.11 39.0

6 PCA data

Single layer 6 2-1-1 0.575 0.641 −0.00 35.5
12 2-1-2 0.553 0.553 0.02 44.3

Multiple layer

12 (6:6) 2-2-1 0.569 0.635 −0.11 36.0
18 (6:12) 2-2-2 0.555 0.615 0.08 38.1
18 (12:6) 2-2-3 0.545 0.549 −0.07 44.7

24 (12:12) 2-2-4 0.448 0.473 0.02 52.4 O

4 PCA data

Single layer 6 3-1-1 0.676 0.730 0.00 26.5
12 3-1-2 0.612 0.756 0.02 23.9

Multiple layer

12 (6:6) 3-2-1 0.651 0.776 0.07 21.9
18 (6:12) 3-2-2 0.595 0.568 −0.00 42.9 O
18 (12:6) 3-2-3 0.553 0.618 −0.01 37.8

24 (12:12) 3-2-4 0.580 0.596 −0.05 40.0

When using the six principal components via PCA, the most accurate simulation results were
obtained when 12 neurons were used in the first and second hidden layers 1 and 2 in multiple layer
case (Case 2-2-4). In addition, the best result close to 100 in the G-value was found in Case 2-2-4. On the
other hand, for PBIAS, which shows bias of the data, the principal component was used and a zero
value appeared in the single layer condition (Case 2-1-1) using six neurons. In Case 2-2-4, the BIAS
value was 0.02 and considered to have nearly no bias. Case 2-2-4 was also selected as the most accurate
model in comparison with Cases 1and 3.

Based on the results of using four principal components, the measured leakage ratio and the most
accurate simulation results were obtained when using six neurons in the first hidden layer and 12 in
the second (Case 3-2-2). When more than 12 neurons were used, the G-value was found to exceed
40, but the overall accuracy was lower than that of Case 2, which saw six principal components used.
Compared with Case 1, which used the original data, accuracy was relatively low in a small number of
cases using neurons.

5. Conclusions

This study estimated the leakage ratio using PCA-ANN. For this purpose, data on effective
parameters of the leakage ratio were collected. Data conversion was performed for statistical analysis
through the Z-score and an ANN model was devised. The model used to estimate the optimal leakage
ratio was selected through accuracy assessment. The study’s conclusions are as follows.

Use of the principal components calculated from PCA was found to improve the accuracy of
leakage ratio estimation more than through an ANN model using general observation data. Using all
the components calculated by PCA improved the accuracy of leakage ratio estimation.

The ANN used in the study was divided into single and multi-hidden layers. The accuracy of
leakage ratio estimation was found to be higher when using multi-hidden layers instead of the single
hidden layer in the case using principal components. Yet when the leakage ratio was estimated using
the original data, the accuracy was high when one hidden layer was used. Since estimation accuracy
depends on the number of hidden layers, the number of hidden layers considering the test area and
simulation conditions should be decided according to the factors used in a test area.
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This study used six main parameters of water distribution systems to estimate the leakage
ratio. The number of neurons in the ANN’s hidden layer was set to one and two times the
independent variables used. The accuracy of leakage ratio estimation was higher if the number
of neurons was twice that of the independent variables used. The conclusion was that leakage ratio
estimation by ANN simulation proved that accurate predictions can be made using double neurons as
independent variables.

The six main parameters proposed in previous research were applied to leakage ratio estimation,
then the resulting determination coefficient was found to exceed 0.5. Incheon has yet to fully establish
the construction of DMAs because of the city’s high ratio of deteriorated pipes and low level of DMA
construction compared to a newly developed city. Therefore, accurate predictions of the leakage ratio
are expected to rise when the PCA-ANN model is selected for use by an area with a well-run water
distribution network.

This study proposes a methodology for predicting the leakage ratio using PCA-ANN, and is
expected to prove useful for finding the causes of leaks and damage in pipe networks and prioritizing
the tasks for optimal operation and management of water distribution systems.
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