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Abstract: In this study, data on water shortage events were collected from customer service systems.
An analysis was conducted to establish the relationship between customers’ complaints and the
water pressure flow conditions. A mathematical model was developed to estimate the probability of
water shortage events based on water head. The Sigmoid function is commonly used as an activation
function in neural networks. The function of the model is the same as the Sigmoid function, and its
critical parameters correspond to the service head requirements of water facilities. By considering the
interaction between human emotions and artificial systems, this study provides novel insights into
improving the operational control and construction of water distribution systems.

Keywords: artificial neural function; statistical model; water distribution systems; water short-
age records

1. Introduction

For many areas, water supply systems can be divided into three subsystems: the
“execution system”, “feedback system”, and “decision and control system”. The “execution
system” is responsible for producing and conveying water to customers. This subsystem
includes facilities such as water plants, pump stations, and pipelines. The “feedback
system” provides the running status of the system. It includes the measurement system
(such as the SCADA system and the customer call center). The “decision and control
system” uses the data obtained from the “feedback system” to make decisions and optimize
the water supply system. This optimization involves implementing engineering measures,
such as pipe network reconstruction and pump station adjustments. The interrelationships
between the three subsystems are depicted in Figure 1.

Water pressure shortage occurs in water distribution systems owing to factors such
as inadequate pipeline transport capacity and pump station pressure. Previous studies
have mainly focused on describing water shortage problems without establishing a direct
connection to customer demands. For example, Mortula [1] identified water shortage
zones based on the residual chlorine concentration in pipelines and provided insights for
developing strategies to mitigate potential shortage issues. Cabrera et al. [2—4] optimized
water shortage by considering energy consumption and operational losses. The authors
introduced performance indices to quantify the energy efficiency of individual pipes within
the network and suggested potential improvements for energy optimization. Goel [5]
identified the causes of water shortages using sensor data from a network and enabled
efficient water management practices with real-time data analysis. Jeong et al. [6-9] utilized
indicators such as flow entropy and elasticity index to assess water supply system shortages
based on system reliability. The authors reassessed the concept of a resilience index
for water distribution networks and proposed an improved index that accounts for the
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network’s hydraulic characteristics. Jun et al. [10-12] attributed water shortages to pipeline
issues and calculated the probability of inadequate pressure at the customer nodes. The
authors identified cost-effective design and rehabilitation strategies for water distribution
networks, considering both technical and financial considerations. When water shortages
affect customer water usage, customers file complaints with the water supply company via
phone calls. These complaints are recorded as water shortages in the database.
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Figure 1. Relationship between water distribution subsystems.

Heat maps have been widely utilized in spatial statistical analyses, offering valuable
insights into data visualization and theoretical research. Kim [13] proposed a method for
analyzing spatial and temporal trends in the context of non-directional data, such as disease
outbreaks and crime patterns. Fobil et al. [14-16] conducted a spatial cluster analysis
and visualization of various diseases to uncover spatial clustering characteristics and
influencing factors in urban areas. Khalid et al. [17,18] investigated the spatial distribution
characteristics of urban crime events and identified crime hotspots. Mao [19] analyzed
traffic congestion on urban roads using local and static heat maps, whereas Tang [20]
examined the spatiotemporal distribution of subway passenger flow.

Water shortage records contain valuable information about spatial and temporal
characteristics, directly reflecting unsatisfied water demand. Therefore, by incorporating
analysis techniques from diverse fields to examine spatiotemporal distribution charac-
teristics, the research capabilities for water shortage issues in water distribution systems
can be enhanced. In this study, the authors used a heat map to analyze the distribution
of water shortage records in GZ city, as shown in Figure 2. This heat map only reflects
water shortages in the spatial dimension. However, questions remain, such as how much
water demand will lead to a water shortage event, or how much water pump station
pressure must be increased to alleviate a water shortage. Quantitative descriptions are
currently lacking.

The customer service system has not been included in water-supply engineering
technology research and is only considered an aspect of customer management. However,
in practical operations and management, water supply schedulers often rely on feedback
from customer service systems to make decisions. Under most conditions, customer
complaints are fuzzy and cannot be analyzed quantitatively as is possible in traditional
numerical technology. Water supply dispatchers often rely on their experience to make
decisions regarding pump adjustments. This study aimed to establish a relationship
between the probability of customer complaints and water supply pressure or flow. First,
the entire city was divided into smaller zones, and water shortage records were collected.
Second, these records were marked according to the pressure and flow of the water pump
stations; the fitted line of the marked points represents the critical pressure-flow conditions
when water shortages occur. Subsequently, a statistical model of water shortage was
established. In this model, the probability of water shortage is related to the pressure flow
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at the pump stations. The Boltzmann and Sigmoid functions are in good agreement with
the cumulative probability of water shortage.
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Figure 2. Map of water shortage records in GZ city.

The parameters in this model were analyzed and exhibited a strong correlation with

the pressure requirements of water facilities. The critical service pressure line, combined
with the water shortage probability model, can be used as a reference for the operation,
control, and reconstruction of water distribution systems.

2. Data Processing and Data Analysis

A probability model was developed to assess water shortage events in different zones

using data from the customer call center. Figure 3 shows the implementation of the
proposed strategies.

1.

Data processing: The address data of water shortage records were collected from the
customer center and subjected to data cleansing. Addresses were matched with a
standard address database to ensure a consistent and unified format. Subsequently,
the addresses were converted into corresponding spatial coordinates.

Data classification: Zones were divided based on the topological structure of the water
distribution system. Water shortage records were classified into their respective zones
according to the division results. The pressure and flow data from water plants in the
SCADA system corresponded to water shortage records. Through the above steps,
the data classification of each zone was completed.

Probability model establishment: For a specific zone under consideration, statistical
analysis was conducted on pressure and flow data, with a focus on the occurrences of
water shortage events. This analysis aimed at establishing a probability model that
quantified the likelihood of future water shortage events based on pressure and flow
characteristics within that specific zone.
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Figure 3. Overall implementation strategy.

2.1. Data Processing
2.1.1. Data Collection

The data for this study were obtained from the GZ Company (Guangzhou, China), one
of the largest water supply companies in China. The water distribution system operated
by the GZ Company covers a vast service area of 518 km?, with a total pipeline length of
5681 km. This extensive network serves a population of approximately 16 million people
and represents approximately 2.5% of China’s total daily water supply. The GZ Company
has a customer service center for handling customers’ complaints. This center receives
many complaints related to insufficient water pressure, ranging from dozens to hundreds
each day. The dispatchers and operators investigate these complaints. Based on their
analysis, they may make necessary adjustments to satisfy customers’ demands.

2.1.2. Data Standardization and Visualization

The water shortage records were manually recorded, resulting in inconsistent address
formats. These addresses contained various errors, such as incomplete, non-standard, and
redundant text. To standardize address formats, it is necessary to split and normalize the
given address string. This can be achieved through address segmentation methods, which
are similar to Chinese word segmentation algorithms. The Forwards Maximum Match
Method (FMM) algorithm is a commonly used Chinese word segmentation algorithm. The
FMM algorithm segments the address data by initially splitting the first C characters of
the string and searching for corresponding matches in the addresses database. If an initial
match is not found, the FMM algorithm removes characters from the end of the string and
repeats this matching process iteratively [21,22]. Below are the implementation steps of the
FMM algorithm:
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Define the dictionary: Create a vocabulary database containing the administrative di-
visions of China (e.g., ‘dict[]={"Guangzhou”, “Yuexiu District”, “Nonglinxia Road”}").
Read the text to be segmented: Read the Chinese text string to be segmented character
by character.

Initialize the pointer: Set a pointer that initially points to the beginning of the string
to be segmented.

Start matching: Begin matching the longest word at each step. Follow these specific steps:

Extract a segment of the text to the right of the pointer as the string to be matched.
Compare the string to be matched with the longest word in the dictionary. If there
is a match, consider that word as a segmentation result and move the pointer to
the end position of that string.

e  If there is no match, reduce the length of the string to be matched by one character
and try to match it with the dictionary again. Repeat this process until a match
is found.

Continue matching: Repeat step 4 until the pointer points to the end of the string to
be segmented.
Output the result: Output each matched word as a segmentation result.

The algorithms presented in this study have been developed utilizing the Python pro-

gramming language. Algorithm 1 shows the refinement process of the FMM. By utilizing

this i

terative matching approach of the FMM algorithm, it was possible to standardize and

segment addresses effectively. The resulting standardized addresses provided necessary ba-
sic coordinate data for subsequent research purposes without relying on manual correction
or human intervention.

Alg

orithm 1. Algorithm to Forwards Maximum Match.

1
2
3
4
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7
8
9

10
11
12
13
14
15
16

Input: A chinese dictionary D, the sentence to be segment S.
Output: A list of result for segmentation L.
while length(S) > 1 do
maxMatchLen < 4;
while maxMatchLen > 1 do
if S[0: maxMatchLen] in D then
L.append(S[0: maxMatchLen]);
S « S[maxMatchLen: length(S)];
break;
end if

maxMatchLen < maxMatchLen — 1;

end while

if maxMatchLen = 1 then
L.append(S[0: 1]);

S « S[1: length(S)];
end if

end while

return L;
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Based on the obtained coordinate data, the visualization of water shortage records
was achieved through a heat map. Each water shortage record was represented by a two-
dimensional Gaussian circle [23]. The visualization process was implemented as follows:

f(x):mlr%r%exp{_;Kmrlm)z_<xzr2u2>2]} 1)

where x; and x; are the coordinates within the calculation buffer zone; r; and r; are the
variances representing the radius of the hotspot; and 11 and u; are the coordinates of the
water shortage record.

1.  The coordinate of the water shortage record t was (u1,up), and the water short-
age radius was r; = rp = r;. The range of the calculation buffer zone was de-
fined as x; = [u; —r;,u; +1;] and xp = [up —r;,up +r;]. The water shortage in-
tensity fi(x1, x2, 11, tp,1;) within the calculation buffer zone was represented as the
grayscale vggi,xZ.

2. A progressive grayscale band was defined with a range of 255 pixels. By calculating
the transparency ! the calculation buffer zone was filled with the grayscale [24].

) 255 (vggi,xZ — vfmn)
Lfy, = - ; ()

1 __ ml
vmax vmin

”
where Iy x,

t; vfr'i,xZ is the grayscale of the calculation buffer zone of water shortage record t; vi,,,

is the maximum grayscale value; and vj,; is the minimum grayscale value.

3. The grayscale values of each calculation buffer zone were superimposed. When
multiple zones overlapped within the calculation buffer zone, the superimposed
grayscale value was increased, resulting in a brighter appearance in the corresponding

color [25].

is the transparency of the calculation buffer zone of water shortage record

i _ ih ity ity
Oy xy = Capxy a0 0Ty (3)

where océcl,x2 is the resulting‘transparency of the water shortage record point (x1, x3)
after superimposition and cxggf’,’xZ is the transparency of the record point (x1, x7) before

superimposition.

The parameters of the two-dimensional Gaussian distribution were adjusted to opti-
mize the presentation of the heat map, ensuring its effectiveness in visualizing the water
shortage situation. These parameters were determined by considering the coordinates of
the water shortage record data points and the range of the water shortage. If the radius is
too small, the representation would only indicate the water shortage locations of individual
customers, failing to provide a comprehensive overview of the overall water shortage
situation. Conversely, if the radius is too large, the displayed water shortage range may
extend to other zones, compromising the accuracy of depicting the localized water shortage
situation. To address these concerns, the determination of the heat map radius was adjusted
based on the pipe diameter. This adjustment ensured that the heat map point accurately re-
flects the water shortage situation within the specified zone. As shown in Figure 4, the heat
map visually represents water shortages in the spatial dimension. However, quantitative
descriptions are currently lacking. To address this limitation, data classification of water
shortage records was performed. The classification process generated a valid dataset that
serves as a foundation for subsequent quantitative research.
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Figure 4. Visualization of water shortage records.

2.1.3. Data Classification

The topological structure of the water distribution system in GZ city is divided into
59 zones. The water shortage records for each zone were counted independently, and the
corresponding pressure and flow rate data were obtained from the SCADA database. The
Point in Polygon (PIP) problem constitutes a computational geometry challenge primarily
concerned with ascertaining the inclusion or exclusion of a given point within a polygonal
region. Determining whether a water shortage record falls within a specific zone presents
a variation of the PIP problem. The methods for resolving this problem can typically be
classified into the following four categories:

1.  Ray Method [26]: This method involves projecting a ray from a reference point in a
standardized direction. The determination is made based on the parity of the number
of intersection points between the ray and the boundaries of the zone.

2. Turning Angle Method [27]: This method follows the counterclockwise order of ver-
tices along the boundary of the zone polygon. It entails calculating whether positive
or negative angles are formed by connecting each vertex with the reference point.

3. Angle Sum Method [28]: This method requires calculating all angles formed between
each boundary of the zone polygon and the reference point. If their sum equals 360°,
then it implies that the reference point lies within that specific zone.

4. Area Sum Method [29]: In this method, all triangles” areas formed by connecting the
reference point with the boundaries of the zone polygon are calculated. If their sum is
equal to that specific zone’s area, then it indicates that the reference point lies within
that particular area.

The computation of multiple zones is intricately complex. The Area Sum Method
involves multiple area calculations, rendering it a more intricate approach. Approaches
that incorporate angle calculations, such as the Turning Angle Method and Angle Sum
Method, necessitate the utilization of inverse trigonometric functions and entail substantial
computational effort. The Ray Method entails evaluating the intersection points along
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each boundary of a polygon through iterative processes. However, within the Ray Method,
many cases can be eliminated through straightforward coordinate comparison alone [30].
Consequently, this study employed the Ray Method to determine the location of water
shortage records.

As shown in Figure 5, a given coordinate point was assigned to represent the location
of a water shortage record. A horizontal ray was projected towards the right direction. The
intersections between this ray and each boundary of the zone polygon were computed. If
the total count of intersections was an odd number, it indicated that the water shortage
point was positioned within the zone. Conversely, if the count of intersections was an even
number, it signified that the water shortage point was located outside the zone. Algorithm 2
shows the refinement process of the Ray Method.

59 zones based on the topological
structure of the water
. distribution system in GZ City
T
N
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Figure 5. Typical water shortage classification in GZ city. (a) The topological structure of the water
distribution system in GZ city was divided into 59 zones. (b) Relationship between the position
of coordinate points and boundary intersections. (c) The proportionality of triangles was used to

determine the location of a given coordinate point.
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The Ray Method crucially relies on the determination of intersections between the
ray and each boundary. Equation (4) expresses that the proportional relationship within
the triangle was essential. The position of the intersection point relative to the reference
point was determined, as depicted in Figure 5. Xseg > 0 (the intersection point is located to
the right of the reference point) indicates that the point lies within the zone. Conversely,
Xseg < 0 (the intersection point is located to the left of the reference point) indicates that
the point lies outside the zone.

€x — Sx

Xseg = €x — x (ey — py) @)

€y~ Sy
where X, is the distance from the start point to the intersection point; ex and e, are the
coordinates of the upper endpoint of the boundary; sy and s, are the coordinates of the
lower endpoint of the boundary; and p, and p, are the coordinates of the start point.

Algorithm 2. Algorithm to filtering points inside a polygon.

Input: The list of coordinates of a polygon P +1)~2, the coordinates set to be filter S.
Output: A set of coordinates within a polygon result.

1  for each point € S do

2 intersections < 0;

3 fori —1tondo

4 pl «— P[i-1];

5 p2 < P[i];

6 if isRayIntersectsSegment(point, p1, p2) then
7 ‘ intersections < intersections + 1;

8

9

end if

end for

10 if intersections is odd then
11 ‘ result «— result U point;
12 end if

13  end for

14 return result;

To simplify the computational process of the algorithm, a preliminary step is intro-
duced to identify and exclude cases where the ray and boundary do not intersect. This
step helps eliminate cases such as parallel or overlapping ray and boundary, boundary
located above or below the ray, ray passing through the lower endpoint of the boundary,
and boundary located to the left of the ray. These non-intersecting cases can be determined
through simple coordinate comparisons. By eliminating these non-intersecting cases, the
subsequent intersection point determination becomes much simpler. It can be achieved
by utilizing the proportional relationships within a triangle to assess the position of the
start point. Algorithm 3 outlines the refined process, considering these optimizations
and simplifications.

The algorithms mentioned above were executed In a loop for each boundary of every
zone. This process enabled the collection of water shortage records data for each zone and
SCADA data for the water plants. A reasonable dataset is beneficial for revealing the pat-
terns and characteristics of water shortages in urban water distribution systems. This study
has organized the water shortage zones in GZ city and completed the data classification
through the above analysis. This dataset was used for the subsequent statistical analyses.
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Algorithm 3. isRayIntersectsSegment (point, p1, p2).

Input: The start of ray point, the start and end of line segment p1, p2.

Output: True if ray intersects the segment.

1 if p1[1] =p2[1] then

2 ’ return false;

3 elseif p1[1] > point[1] and p2[1] > point[1] then
4 ‘ return false;

5 elseif p1[1] < point[1] and p2[1] < point[1] then
6 ‘ return false;

7 elseif p1[1] = point[1] and p2[1] > point[1] then
8 ‘ return false;

9 elseif p2[1] = point[1] and p1[1] > point[1] then
10 return false;

11 else if p1[0] < point[0] and p2[1] < point[1] then
12 ‘ return false;

13 end if

14 xseg — p2[0] - (p2[0] - p1[0]) x (p2[1] - point[1])/(p2[1] - p1[L1);
15  if xseg < point[0] then

16 ‘ return false;

17 end if

18 return true;

2.2. Data Analysis

Regional water shortage events result from multiple factors such as insufficient pump
station pressure, pipeline maintenance, and unpredictable disturbances. However, de-
scribing this event using a simple mathematical formula is difficult. The water supply
pressure of the pump station and the water consumption of the pipeline network are the
most critical factors that cause regional water shortages, whereas other factors can be
classified as unpredictable disturbances. The author marked the pressure and flow on the
day a shortage occurs. It is helpful to clarify the statistical characteristics of water-shortage
events. The subsequent analysis was based on this finding. The YC zone has one of the
highest numbers of shortage records, and a shortage hotspot is marked on the heat map
(Figure 2). In this section, the YC zone is used as an example to describe the procedure
for analyzing the statistical correlation between the water shortage pressure and the total
water distribution demand. In this study, OriginPro 2023b was used for modeling.

2.2.1. Marking of Water Shortage Records

The relationship between the head loss (AH) and the square of the water demand Q%
can be expressed as a linear function. The water pump station increases the pressure to
satisfy the customer demand. In this study, the daily water pressure (H) and flow rate
(Q, which represents the water demand) were normalized based on the annual average
pressure (Hp) and flow rate (Qp). These normalized data were plotted with coordinates
H/Hy — (Q/Qp)?, as shown in Figure 6. The data points corresponding to water shortage
events are marked in the plot. If one or more water shortages were recorded on a specific
day, the corresponding data point was marked with a green circle. Otherwise, it was plotted
as a black triangulation point.
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Figure 6. H/Hy — (Q/Qp)? relationship of the Xizhou water plant.

In Figure 6, the black triangulation points represent data for the pressure (H/H) and
flow rate ((Q/Qp)?) at the Xizhou water plant. The green circles indicate water shortages in
the YC zone, and the red line represents the fitting line for the black triangulation points.
Several patterns can be observed in Figure 6. (1) The square of the water demand shows
a linear relationship with the water pressure. (2) A lower-bound flow rate was observed
before the occurrence of shortage events, approximately 95% of the annual average flow
rate. This is indicated by the blue line in Figure 6.

2.2.2. Methodology of Statistical Characteristics

The pressure-flow rate of the water pump station indicates the supply—demand rela-
tionship in the operation and scheduling processes of the pipe network and water pump
station. After years of adjustment, the scheduling of the water plant and the customer
demand pressure reached a dynamic equilibrium. For energy-saving purposes, the water
supply pressure was adjusted by the water company based on the number of water short-
age records within an acceptable range (for example, no more than 20-30 water shortage
complaints per day for the entire GZ city). Under this condition, the following assumptions
were proposed.

1.  There exists a critical pressure range at which customers begin to complain about
water shortages. When the water pressure satisfies the requirements of water facilities,
the probability of a water shortage is low. When the pressure is lower than that in
water facilities, customers complain based on the service pressure.

2. When the water demand exceeds the critical flow rate, the water pump station in-
creases the pressure to improve customers’ experience and minimize complaints.
The water company adjusts the water supply pressure within a reasonable range to
maintain the balance between economic costs and customers’ complaints.

The critical state line of the pressure-flow rate was obtained by fitting the water
shortage data points; this line represents the mathematical expectation of the critical water
pressure and water demand (Figure 7).
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Figure 7. Division of water demand in the YC zone.

Equation (5) is used to calculate the water shortage probability under the conditions
of specific water demand (g;) and pressure change (Ah). This probability is defined as the
ratio of the frequency of water shortage records occurring under the pressure change (Ah)
condition to the sample size, considering the water demand (4;) condition. When a specific
water demand (¢;) is provided, there are 1; samples. Among these samples, m]-Ah samples
experience water shortage when subjected to a pressure change (Ah). The water shortage
probability P].Ah under this condition can be denoted as follows:

mih
pAt— 1 5
f " ©)

where m2" is the number of water shortage records in the water demand (q;) when the

pressure change (Ah) alters the critical line, and 7; is the total number of water shortage
records in the water demand (g;).

The fitting line of the pressure flow with the water shortage points in Figure 7 repre-
sents the critical value of customer complaints, where the probabilities of complaints and
non-complaints are equal. Based on assumption 2, the state of the water pump station is in
equilibrium with the customers’ required pressures. Therefore, the probability of water
shortage complaints by customers above or below this line is related to the pressure of the
water pump station, denoted as PlAh = PzAh == PjAh = - - -, indicating that the distribu-

. . .1 Ah PR} . . . . . .
tion line of the water shortage probability P; along the red fitting line in Figure 7 is similar.

Ah
The probability of water shortage, P", can be calculated using PA" = Z):Ln/] = ’”TM. Thus,

it is unnecessary to individually count according to q; when calculating the probability of
a water shortage. The number of water shortage records is counted by shifting Al on the
fitted line (Figure 8). This method can reduce the errors caused by insufficient sample sizes.
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Figure 8. Probability calculation for the YC zone.

2.2.3. Water Shortage Distribution Characteristics

Data from each zone were analyzed for the entire GZ city. The cumulative probability
of water shortage records followed the Boltzmann function, as expressed by Equation (6).
Parameters Ahy and A, in the Boltzmann function were close to zero, whereas A; was
close to one. By setting the Ahg and A; values to 0 and the A; value to 1, the activa-
tion Sigmoid function widely used in neural networks was obtained, as expressed by
Equation (7). The parameters and fitted Sigmoid function lines are presented in Table 1
and Figure 9, respectively:

AL — Ay

Y=t T a7 ©)
1

Y= 1 ebilo @)

where A1, Ay, hy, and ¢ are parameters that must be determined according to the complaint
records. Ah is the shift value of the water head pressure, and y is the probability of a water
shortage in the zone.

Table 1. Parameters of Sigmoid function in four zones.

Zone o (m)
YC 0.3941
DS 0.4155
X 0.4722

HP 0.3879
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Figure 9. Fitted Sigmoid function lines in four zones. (a) Sigmoid function line in the YC zone;
(b) Sigmoid function line in the DS zone; (c) Sigmoid function line in the TX zone; (d) Sigmoid
function line in the HP zone.

3. Results and Discussion

All 59 zones in the GZ city were analyzed. The mean value of o was 0.4541 m.
The significance level was set at 0.05. The cumulative probability of a water shortage
in each zone and the fitted Sigmoid function showed the coefficient of determination,
R?, exceeding 0.99. The Pearson correlation coefficients obtained a range from 0.71 to
0.77. o is an important parameter of the Sigmoid function, which determines the slope
and compression level of the function curve. In the GZ city, the value of & determines
the impact of changes in water pressure on customers’ water consumption experience.
By understanding and utilizing the value of 7, policymakers and operators can make
informed decisions to optimize water supply management and ensure an enhanced water
consumption experience for customers.

The value of o was approximately 0.4-0.5 m. A pressure change, Ah, from —20 to 20
is equivalent to a pressure variation of 1.6-2 m. In China, the required service pressure for
water facilities, such as water taps, is generally 15-20 kPa (equivalent to a required water
head of 1.5-2 m).

As depicted in Figure 10, when the water pressure meets the regulatory requirements
(water head of 1.5-2 m), customers do not experience water shortages and remain satisfied
without raising any complaints. When the water pressure aligns with the water outlet level
of the tap, customers experience substantial water shortages, leading to complaints. When
the water pressure assumes a neutral value, the probability of customers reporting water
shortages becomes equal to the probability of customers not complaining about such issues.
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Figure 10. Relationship between water pressure and probability of water shortage.

By substituting the water pressure variations, Ak, of —o, —20, and —30 into Equation (7),
the corresponding probabilities of a water shortage can be calculated. This analysis reveals
that as a customer’s water pressure changes from a sufficient level to a proximity of —o,
the probability of reporting a water shortage increases to 73%. When the water pressure
changes from sufficient to close to —20, the probability of reporting a water shortage rises
to 88%. When the water pressure changes from sufficient to close to —30, the probability of
reporting a water shortage escalates to 95%.

Under normal operating conditions, water plants typically maintain the water pressure
at the neutral value. At this stage, the service pressure decreases to approximately 50% of
the design pressure, and the water discharge from the tap reaches approximately 70% of
the design value. This water pressure state serves as a critical value when customers begin
to feel that the water supply is insufficient.

The parameters of the statistical model show a close correlation with the physical
phenomena. The Sigmoid function is a commonly used mathematical function that is
often employed to map inputs to the range [0, 1]. It is interpreted as a probability value,
representing the likelihood of an event occurring. The Sigmoid function plays a significant
role in machine learning and neural networks, where it is frequently utilized as an activation
function. The Sigmoid function describes the reaction of the human nervous system to
external stimuli. This relationship is illustrated in Figure 11, which verifies the rationality
of the proposed hypotheses from another perspective.

While satisfying customers’ water demand, the water company will attempt to reduce
its energy consumption as much as possible. The water service pressure at the water pump
station and the customer demand reached a dynamic balance after long-term operation.
The critical water service pressure can be determined by analyzing the water shortage
records. Based on the proposed probability model, the possibility of complaints under
different water demands and service pressures can be predicted. This can help the water
pump station provide water under an economical service pressure.
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Figure 11. Realistic concepts in a statistical model.

4. Research Limitations and Suggestions for Further Research
4.1. Research Limitations

The research conducted in this study is specifically applicable to certain regions, such
as those with pronounced water scarcity characteristics. As shown in Figure 6, a water
shortage in GZ is characterized by a critical flow threshold, with water shortage events
occurring when the ratio (Q/Qp)? > 0.91 (approximately 95% of the annual average flow).
Obtaining data for such specific regions to analyze is not easy because most cities do not
experience water scarcity to the extent that the GZ city does. Therefore, not every city can
undertake similar studies.

4.2. Suggestions for Further Research

Based on the statistical features derived from the data, this study has revealed specific
physical implications that can serve as a reference for regulating the operation of urban
water supply and guiding the transformation of water distribution networks. In light of
these findings, future research can be expanded in the following two areas:

1.  Reference for operational adjustments of water distribution systems: When a certain
number of water shortage events occur, water pump adjustments are required. Water com-
panies can adjust their service pressures based on the water shortage probability function.

2. Water distribution system construction: If a new pipeline is constructed in a water
supply system, the local pressure in the pipeline network increases. Based on the
hydraulic model of the pipeline network, the improvement of pressure can be calcu-
lated, and a statistical model can be used to estimate the reduction in water shortage
probability. The model can also be used to predict the critical water demand during
water shortages after a pipeline is constructed.

5. Conclusions

Water shortage records serve as feedback and monitoring methods for water supply
systems, reflecting whether the system satisfies the requirements of water pressure from
customers. This study analyzed the characteristics of water shortage records in a real-life
pipe system and established a statistical model.

1. The heat map can visualize the data of the water shortage records and help determine
the spatial location and intensity of water shortages. However, it cannot inform water
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companies when a water shortage occurs or state how much improvement in water
service pressure can reduce customer complaints.

2. To satisfy customer requirements, the water company adjusts the pressure according
to water demand. The service pressure (H) and water demand (Q?) of the water
pump station exhibit a linear relationship. Water shortage events are related to the
water demand. Customers complain when the water demand exceeds the critical
values of different zones. The critical pressure line for water shortage can be fitted
to water shortage samples. The cumulative probability of the samples indicates that
water shortage events follow the pattern of the artificial neural function. The critical
parameters of the model reflected the requirements for water facility service pressures.

This study proposes a novel method to help water companies analyze fuzzy water
shortage records using a quantitative model. The proposed method can be used to determine
the effects of pressure adjustments and pipeline construction on customer requirements.
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