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Abstract: One way to optimize wastewater treatment system infrastructure, its operations, monitor-
ing, maintenance and management is through development of smart forecasting, monitoring and
failure prediction systems using machine learning modeling. The aim of this paper was to develop a
model that was able to predict a water pump failure based on the asymmetrical type of data obtained
from sensors such as water levels, capacity, current and flow values. Several machine learning classi-
fication algorithms were used for predicting water pump failure. Using the classification algorithms,
it was possible to make predictions of future values with a simple input of current values, as well as
predicting probabilities of each sample belonging to each class. In order to build a prediction model,
an asymmetrical type dataset containing the aforementioned variables was used.

Keywords: machine learning; prediction; classification algorithms; water pump failure; optimization

1. Introduction

Advanced technologies are rapidly changing the process of decision-making in the
water sector. Concerns such as operations, monitoring, maintenance and management of
water supply and wastewater distribution system in various contexts—urban, industrial
and agricultural—are increasing in number and complexity [1].

In order to ensure the maximum reliable and efficient operation of sewage pumping
stations, regardless of whether the system consists of one or more pumping stations,
it is necessary to carry out appropriate controls. Modern systems of supervision and
monitoring of vital parts of the system, such as sewerage networks, enable a significant
increase in the security of the system in operational terms and a reduction in operating
costs [2]. Sewage pumping stations that are not regularly maintained and inspected pose an
environmental, safety and economic risk as wastewater can be spilled into the environment.
Therefore, one of the criteria that should be met when designing a control unit for a
wastewater pumping station is reliability. The monitoring system comprises the sensors
the reliable pumping station control is based on, control mechanisms of new generations
in the technological sense and finally remote network control and monitoring system
with possibilities that combine the Internet and Wireless Application Protocol (WAP)
technology [3].

Many water utilities have their monitoring systems, with large amounts of asym-
metrical type data which are not properly analyzed. In most cases, they are not famil-
iar with modern data analysis tools for data acquisition, storage, processing and access.
The solution to these issues should be based on an innovative decision-making platform
with the extensive use of machine learning techniques. With the received information,
water managers can make operational and business decisions in a timely manner.

The modern decision-making system should optimize wastewater treatment system
infrastructure, its operations, monitoring, maintenance and management through:
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e development of smart forecasting, monitoring and failure prediction systems using
machine learning modeling,

e smart data analysis for more accurate decision-making related to network resilience,
energy efficiency, water waste minimization and cost reduction.

By applying modeling and optimization techniques to the information gained from
the data analytics, water utilities can get a broader view of different scenarios and make
accurate and informed decisions. One of the recently used techniques to reduce costs in
the wastewater treatment process is the reinforcement learning approach [4]. Using this
approach, the plant is able to adapt to changing environmental conditions in a short
period of time and autonomously, with minimal intervention by the operator supervising
and controlling the plant. The use of a reinforcement learning agent described in [5],
in the process of removing N-ammonia in wastewater treatment plants aims to increase
environmental and energy efficiency in this process.

Programmable logic controllers (PLCs) play an important role in the design of a pump
station-based system. Namely, the implementation of PLCs on pump control units enables
optimal pump control. In order to achieve this, it is necessary when designing a pump
control unit based on PLCs to take into account as many factors that affect the operation of
the sewage pumping station. Also, in order for the system to work optimally, it is necessary
to anticipate and enable a timely response in case of phenomena such as rapidly changing
inflow of wastewater. The control also envisages continuous discharge of wastewater.

The prediction of certain output variables from available asymmetrical type data is
usually performed by means of machine learning techniques [6].

Maintaining and procuring various physical sensors can be costly, and very few
installed sensors operate online [7]. Because several attributes of the water cannot be
monitored online by means of physical sensors, a soft sensor is defined as a model that
is capable of predicting variables that are hard to measure [8]. Soft sensors can provide
online information that cannot be directly obtained using the model built from training
data obtained from physical sensors. Their output can be used for the online prediction of
some variables, process control, fault detection strategies, or hardware-sensor monitoring.
Adaptive network-based fuzzy inference systems have been employed to develop models
for the prediction of suspended solids [9]. In [10], soft sensors and machine learning
techniques are used to predict the current weather conditions and inform the advanced
control system of a wastewater treatment plant.

For fault identification and prediction, clustering—a category of unsupervised algo-
rithms, whose objective is to find clusters within a data set—seems to offer a promising
solution, especially in pumping systems applications. A comprehensive review of ad-
vanced predictive maintenance techniques in pumping systems is given in [11]. K-means
clustering is deployed in a supervised setting to see the performance of detecting faults
in [12]. Fuzzy clustering is used in [13] to determine the severity of a failure, and [14] applies
fuzzy C-means alongside ANFIS to detect the RUL of a distillation column. However, in
the waste treatment facilities, clustering techniques have not been used so far.

Although these machine learning methods have greatly improved the efficiency of
the wastewater systems, their application has focused on individual operational aspects
(weather forecasting, determining the content of individual particles or the number of
required sensors). Machine learning has not been used sufficiently to establish inter-
dependencies between available measurands, no matter how unrelated they may seem.
Clustering, on the other hand, has been used as part of other diagnostic techniques that are
focused on other applications than the wastewater treatment.

The usage of machine learning in the wastewater treatment is restricted so far to the
water quality monitoring. In this paper, we developed a model that is able to predict a
water pump failure based on asymmetrical type data obtained from sensors such as water
levels, capacity, current and flow values. Several machine learning classification algorithms
were used for predicting water pump failure, and it was proven that even with a reduced
set of data, the pump behavior and possible failures can be predicted. The evidence to
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support the claim was provided by experiments which demonstrated good performance of
the investigated machine learning models.

Using the classification algorithms, it is possible to make predictions of future values
with a simple input of current values, as well as predicting probabilities of each sample
belonging to each class. In order to build a prediction model, an asymmetrical type dataset
containing the variables was formed. The dataset included the data for the period of
October 2014 to May 2019. The methodology presented in this paper has been developed
for the wastewater control system manufacturer and system integrator. The aim was to
implement the developed methodology to the SCADA system and offer a decision-making
tool for equipment maintenance. This is the first presentation of the obtained results.

The paper is structured in the following way: after the introductory section the model
of the system and the applied methodology are presented. A short description of the
classification algorithms applied in the paper is given in Section 3. The case study, based
on the real asymmetrical type data taken from three sewage pumps, is given in Section 4,
followed by the conclusions and further research directions.

2. System Modeling

Five steps of wastewater treatment include primary treatment, secondary treatment,
tertiary treatment, sludge treatment, and disinfection and effluent discharge.

In order to handle large amount of wastewater, a dedicated wastewater pump con-
troller software is required. Based on level measurement or open channel flow measure-
ment it is possible to prevent floods by programming the control system to react and pump
water before the water level reaches the set limit value, as soon as a rapid rise in water
level is noted.

The control system also allows energy cost savings by programming the pump to
run during the day when energy costs are low. Therefore, the control system provides the
following functionality:

no flow detection, dry run protection

low power detection, extremely low flow rate

lead pump alternation

different criteria for start/stop of the next pump by defined order, running time,
number of switching on, downtime.

In addition to the above functionalities, the control system is responsible for ensuring
optimal operation of the pump station, while, based on available data, provides timely
warns of any potential malfunctions. Also, appropriate software helps to optimize and
minimize operating costs in the pumping station throughout the life of the operation.
In addition to reducing costs, the software can also control the activation of the pump at
short intervals, the activation of alarms if the level switch is not in the regular position, as
well as various advanced prediction and optimization functions of the pump station.

One of the particularly important functions is the reliability prediction of the working
pump. Using the observed data from the process, such as the current water level in the
reservoir and the inflow, the parameters of the pump, such as the value of the current and
run time, can be linked and correlated to the non-electrical data. The example of these
values taken from the real system are given on Figure 1. Note that our dataset contains
values of the period 2014-2019, but for a better visual representation of the data, the charts
show a shorter period, i.e., the values for three months dating from 2017 to 2018.
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Figure 1. Time series of observed variables.

Predictions can be made using classification or regression techniques, depending on
the type of the target variable. In order to build a prediction model, an asymmetrical type
dataset containing the variables was formed. Because of the difference between the vari-
ables in terms of time of measurements, all data were averaged in hours. Rows containing
missing values were removed during the preprocessing phase, as well as the date and
time column.

The input variables included pump capacity, current, high current, low current, nom-
inal current, nominal capacity, inflow, levl value, run time and start count. The output
variable was binary with two classes that were not symmetric—class zero representing
the negative cases, i.e., no alarm, and class one representing positive cases, i.e., alarm
(no matter if it was for high current levels, low current levels or a trip alarm). If an imbal-
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ance exists during the preprocessing phase, training data should be transformed using the
combination of under sampling and oversampling techniques.

Before any simulation, a correlation matrix should be generated in order to observe the
relationship between the variables. If the output variable is binary, it will not be the object
of the correlation test. Correlation can provide some valuable insights into the relationships
between the independent variables and can be calculated using Pearson’s correlation
coefficient. Pearson’s correlation coefficient can be positive and negative and ranges
from —1 to 1, where values closer to zero indicate no relationship between the observed
variables, and values closer to &1 indicate a strong relationship between the variables.
The example of the correlation matrix for the sewage pump system with 10 variables is

given on Figure 2.
1ad
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Figure 2. Correlation matrix.

3. Classification Algorithms

This study used machine learning algorithms to address its aims and compares four
classification algorithms: multilayer perceptron (MLP), gradient boosting trees (GBT),
K-Nearest Neighbors (KNN) and random forest (RF). The study performed binary classifi-
cation tasks for predicting the failure of water pumps. As training machine learning models
require a careful selection of hyperparameters, this study utilized parameter estimation
techniques to find the best set of parameters for our models.

3.1. Multilayer Perceptron (MLP)

Artificial neural networks are motivated by the biological neural system. The biologi-
cal neural system is composed of a large number of neurons which serve as a “processing
unit”, if we consider it from the computer system’s perspective. The neurons in the brain
are connected through synapses. In the same manner, artificial neural networks are com-
posed of layers where each layer contains a number of neurons which are connected by
synapses. Hence, the ANN consists of an input layer, one or more hidden layers and an
output layer. The nodes from the preceding layer are interconnected to the nodes of the
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adjacent layer. The strength of the connection is represented through synaptic weights
which present the degree of correlation between neurons. In classification, the output layer
always contains that many nodes as there are classes. The MLP is presented in Figure 3.

Input layers Hidden layers Output layer

Figure 3. MLP network consisting of two hidden layers. x1, x5, ... , X, are the input units; hy, hy are
the hidden units; y is the output unit. w, are the weights of connections; x; and h;, are bias units
which always have a value of 1.

The MLP can be expressed as in [15]:

d

Y= 2 Wy Xy + Wy, €))
j=1

thus, based on the given weights w for input x, the output y can be computed. An input
layer, a hidden layer and an output layer are the three layers that make up the MLP.
The input layer has the task of standardizing the vector of predictor variable values in the
range —1 to 1 and distributing them to each of the neurons in the hidden layer. Additionally,
into each of the neurons in the hidden layer, a bias is fed, whose value is always 1.0, and
a weight is multiplied by the bias and added to the sum going into the neuron. In the
hidden layer, the combined value is obtained by summing the resulting weighted values,
obtained by multiplying each input neuron by a weight. The weighted sum is fed into
a transfer function after which output values are obtained which are further distributed
to the output layer. The combined value in the output layer is obtained by summing the
resulting weighted values obtained by multiplying a weight by the value from each hidden
layer neuron. Feeding a weighted sum into a transfer function yields values that represent
outputs from the network.

For the case of regression analysis with a continuous target variable, the output layer
consists of one neuron that generates a single value, while in the case of classification
problems it is being performed with categorical target variables and the output layer
consists of N neurons that generate N values.

To calculate the output of the ANN, an activation function is used. From a biologi-
cal perspective, the information passes inside the neuron via the action potential, which
determines whether the neuron is fired or not. From the ANN perspective, the activation
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function determines whether a neuron is activated or not. In fact, the activation function
transforms the weights received from the neurons in the input layer and sends the in-
formation to the output layer. There are many types of activation functions, including
rectified linear unit (ReLU), logistic (sigmoid), binary step activation function, hyperbolic
tangent (tanh), softmax and others. This study utilized the logistic (sigmoid) function, as
proposed by the parameter estimation algorithm. The logistic (sigmoid) activation function
is a non-linear, monotonic function and can be represented as:

2

sig(t) = e

The sigmoid function is an S-shaped curve (Figure 4).

sig(t)

sig(t) = 1= 1.0

14e—t

0.8

0.6

-8 —6 —4 —2 2 4 G 8
Figure 4. The sigmoid function.

To map the real values to the predictions, neural networks use optimization (loss)
functions. For these purposes, our study employed an Adam (adaptive moment estimation)
optimizer. It was first presented in [16] and it combines momentum and root mean square
propagation (RMSProp) to converge faster. Momentum uses the gradients of the past and
current steps to determine its direction, while RMSProp chooses a different learning rate
for each parameter.

3.2. Random Forest (RF)

RFs belong to the group of ensemble learning methods where a multiple number of
classifiers is generated and their results are aggregated [17]. The algorithm was proposed
in 2001 by L. Brainman [18] and has since then demonstrated good performance for classi-
fication and regression tasks in various domains. The RF is a decision tree algorithm and is
based on bagging where each tree is constructed using a different bootstrap sample, and the
node is split using the best subset of randomly chosen predictors at that node [18]. The RF
performs in several steps. First, it extracts n bootstrap samples from the asymmetrical type
dataset. Then, for each of the n bootstrap samples, an unpruned (fully grown) classification
tree is developed. Finally, the prediction of new datapoints is made by majority voting of
the predictions of all trees [17].

Decision trees split the data in a way so that the largest information gain is acquired.
The information gain identifies the most important feature, i.e., the feature that is most
useful for making predictions. That feature is then used at the root node. Information gain
is inversely related to the probability of occurrence of the observed event [19] and can be
represented as [20]:

Al = log(;l) = —log(pi), 3)

where p; represents the probability of class i.
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Two common measures of impurity are the entropy and Gini indexes. Entropy can be
represented as [20]:

n
Entropy = —) _ pilogy(pi), @
i=1
while Gini index can be calculated as:

n
Gini=1-Y_ p?, (5)
i=1

If all samples of a node belong to the same class, then the entropy equals zero.
For binary classification problems, the maximum entropy is one, i.e., [20]:

M-

pi=10<p; <1, (6)

i=1

This study uses entropy as an information gain criterion, which will be further ex-
plained in the next section of this paper.

3.3. Gradient Boosting Trees (GBT)

GBT are decision trees used for classification and regression problems. This algo-
rithm performs optimization of a cost function by sequentially combining weak learners.
Weak learners always perform little better than chance with errors below 0.5. The main idea
behind GBT is that each new tree should minimize the cost function until there is no im-
provement. As opposed to RF which uses bagging, the GBT uses boosting. The algorithm
assigns the same weight to each sample and then uses the first sample to train the first weak
classifier [21]. The second weak classifier is built by assigning higher weights to the misclas-
sified samples, while lower weights are assigned to samples that were correctly classified
by the first weak classifier [21]. Finally, the classifiers are combined in one final model.

The quality of the split in this study is measured using the mean squared error
(MSE) with improvement scores by Friedman. Furthermore, the GBT model was aimed to
minimize the deviance loss function which can be expressed as [22]:

deviance = rlzlé log(1+exp(—2(2y; — 1)f(x;))), ()

where x; is the input, y; is the output and f(x;) is the function of x;.
Boosting algorithms have been found to obtain good performances in many different
areas, but it should be noted that a large feature space increases the training time [23].

3.4. K-Nearest Neighbors (KNN)

KNN is a simple lazy algorithm developed by Thomas Cover [24,25] and is based on
a similarity (distance) measure. The algorithm is “lazy” because it uses the training data in
the testing phase, which is computationally more efficient. The KNN first calculates the
distance between the d-dimensional feature vectors, and then performs classification [26].
Even though KNN is fairly simple to use, its performance is highly impacted by the number
of neighbors k, and the selected distance measure [27]. Different similarity measures exist,
including Euclidean distance, Minkowski distance and Manhattan distance, but this study
used the Manhattan distance, as proposed by the parameter estimation algorithm.

The Manhattan distance (otherwise known as city block distance) can be calculated
using the sum of the absolute difference between real vectors as follows:

d(x,y) = ;|xi*}/i\f ®)
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where x; is the i-th element of vector x, y; is the i-th element of vector y in the two-
dimensional vector space and 7 is the number of elements in the vector. Manhattan
distance demonstrated good performance in the literature comparing to other distance
measures. For example, in [28] it was showed that the Manhattan distance outperforms
Chebyshev and Euclidean metrics on intrusion data. Good performance of the Manhattan
distance was also demonstrated in [29,30].

4. Results
4.1. Data Preprocessing

The dataset used in this study consisted of sensor asymmetrical type data from three
water pumps. The input variables included pump capacity, current, high current, low
current, nominal current, nominal capacity, inflow, levl value, run time and start count for
each of the three water pumps. The output variable was binary with two classes—class one
representing the negative cases, i.e., no alarm, and class two representing positive cases,
i.e., alarm occurrence (no matter if it was for high current levels, low current levels or a
trip alarm). As the sensors collected data in different time intervals, all variables were
averaged on an hour level prior to modeling. All numerical results presented in this paper
are based on the dataset that includes the measurements from three pumps—pump 1,
pump 2 and pump 3, initially containing over 28.000 measurements. Missing values
were removed before modeling, hence the final asymmetrical type dataset comprised of
25.625 measurements (70% of the data belongs to the training set, 30% of the data belongs
to the test set). The data were standardized using the StandardScaler of the scikit library.
StandardScaler removes the mean and scales the data to unit variance by calculating the
Z score as:

z:(x—‘u)/s, (9)

where y represents the mean of the training samples, and s is the standard deviation.

Due to class imbalance (class 1 includes 24.330 cases, while class 2 includes 1295 cases),
during the preprocessing phase, the training asymmetrical type data were transformed
using a combination of under sampling and oversampling techniques. Under sampling
is used to decrease the number of cases in the majority class. It was performed using
the RandomUnderSampler technique, hence the number of cases in the majority class
was reduced to two times the number of cases in the minority class. On the other hand,
oversampling is used to increase the number of cases in the minority class. For this purpose,
the SMOTE (synthetic minority oversampling technique) technique was used. SMOTE first
randomly selects an instance a from the minority class, after which it finds the nearest
neighbors and randomly chooses one and connects it to the instance a. After performing
under sampling and oversampling, both classes contained 1818 cases (Table 1).

Table 1. Number of samples in each class before and after sampling.

Number of Instances Class 0 Class 1
Original data 24,330 1295
Under sampling 1818 909
Oversampling 1818 1818

Each machine learning model used 70% of the data for training, and the rest for testing.
Parameter estimation was performed using the RandomizedSearch CV (RS-CV), while
the performance of the parameter search algorithm was evaluated using Stratified KFold
cross-validation with 10 folds.

4.2. Parameter Estimation

The models were developed after investigating the best set of parameters. For the
MLP, the activation function, solver, alpha value, batch size, and the size of the hidden
layers were examined using the RS-CV (Table 2).
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Table 2. Investigated RandomizedSearchCV parameters for the MLP model.

Parameters Investigated Suggested
- MLP -
Activation ReLU, identity, logistic, tanh logistic
Solver Lbfgs, sgd, adam Adam
Alpha 1x1075,1%x1072,1x1073,1x107%,1x1072,1 x 107,1 x 1077 64
Batch size 16, 32, 64, 128, 264 64
Hidden layer sizes Range (1, 100) with increments of 5 96
- GBT -
Number of estimators Range (20, 1000) with increments of 10 450
Maximum depth Range (2, 100) with increments of 2 20
Minimum samples split Range (5, 100) with increments of 50 55
Minimum samples leaf Range (10,100) with increments of 10 10
- KNN -
Number of neighbors Range (2200) with increments of 2 14
Weights uniform, distance distance
Power parameter p 1—Manhattan, 2—Minkowski 1—Manhattan
- RF -
Number of estimators Range (2200) with increments of 2 100
Criterion Gini, entropy entropy

The estimator suggested using the logistic activation function and one hidden layer
with 96 neurons, while the weight optimization should be performed using the stochas-
tic gradient-based optimizer (i.e., Adam). The suggested batch size was 64, while the
regularization term alpha (i.e., L2 penalty) was 1 x 10°.

The RS-CV for the GBT parameter estimation investigated the number of boosting
stages (n_estimators), maximum depth of each individual estimator (max_depth), the
minimum number of samples that are used to split an internal node (min_samples_split),
and the minimum number of samples that are used at a leaf node (min_samples_leaf).
The parameter estimation suggested 450 boosting stages, the maximum depth of 20, with
55 samples used to split the internal node, and 10 samples at a leaf node (Table 2).

The RS-CV for KNN investigated the number of neighbors, the weight function to
use in prediction, and the power parameter p that determines the distance metric. In these
terms 14 neighbors were suggested to be used in the KNN model, while weighting would
be performed using distance weighting. Lastly, the RS-CV suggested the power parameter
p should be set to one, meaning that the distance between the points would be measured
using the Manhattan distance. Parameter estimation for the KNN model is presented in
Table 2.

The RS-CV for RF investigated the number of trees in the forest (i.e., n_estimators),
and the function that measures the quality of the split. The RS-CV suggested developing
the RF model with 100 trees, while the quality of a split is measured using information
gain (Table 2).

4.3. Model Performance and Comparison

The asymmetrical type data were modeled using classification algorithms with pa-
rameters that were proposed by the parameter estimation algorithm. Validation of the
results was performed using 10-fold cross-validation, while the performance of the models
was compared using the confusion matrices and performance measures such as the area
under the ROC curve (AUC ROC), fl-measure, precision and recall. The metrics such as
AUC ROC, precision, recall, and f1-measure were calculated on the test set. Precision is
calculated as the number of correct positive predictions divided by the total number of
positively predicted instances. Recall, also known as sensitivity and true positive rate, is
calculated as the ratio of the number of correct positive predictions divided by the total
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number of positive samples. Precision, recall and accuracy can have values in range [0,1],
with values closer to one indicating a better model. Finally, F-measure represents the
weighted average of precision and recall.

As this is a binary classification problem with originally highly imbalanced data,
accuracy measure should not be used as the main performance metric because it can
generate good accuracy based on the accuracy of the majority class. Hence, we have
utilized ROC AUC value as the main performance metrics. The models were also evaluated
from the perspective of the time taken to estimate parameters, train and test the models.

Considering validation accuracy, the best performing models were the GBT and the
RF with 92.44 and 91.09% accuracy, respectively. The accuracy on the training dataset was
100% for GBT, KNN, and RF, while the MLP obtained training accuracy of 98%. The GBT
and RF also obtained the best values in terms of precision, recall and f1-score. In particular,
the GBT obtained 0.66 precision, 0.87 recall, and 0.71 f1-score. The RF obtained precision of
0.65, recall of 0.85 and f1-score of 0.69, indicating a good potential of classification. As the
most important metric, AUC ROC scores were evaluated and compared. The highest area
under the ROC was obtained for the GBT and RF classifiers, with values of 86.9 and 85.00%,
respectively. The MLP classifier obtained an AUC ROC value of 79%, while KNN obtained
76%, demonstrating the weakest ability to classify water pump sensor data. These results
are presented in Table 3, followed by Figure 5 where the AUC curves of each model
are compared.

Table 3. Model performance.

Metrics MLP GBT KNN RF
Iraining 0.98 1.00 1.00 1.00
accuracy
Test accuracy 0.83 1.00 1.00 1.00
Validation 0.87 0.92 0.80 0.91
accuracy
Precision 0.59 0.66 0.56 0.65
Recall 0.79 0.87 0.76 0.85
Fl-score 0.61 0.71 0.51 0.69
AUC ROC 0.793 0.869 0.759 0.850
- Time
RS-CV time (s) 591.92 208.610 1.905 27.985
Training time (s) 60.068 10.569 0.029 11.828
Test time (s) 0.015 0.123 0.631 0.042

Receiver Operating Characteristic
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Figure 5. ROC of each model.
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Additionally, when discussing ML models, it is important to observe the time needed
to train and test the model, because it is important for the model to be less computationally
intensive. The RS-CV took almost 600 s to search for the best set of parameters for the MLP
model, 209 s for the GBT, 1.9 s for the KNN, and 28 s for the RF. Furthermore, it took one
minute to train the MLP, 10.6 s to train the GBT, 0.03 s to train the KNN, and 11.83 to train
the RE. Even though the KNN took the lowest time to search for parameters and train the
model, considering other metrics the best performing algorithms were RF and GBT.

Lastly, to better understand the performance of the examined classifiers and their
ability to correctly classify faults of water pumps, a 2 x 2 confusion matrix was generated.
The columns show the number of predicted test samples for the negative class (no alarm)
and positive class (alarm), while the rows present the true number of test samples belonging
to the observed classes. On the test set, 6126 truly negative samples were correctly classified
as negative (true negative) by the MLP model, while 288 truly positive samples were
correctly classified as positive (true positive). There were 1176 false positive samples
(samples predicted as positive but are really negative) and 98 false negative samples
(predicted as negative but are actually positive). Considering that the intention was to
classify pump failure, it was important to have low values of false negative samples as
the consequences otherwise could be severe; if the sample was predicted as no fault, but
there was really a pump failure, there would be big costs that could be avoided with on-
time prediction and management. Furthermore, increasing the dataset size with samples
belonging to the positive class would provide more real information to the algorithm which
will increase the model performance significantly.

The GBT correctly classified 6650 truly negative samples, while 319 samples truly posi-
tive samples were correctly classified as positive. There were 652 false positive samples and
67 false negative samples. The KNN obtained the lowest performance, with 5010 correctly
classified truly negative samples, 321 correctly classified truly positive samples, 2292 false
positives and 65 false negatives. Lastly, the RF correctly classified 6611 negative samples
and 307 positive samples, while there were 691 false positives and 79 false negatives.
These results are presented in Figure 6.

The methodology presented in the past section can be used for the prediction of pump
failure or alarm states. Additionally, the minimum and maximum values for each variable
when the observed alarm occurred were inspected. In particular, we see that for pump 1,
the high current alarm occurred when the capacity of the pump 1 had the values between
45.8 and 54, while the current had the values between 14.57 and 24.99. The high current
values were between 100 and 199, while the inflow value was in the range [10.42, 19.45].
Similar results can be observed for the rest of the variables as well, but also for the low
current alarm and the trip alarm for all three pumps. It is essential to mention that these
values represent the average hourly values.

The obtained results demonstrate good performance and are in line with some of the
findings from the literature. In particular, a study by [12] detected faults in large water
networks through online dictionary learning. The results of the proposed methodology
were compared to the KNN and SVM algorithms and demonstrated that KNN and support
vector machines (SVM) perform better with a small number of sensors, while online
dictionary learning was better suited for large values [31]. Failure in mechatronic water
plant system was modeled in [32] using the KNN, Logistic regression (LR) and SVM
algorithms. The performance was examined on the full dataset containing 51 attributes,
and on the reduced set with 22 attributes. The highest accuracy on both the full dataset and
the reduced set was obtained by the KNN—98.9 and 99.97%, respectively, demonstrating
good performance of the KNN for sensor data [32].
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Figure 6. Confusion matrices of each model.

5. Conclusions

Based on the obtained results, it can be concluded that ML algorithms can be suc-
cessfully used for predicting water pump failure. In order to generate more detailed and
correct predictions, it is important to have more data, especially data of alarm cases, which
will increase the distribution of this class and provide more information to the algorithm,
thus obtaining more accurate prediction.

Predictions of pump failures suggest some interesting findings. In the first place, the
random forest classification technique can be successfully utilized to classify sensor data.
The model is appropriate for fine-tuning, but it also improves its performance over time.
Furthermore, the developed models suggest that the performance significantly improves
with bigger number of real values in the minority class. Even though sampling techniques
(such as under sampling and oversampling) fix the issue of class imbalance, the model is
able to learn much better on real-world data, hence with large enough number of cases in
the minority class, the predictions are certainly more accurate.

The goal of future work is to improve the considered algorithms by forming as large
as possible databases of all data that make up the model in order to increase the accuracy
of prediction. Additionally, the goal of future work is that by applying the considered
algorithms, the system identifies patterns and helps to make more accurate decisions
regarding network resilience, energy efficiency, wastewater minimization, cost reduction
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etc. Further development of this solution will optimize water distribution systems, their
infrastructure, operations, monitoring, maintenance and management.

Author Contributions: Conceptualization, L.Z.V. and ].D.V.; methodology, L.Z.V.; software, R.J.;
validation, L.Z.V. and R.J.; formal analysis, L.Z.V. and A.].; investigation, R.]. and A.].; data curation,
L.Z.V. and ].D.V,; writing—original draft preparation, L.Z.V,, R.J.,, ].D.V. and A ].; visualization,
R.J.; supervision, L.Z.V. and A.]J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no extra funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to company restrictions.

Acknowledgments: This work was supported by the Serbian Ministry of Education, Science and
Technological Development through the Mathematical Institute of the Serbian Academy of Sciences
and Arts.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hamitlon, R.; Braun, B.; Dare, R.; Koopman, B.; Svoronos, S. Control issues and challenges in waste water treatment plants.
IEEE Control Syst. Mag. 2006, 26, 63—69.

2. Taheriyoun, M.; Moradinejad, S. Reliability analysis of a wastewater treatment plant using fault tree analysis and Monte Carlo
simulation. Environ. Monit. Assess. 2014, 187. [CrossRef] [PubMed]

3. Zhu, W; Wang, Z.; Zhang, Z. Renovation of Automation System Based on Industrial Internet of Things: A Case Study of a
Sewage Treatment Plant. Sensors 2020, 20, 2175. [CrossRef]

4. Hernandez del Olmo, E; Gaudioso, E. An Emergent approach for the control of waste water treatment plants by means of
reinforcement learning techniques. Expert Syst. Appl. 2012, 39, 2355-2360. [CrossRef]

5. Hernandez-Del-Olmo, F; Gaudioso, E.; Dormido, R.; Duro, N. Energy and environmental efficiency for the n-ammonia removal
process in wastewater treatment plants by means of reinforcement learning. Energies 2016, 9, 755. [CrossRef]

6.  Haimi, H.; Mulas, M.; Corona, F.; Vahala, R. Data-derived soft-sensors for biological waste water treatment plants: An over-view.
Environ. Model. Softw. 2013, 47, 88-107. [CrossRef]

7. Vanrolleghem, P; Lee, D. On-line monitoring equipment for wastewater treatment processes: State of the art. Water Sci. Technol.
2003, 47, 1-34. [CrossRef]

8.  Alexandridis, A. Evolving RBF neural networks for adaptive soft-sensor design. Int. ]. Neural Syst. 2013, 23, 1350029. [CrossRef]

9.  Thirlimann, C.; Diirrenmatt, D.; Villez, K. Soft-sensing with qualitative trend analysis for waste water treatment plant control.
Control. Eng. Pract. 2018, 70, 121-133. [CrossRef]

10. Hernandez del Olmo, E; Gaudioso, E.; Duro, N.; Dormido, R. Machine learning weather soft-sensor for advanced control of
waste water treatment plants. Sensors 2019, 19, 3139. [CrossRef]

11.  Olesen, ].E; Shaker, H.R. Predictive Maintenance for pump systems and thermal power plants: State-of-the-art review, trends and
challenges. Sensors 2020, 20, 2425. [CrossRef]

12. Uhlmann, E.; Pontes, R.P.; Geisert, C.; Hohwieler, E. Cluster identification of sensor data for predictive maintenance in a Selective
Laser Melting machine tool. Procedia Manuf. 2018, 24, 60-65. [CrossRef]

13. Cao, Q.; Samet, A.; Zanni-Merk, C.; de Bertrand de Beuvron, F; Reich, C. An ontology-based approach for failure classifi-cation
in predictive maintenance using fuzzy C-means and SWRL Rules. Procedia Comput. Sci. 2019, 159, 630-639. [CrossRef]

14. Daher, A.; Hoblos, G.; Khalil, M.; Chetouani, Y. New prognosis approach for preventive and predictive maintenance—Application
to a distillation column. Chem. Eng. Res. Design 2020, 153, 162-174. [CrossRef]

15.  Alpaydin, E. Introduction to Machine Learning, 2nd ed.; The MIT Press: Cambridge, MA, USA, 2014.

16. Kingma, D.P; Ba, J. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.

17. Liaw, A.; Wiener, M. Classification and regression by randomForest. R News 2002, 2, 18-22.

18. Breiman, L. Random forests. Machine Learn. 2001, 45, 5-32. [CrossRef]

19. Pal, N.; Pal, S. Entropy: A new definition and its applications. IEEE Trans. Syst. Man Cybern. 1991, 21, 1260-1270. [CrossRef]

20. Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. ]. 1948, 27, 379—-423. [CrossRef]

21. Tian, Z.; Xiao, J.; Feng, H.; Wei, Y. Credit Risk Assessment based on Gradient Boosting Decision Tree. Procedia Comput. Sci. 2020,
174, 150-160. [CrossRef]

22. Truong, V.-H.; Vu, Q.-V,; Thai, H.-T.; Ha, M.-H. A robust method for safety evaluation of steel trusses using Gradient Tree Boosting

algorithm. Adv. Eng. Softw. 2020, 147, 102825. [CrossRef]


http://doi.org/10.1007/s10661-014-4186-7
http://www.ncbi.nlm.nih.gov/pubmed/25487461
http://doi.org/10.3390/s20082175
http://doi.org/10.1016/j.eswa.2011.08.062
http://doi.org/10.3390/en9090755
http://doi.org/10.1016/j.envsoft.2013.05.009
http://doi.org/10.2166/wst.2003.0074
http://doi.org/10.1142/S0129065713500299
http://doi.org/10.1016/j.conengprac.2017.09.015
http://doi.org/10.3390/s19143139
http://doi.org/10.3390/s20082425
http://doi.org/10.1016/j.promfg.2018.06.009
http://doi.org/10.1016/j.procs.2019.09.218
http://doi.org/10.1016/j.cherd.2019.10.029
http://doi.org/10.1023/A:1010933404324
http://doi.org/10.1109/21.120079
http://doi.org/10.1002/j.1538-7305.1948.tb01338.x
http://doi.org/10.1016/j.procs.2020.06.070
http://doi.org/10.1016/j.advengsoft.2020.102825

Symmetry 2021, 13, 1518 17 of 17

23.
24.
25.
26.
27.
28.

29.

30.

31.

32.

Kocsis, L.; Gyorgy, A.; Ban, A.N. BoostingTree: Parallel selection of weak learners in boosting, with application to ranking.
Mach. Learn. 2013, 93, 293-320. [CrossRef]

Cover, T.; Hart, P. Nearest neighbor pattern classification. IEEE Trans. Inf. Theory 1967, 13, 21-27. [CrossRef]

Cover, T. Estimation by the nearest neighbor rule. IEEE Trans. Inf. Theory 1968, 14, 50-55. [CrossRef]

Zhang, S.; Li, X.; Zong, M.; Zhu, X.; Cheng, D. Learning k for kNN Classification. ACM Trans. Intell. Syst. Technol. 2017, 8, 1-19.
[CrossRef]

Zhang, S.; Li, X.; Zong, M.; Zhu, X.; Wang, R. Efficient kNN Classification with Different Numbers of Nearest Neighbors.
IEEE Trans. Neural Networks Learn. Syst. 2018, 29, 1774-1785. [CrossRef]

Punam, M.; Nitin, T. Analysis of distance measures using k-nearest neighbor algorithm on KDD Dataset. Int. |. Sci. Res. 2015, 7,
2101-2104.

Lopes, N.; Ribeiro, B. On the Impact of Distance Metrics in Instance-Based Learning Algorithms. In Proceedings of the
Iberian Conference on Pattern Recognition and Image Analysis, Santiago de Compostela, Spain, 17-19 June 2015; Springer:
Cham, Switzerland, 2015; pp. 48-56.

Todeschini, R.; Consonni, V.; Grisoni, E.G.; Ballabio, D. A new concept of higher-order similarity and the role of distance/similarity
measures in local classification methods. Chemom. Intell. Lab. Syst. 2016, 157, 50-57. [CrossRef]

Irofti, P; Stoican, F; Puig, V. Fault handling in large water networks with online dictionary learning. J. Process. Control. 2020, 94,
46-57. [CrossRef]

Chidhananda, R.; Kulkarni, A. Application of Automation Strategies to Prevent Failure in Mechatronic Water Plant System; Elsevier:
Berlin/Heidelberg, Germany, 2021; Volume 37, pp. 1480-1485.


http://doi.org/10.1007/s10994-013-5364-5
http://doi.org/10.1109/TIT.1967.1053964
http://doi.org/10.1109/TIT.1968.1054098
http://doi.org/10.1145/2990508
http://doi.org/10.1109/TNNLS.2017.2673241
http://doi.org/10.1016/j.chemolab.2016.06.013
http://doi.org/10.1016/j.jprocont.2020.08.003

	Introduction 
	System Modeling 
	Classification Algorithms 
	Multilayer Perceptron (MLP) 
	Random Forest (RF) 
	Gradient Boosting Trees (GBT) 
	K-Nearest Neighbors (KNN) 

	Results 
	Data Preprocessing 
	Parameter Estimation 
	Model Performance and Comparison 

	Conclusions 
	References

