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Abstract: Water quality early warning system is mainly used to detect deliberate or accidental water
pollution events in water distribution systems. Identifying the types of pollutants is necessary after
detecting the presence of pollutants to provide warning information about pollutant characteristics
and emergency solutions. Thus, a real-time contaminant classification methodology, which uses the
multi-classification support vector machine (SVM), is proposed in this study to obtain the probability
for contaminants belonging to a category. The SVM-based model selected samples with indistinct
feature, which were mostly low-concentration samples as the support vectors, thereby reducing
the influence of the concentration of contaminants in the building process of a pattern library. The
new sample points were classified into corresponding regions after constructing the classification
boundaries with the support vector. Experimental results show that the multi-classification
SVM-based approach is less affected by the concentration of contaminants when establishing a
pattern library compared with the cosine distance classification method. Moreover, the proposed
approach avoids making a single decision when classification features are unclear in the initial phase
of injecting contaminants.

Keywords: early warning systems; contaminant classification; conventional water quality sensors;
support vector machine; multi-classification probability output

1. Introduction

Water supply systems are vulnerable to chemical and biological contamination because of
interferences in the external environment. Therefore, an early warning system (EWS) for water quality
should be established as an effective measure in mitigating the effects of pollution [1,2]. Quickly
detecting the presence of contaminants and identifying the type of contaminants, as well as providing
help for implementing remedial measures are the EWS core competencies.

The subsequent key problem after detecting the pollutants in EWS is identifying the types of
pollutants. The laboratory-based analysis method is a common method for classifying pollutants
(e.g., ICP-MS). This analysis method includes accurate detection and quantification; however, it has
long detection time. Time is a critical factor for emergency water pollution [3,4]. Therefore, developing
a rapid method for classifying pollutants is urgent. The use of online compound specific sensors
for detection is a viable method; this method is faster than the laboratory-based analysis. However,
a specific composite sensor can only identify a single or a small class of pollutants. This limitation will
inevitably lead to inefficiency and recognition failure.
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To overcome this limitation, some researchers have attempted to build a real-time classification
method of pollutants using conventional indicators. Kroll [5] reported the Hach Homeland Security
Technologies (HST) approach that processes a plurality of independent quality parameters into a single
deviation signal to detect an abnormal water quality compared with a preset threshold. Simultaneously,
the direction of the deviation signal vector represents that the characteristics of the agents can be
used to classify pollutants further. Yang et al. [6] conducted a series of experiments based on a pilot
experiment system and reported a new real-time adaptive method for contaminant classification.
In this method, four discriminative systems were established according to the response of different
conventional indicators caused by 11 different pollutants, which were divided into three categories:
fast reaction, slow reaction, and no reaction. In the two methods, the direction of the deviation signal
vector and the geometric properties of the pollutant curve were used to distinguish the pollutants.
The classification of pollutants is based on qualitative analysis rather than quantitative analysis.
However, the qualitative analysis method may fail when the pollutants have a similar response.
Therefore, classifying pollutants based on quantitative analysis is necessary. Liu et al. [7] used a
Mahalanobis distance measure similarity between pollutant characteristic vector, thereby calculating
the Mahalanobis distance between the pollutant feature vector and the various pollutant feature
vectors in the feature vector library. Then, the category of pollutant can be determined as a type of class
having the minimum distance. Later, Liu et al. [8] used cosine distance measure similarity between
pollutant characteristic vectors. Compared with the Mahalanobis distance, the cosine distance is only
related to the direction of feature vectors, where the various components of the feature vector change
simultaneously. This change can reduce the impact of the concentration of pollutants, resulting in the
magnitude change of the feature vector. However, in constructing the pollutant characteristic libraries,
the cosine distance classification methodology uses the mean of all of the instances in same class with
different concentrations. This method can lead to some deviations when calculating the similarity
between the new samples and the features in the pattern library.

The support vector machine (SVM) is a classification method based on statistical learning theory.
SVMs effectively solve the problems of having a small sample size, high dimension, and nonlinearity
in the learning process, and remarkably improve the generalization ability of the learning method.
SVMs aim to find an optimal hyperplane that maximizes the margin between classes by using a small
number of training cases, namely, the support vectors, which have distinct features in some instances.
Currently, SVMs are widely used in handwriting recognition, face recognition, fault classification [9–11],
time series prediction [12], nonlinear system modeling and identification [13,14], water quality event
detection [15] and other fields. The use of SVMs has attained good results.

For the above limitations, this study proposes a classification method for pollutants based
on multi-classification probability output (MCPO). This method extends a binary SVM to a
multi-classification SVM and introduces a probability output. The proposed method reduces the
influence of the concentration of pollutants in the process of building a pattern library. Moreover, the
proposed method can identify whether the feature of the sample is readily apparent. The samples,
which classification characteristics are readily apparent, can determine their category; then, the samples,
which classification characteristics are not apparent, avoid making a single classification decision.

2. Methodology

This study proposes a novel method that work in two steps, as shown in Figure 1. First, an offline
SVM-based MCPO classifier is trained. Second, an online classification framework is employed to
obtain the output of the SVM-based MCPO model for further analysis, consequently arriving at the
precise classification of pollutants.
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Figure 1. Flowchart of pollutants on-line classification. 
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Figure 1. Flowchart of pollutants on-line classification.

2.1. Baseline Estimate Based on Time Series Movement Mean (TSMM)

The TSMM represents a hidden predicting model, the average of a period of time before the water
quality parameter is used as current predicted value Z∗(t).

Z∗(t) =
1
n

n

∑
i=1

Z(t− i), (1)

Residual δ(t) series are obtained by using the average of normal indicators of water quality within
a sliding time window as the background signal of water quality. The residual value is used as a
characteristic in the pollutant anomaly detection and classification [16–18], which can significantly
reduce the influence of fluctuations in the water quality background.

δ(t) = Z(t)− Z∗(t) = Z(t)− 1
n

n

∑
i=1

Z(t− i), (2)

The residual value exceeding the threshold can be considered an outlier, and the outlier does
not have to be added to the calculation of the background signal of water quality. When the
number of continuous outliers exceeds the upper limit, the background data of water quality are
considered altered.

2.2. MCPO Classification Model Based on SVM

2.2.1. Fundamentals of SVM

SVM theory was suggested by Vapnik et al. [19,20] in statistic learning theory. The basic principle
is using a hyperplane determined by a number of support vectors to classify data. The support vector
is a subset of training set and is used for determining a decision boundary of all types of data.

In classifying water pollution, the conventional indicators of the low concentrations of pollutants
characteristic response, including inconspicuous error-prone points, constitute a subset of the support
vector of SVM, thereby determining the dividing hyperplane between classes.



Sensors 2017, 17, 581 4 of 17

The SVM developed from an optimal classification hyperplane in the case of linear separable.
The linear separable training set, (xi, yi), i = 1, ..., n, x ∈ Rd, y ∈ {+1,−1}, satisfies

yi[(w · xi) + b]− 1 ≥ 0, i = 1, ..., n, (3)

The classification plane, namely, the optimal classification hyperplane, results in the maximum
classification margin. This result is required for the promotion of capacity control as the maximum
classification margin, which is one of the core concepts of SVM. The above optimal classification
problem can be transformed into a dual problem through Lagrange optimization method. The above
problem can be solved by obtaining the optimal classification function as:

f (x) = sgn{(w · x) + b} = sgn{∑ α∗i yi(xi · x) + b∗}, (4)

Only a part (usually a few) of the above solution αi will not be zero. The summation is applied to
the support vector. b∗ is the classification threshold.

The nonlinear problem can be converted to a high-dimensional space through a nonlinear
transformation and thus seek an optimal classification surface in the transformation space. A proper
kernel function k(xi, xj) is adopted in the optimal classification hyperplane, which leads to a linear
classification to be achieved after the non-linear transformation. The computational complexity has
not increased, thus the corresponding classification function becomes

f (x) = sgn{∑ α∗i yiK(xi · x) + b∗}, (5)

A different inner product kernel function will form different algorithms in the SVM. Four types of
kernel functions are widely applied.

1. Linear kernel function: K(x, y) = x · y;

2. Polynomial kernel function: K(x, y) = [(λ · x · y) + α]d;

3. Radial basic function: K(x, y) = exp{ ||x−y||2
σ2 }; and

4. Sigmoid function: K(x, y) = tanh(ν(x, y) + c).

The SVM model proposed above is derived by single classification results. Misclassification is
common when the conventional indicator response characteristics are unclear at the beginning of
pollutant injection. Therefore, probability output is proposed to obtain the classification probabilities
of pollutants, thereby avoiding the creation of a single decision. Currently, numerous researchers
have proposed various programs to develop a two-class SVM output probability value [21]. In this
study, the widely used method of Platt [22] is adopted; this method uses a sigmoid function, including
parameters, maps an SVM decision function into the interval [0, 1], and then achieves the probability
output as follows:

p(y = 1|x) ≈ pA,B( f ) =
1

1 + exp(A f + B)
, (6)

where f = f (x) denotes the decision function. A and B are the undecided parameter of the sigmoid
function, and A < 0 ensures that the sigmoid function is an increasing monotone. A and B can be
obtained by applying the training set ( fi, yi) with the maximum likelihood estimation.

2.2.2. Multi-Classification Probability Based on SVM

Classifying pollutants is a multi-classification problem. In this study, the one-against-one method
is used to extend the binary SVM model to multi-classification. In this case, the integrated k(k− 1)/2
two-class SVM classification results, and the probability estimation rij are synthesized as the MCPO,

and the probability Pi belonging to each class is obtained, pi = P(y = i|x), i = 1, 2, ..., k ,
k
∑

i=1
pi = 1.
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In this study, the method of multi-class probability comes from the two-class probability suggested
by Wu [23,24]. Given that rij + rji = 1, rij ≈ pi/(pi + pj) and rij/rji ≈ pi/pj, the simple conversion
and summation is as follows:

∑
j 6=i

rji pi ≈ ∑
j 6=i

rij pj, (7)

Using the relationship between rij and Pi in Equation (7), Pi can be obtained by dealing with the
following model: 

min
k
∑

i=1
∑
j 6=i

(rji pi − rij pj)
2

s.t.
k
∑

i=1
pi = 1 pi ≥ 0

, (8)

where the constraint pi ≥ 0 is redundant, denoting pT = [p1, p1, ..., pk]. The model is transformed into
Equation (9), which is a convex quadratic programming problem. When Equation (10) is satisfied, the
optimal solution is obtained. 

min
p

2pTQp = min
p

1
2 pTQp

Qij =

 ∑
s 6=i

r2
si i = j

−rjirij i 6= j

, (9)

[
Q e
eT 0

][
p
b

]
=

[
0
1

]
, (10)

where e = [1, 1, ..., 1]T.
Iteratively, let t = 1, ...k, 1...k, 1.... Then, the process of solving the optimal solution is as follows:

1. Utilize Equation (11) to update pt

pt ←
1

Qtt
(−∑

j 6=t
Qtj pj + pTQp) , (11)

2. Normalize the parameter p.
3. Verify whether p satisfies Equation (9); if satisfied, then stop the iteration, and obtain the multiple

classification probabilities p.

2.3. Parameter Selection of SVM Model

The effectiveness of SVM depends on selecting a kernel function and the penalty parameter C.
The radial basis function is usually selected as a kernel function.

Typically, the parameter γ in the kernel function and penalty parameter C are checked using
cross-validation. In this study, a grid search method is utilized for the training set through
cross-validation, selecting a group (γ, C) of the highest classification accuracy as a model parameter.
The penalty parameter C is in the range of 0.01, 0.1, 1, 10, and 100, while nine values exist for each
interval, with a total of 37 values. The parameter of the radial basis function has a range of 0.01, 0.1,
1, 10, and 100, while each interval has nine values, with a total of 37 values. Consequently, a total of
1369 choices exist. Figure 2 shows the flow-chart of the calculation of the parameter accuracy rate.
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Figure 2. Flow-chart of the calculation process in selecting the parameters for the SVM model.

2.4. Evaluation of Classification Performance

2.4.1. Confusion Matrix

A confusion matrix is primarily used to compare the classification results with the actual measured
values. Each column of the matrix represents the instances in a predicted class, whereas each row
represents the instances in an actual class. The sum of each column represents the number of instances
that the classifier predicts, whereas the sum of each row represents the number of instances. All correct
guesses are located in the diagonal shape of the confusion matrix.

2.4.2. Classification Accuracy

The classification accuracy rate (true positive rate, TPR) is commonly used as a measurement of
the classification results performance. The TPR is calculated as follows:

TPR =
TP

TP + FN
× 100%, (12)

where TP represents the correctly identified pollutants, and FN represents the pollutants incorrectly
identified as other classes. The higher TPR value is calculated, the better classification performance.

3. Experimental and Results

3.1. Experimental Data Acquisition

3.1.1. Experimental Design

In Figure 3, a small water distribution system was prepared to simulate the online detection of
water quality. The experimental water system includes a storage tank, solenoid valve, pipeline and
controller. This system contains a ductile iron pipe for water distribution, which is 50 m long with a
20-mm internal diameter. The on-line monitoring devices were deployed at the four monitoring points
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on the pipeline according to the distance between the position of the contaminant injection points;
subsequently, the online water quality was measured.Sensors 2017, 17, 581 7 of 17 
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Figure 3. Online water quality monitoring platform.

Two contaminant injection methods were established: one is the injection with a contaminant
solution tank, and the other is the injection through a contaminant injection point. The first injection
method was used to investigate the minimum exceptional strength that the system could detect.
Although the second injection method was readily apparent to operate, the tap water and the
contaminant solution mixing ratio was set closely to the real intentional contamination event through
a computer, which was used to investigate whether the system could detect an abnormal pollutant and
analyze the classification of the pollutants in real events. The second injection method was adopted in
this study.

When contaminants were injected, the target contaminant solution was extracted to a pipeline
that was connected to the water tank and sensor by a peristaltic pump. The PLC-controlled flow rate
for the extraction of the contaminant solution from the peristaltic pump was determined according to
the mixing ratio of the current flow of tap water, mixing rate of the contaminant, and the tap water
set in a computer. The mixing proportion was set at 2%. In the classification modeling, the real value
of the concentration of contaminant was calculated by mixing the proportion of the concentrates of
the contaminants in the initial configuration and tap water. The contaminant solution mixed with tap
water was then run through the sensor and subsequently allowed to flow directly into the specified
sewage treatment pool.

Before injecting the contaminants, the experimental system remained running to establish a
baseline. The sensor data were continually collected and archived automatically to record the sensor
response to the injected contaminants. The data were sampled every 1 min. After constructing
the baseline, certain concentrations of the contaminant solution were injected. Then, tap water was
redirected through the experimental pipe, which permitted the sensor response to return to the baseline
levels. The various concentrations of the contaminant solution were injected after the sensor response
returned back to the baseline level.
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3.1.2. Investigated Contaminants

Three classes and five types of the most common pollutants were selected in the experiment,
including agricultural (ammonium citrate), chemical (potassium acid phthalate, potassium ferricyanide,
and sodium nitrite) and heavy metal (copper sulfate) pollutants.

Figure 4 shows the portion of the data sampled in experiment with potassium acid phthalate as
an example. The concentrations of the contaminant solution injected successively equaled to 50, 100,
200, 300, and 400 mg/L, and were run through the sensors corresponding to 1, 2, 4, 6, and 8 mg/L,
respectively. In Figure 4, the concentrations of TOC, COD and ammonia nitrogen increased with the
injection of potassium acid phthalate, which is related to the sensor response.

Sensors 2017, 17, 581 8 of 17 

 

respectively. In Figure 4, the concentrations of TOC, COD and ammonia nitrogen increased with the 
injection of potassium acid phthalate, which is related to the sensor response. 

 
Figure 4. Responses of sensors for potassium acid phthalate. 

In Figures 4 and Appendix A, the indicator is not always identical in response to the different 
contaminants. Therefore, the contaminants could be classified according to the conventional 
indicators response. Diverse water quality samples that had an abnormal signal-to-noise ratio were 
significant to reduce the influence of water quality fluctuations, subsequently improving the accuracy 
of classification. The residual was selected as a classification characteristic in this study. The residual 
is the difference between the new observable value and the estimation from the water quality 
background according to Equation (2). The representation of tZ  is the observable value, whereas 

*Zt  is average of the response value before the injection of the contaminants. This average is used as 

estimation of the water quality background. Residual tδ  is regarded as the relative variance after 
the injection of contaminants. Herein, the extracting characteristic vectors were obtained by the 
residuals for every indicator at each time point. In the process of injecting ammonium citrate, the 
extracting characteristic vectors at each sampling time point were then used to establish a complete 
feature of the ammonium citrate. In this study, a feature library, including five types of contaminant, 
was constructed by repeating the above process. 

3.2. Classification Results of the MCPO Model 

3.2.1. Concentration of the Test Pollutant within the Range of Pollutant Library 

Five different contaminants were identified, and each of them was injected with five different 
concentrations for 40 min each. A total of 784 samples were collected. The random selection of a 
concentration of contaminant in the middle of the concentration gradient (except the minimum and 
maximum) and the four remaining concentrations of contaminants were regarded as a training set. 
Thereafter, the total sample set was divided into training and testing sets. The training set comprised 
610 samples, whereas the testing set contained 184 samples. The cosine distance classifications were 
implemented for comparison with the MCPO on the same samples to classify. 
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In Figure 4 and Appendix A, the indicator is not always identical in response to the different
contaminants. Therefore, the contaminants could be classified according to the conventional indicators
response. Diverse water quality samples that had an abnormal signal-to-noise ratio were significant
to reduce the influence of water quality fluctuations, subsequently improving the accuracy of
classification. The residual was selected as a classification characteristic in this study. The residual is
the difference between the new observable value and the estimation from the water quality background
according to Equation (2). The representation of Zt is the observable value, whereas Z∗t is average of the
response value before the injection of the contaminants. This average is used as estimation of the water
quality background. Residual δt is regarded as the relative variance after the injection of contaminants.
Herein, the extracting characteristic vectors were obtained by the residuals for every indicator at
each time point. In the process of injecting ammonium citrate, the extracting characteristic vectors at
each sampling time point were then used to establish a complete feature of the ammonium citrate.
In this study, a feature library, including five types of contaminant, was constructed by repeating the
above process.
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3.2. Classification Results of the MCPO Model

3.2.1. Concentration of the Test Pollutant within the Range of Pollutant Library

Five different contaminants were identified, and each of them was injected with five different
concentrations for 40 min each. A total of 784 samples were collected. The random selection of a
concentration of contaminant in the middle of the concentration gradient (except the minimum and
maximum) and the four remaining concentrations of contaminants were regarded as a training set.
Thereafter, the total sample set was divided into training and testing sets. The training set comprised
610 samples, whereas the testing set contained 184 samples. The cosine distance classifications were
implemented for comparison with the MCPO on the same samples to classify.

Tables 1 and 2 show the confusion matrix of the two classification methods.

Table 1. Classification results of cosine distance.

Real Class
Predict Class Ammonium

Citrate
Potassium Acid

Phthalate
Potassium

Ferricyanide
Copper
Sulfate

Sodium
Nitrite

Ammonium citrate 38 0 0 1 0
Potassium acid phthalate 0 29 0 1 1
potassium ferricyanide 1 0 29 8 0

copper sulfate 3 4 1 19 12
sodium nitrite 1 5 0 0 31

Table 2. Classification results of MCPO.

Real Class
Predict Class Ammonium

Citrate
Potassium Acid

Phthalate
Potassium

Ferricyanide
Copper
Sulfate

Sodium
Nitrite

Ammonium citrate 37 0 0 2 0
Potassium acid phthalate 0 27 0 1 3
potassium ferricyanide 0 1 34 3 0

copper sulfate 0 2 0 32 5
sodium nitrite 0 1 0 2 34

In the confusion matrix, the classification results of the cosine distance classification method and
the MCPO method were similar. In two substances, ammonium citrate and potassium acid phthalate,
the cosine distance classification method had a slight advantage. For copper sulfate, the classification
accuracy of the MCPO method had a larger increase. Table 3 displays the classification accuracy of each
material, including the other two distance measurement method. In general, when the concentration
of the test pollutant is within range of the pollutant library, the MCPO method has a slight advantage
relative to the distance metric.

Table 3. Accuracies of the four methods.

Test Pollutants
Classification Method Euclidean

Distance
Mahalanobis

Distance
Cosine

Distance MCPO

Ammonium citrate 0.89 0.87 0.97 0.95
Potassium acid phthalate 0.77 0.45 0.93 0.88
Potassium ferricyanide 0.73 0.65 0.76 0.90

Copper sulfate 0.28 0.23 0.48 0.82
Sodium nitrite 0.86 0.81 0.83 0.92

Average 0.69 0.61 0.80 0.90
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3.2.2. Concentration of the Test Pollutant outside the Range of Pollutant Library

The same 784 samples were used. The four remaining concentrations of the contaminant were
regarded as the training set for the selection of the maximum contaminant concentration. Then, the
total sample set was divided into training and testing sets. The training set contained 620 samples,
whereas the testing set comprised 174 samples. Tables 4 and 5 show the confusion matrix of the four
classification methods.

Table 4. Classification results of cosine distance.

Real Class
Predict Class Ammonium

Citrate
Potassium Acid

Phthalate
Potassium

Ferricyanide
Copper
Sulfate

Sodium
Nitrite

Ammonium citrate 26 0 0 11 0
Potassium acid phthalate 0 22 0 4 3
potassium ferricyanide 2 0 24 10 0

copper sulfate 3 4 3 15 12
sodium nitrite 3 6 0 0 27

Table 5. Classification results of MCPO.

Real Class
Predict Class Ammonium

Citrate
Potassium Acid

Phthalate
Potassium

Ferricyanide
Copper
Sulfate

Sodium
Nitrite

Ammonium citrate 33 0 0 4 0
Potassium acid phthalate 0 25 0 1 3
potassium ferricyanide 0 2 30 4 0

copper sulfate 0 2 0 30 5
sodium nitrite 0 2 0 2 31

In the confusion matrix, the average of the MCPO method had the highest accuracy rate compared
with the other three types of methods, reaching approximately 90%. Although the cosine distance
method was found to be an efficient distance measurement, its classification accuracy was only
approximately 50% in the classification of copper sulfate, which produced serious misclassifications.
However the classification accuracy of the MCPO method in copper sulfate reached approximately 80%,
which shows significant improvement. Table 6 presents the classification accuracy of each substance
using the four methods. When the concentration of the test pollutant was outside the range of the
pollutant library, the MCPO method had remarkable advantage relative to the distance metric.

Table 6. Accuracies of the four methods.

Test Pollutants
Classification Method Euclidean

Distance
Mahalanobis

Distance
Cosine

Distance MCPO

Ammonium citrate 0.62 0.68 0.70 0.89
Potassium acid phthalate 0.63 0.52 0.75 0.86
Potassium ferricyanide 0.66 0.62 0.67 0.83

Copper sulfate 0.25 0.21 0.40 0.81
Sodium nitrite 0.82 0.72 0.75 0.89

Average 0.60 0.55 0.65 0.86

Hence, the classification accuracy of the distance measurement method decreased in entirety
when the concentration of the test pollutant was outside the range of the pollutant library, especially in
copper sulfate, which is difficult to classify in origin. The classification accuracy was reduced to less
than 50%, whereas that of the MCPO method only decreased slightly; thus, the overall difference was
not evident.
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4. Discussion

4.1. MCPO Model for Alleviating the Influence of Concentration When Constructing the Pollutants Library

The concentration of the unknown components causes inaccurate classification for pollutants.
Liu et al. [8] compared the traditional Euclidean distance metric, namely, Mahalanobis distance
measurement, and the cosine distance measure to ease the effects of the unknown concentration of the
pollutants. However, some defects were still observed in the process of building the pattern library
using mean of instance. This study demonstrates these defects from another perspective, in which the
support vector is used through the SVM model to manage the effect of using the mean of instance in
the process of building a pattern library.

The decision boundary of the SVM classification model is only decided by a few support vectors.
In this approach, only a small number of apparent characteristic samples that can be used in building
the pollutant library is required to be extracted. This small number reduces the impact of different
concentrations in the process of building the pollutant library. Table 7 presents the support vector
constitution of the SVM model obtained by the training set in this study. For example, ammonium
citrate has 38 support vectors of the 47 training samples of ammonium citrate (1 mg/L) while only
having 10 support vectors out of the 40 training samples (2 mg/L). The high concentration and the few
support vector training samples (4 mg/L and 8 mg/L, respectively) contain only 10%. Thus, reducing
the influence of concentration and improving the classification precision by focusing on samples with
a low concentration and prominent feature when constructing a MCPO model is desirable.

Table 7. Support vector category table.

Contaminant Category Sample Number Support Vector Number

Ammonium citrate

1 mg/L 47 38
2 mg/L 40 10
4 mg/L 37 3
8 mg/L 50 6

Total 174 57

Potassium acid
phthalate

1 mg/L 39 29
2 mg/L 37 29
4 mg/L 37 18
8 mg/L 37 6

Total 150 82

Sodium nitrite

1 mg/L 38 29
2 mg/L 38 14
4 mg/L 38 6
8 mg/L 37 3

Total 154 52

Potassium
ferricyanide

1 mg/L 37 35
2 mg/L 38 23
6 mg/L 38 5
8 mg/L 21 7

Total 134 70

Copper sulfate

1 mg/L 40 29
2 mg/L 38 14
6 mg/L 38 6
8 mg/L 46 3

Total 162 52

Total 774 313
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4.2. Analysis on Misclassifying the Contaminant Introductionin in the Initial Phase

In the experiment of concentrations of test pollutants within the range of the pollutant library,
the classification probability of the 184 test samples via the MCPO method is presented in Figure 5.
In this figure, each color represents one classification probability of the contaminant substance from
the introduction to termination. In the initial phase of contaminant introduction, the output value of
the probability is relatively average and low, which indicates no evidence in determining which type
of contaminant and misclassification are likely to occur if single decision is adopted [7].Sensors 2017, 17, 581 12 of 17 
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Table 8 lists the classification probability of the 19 test samples via the MCPO method. To better
describe the significance of introducing the classification probability, the sample with the largest
real-class classification probability, is denoted as Type I, the second as Type II, the third as Type III,
etc. For example, the real class of Sample 4 is potassium biphthalate, and the probability is 21% in the
classification probability obtained from the MCPO method. Hence, Sample 4 is denoted as Type III for
the third largest output probability. Among the 184 test samples, 167, 10, 6 and 1 Type I, II, III, and IV
samples are classified, respectively. The precision of the MCPO would be 90% considering the class
with the largest probability as the real class.

The classification probabilities of samples A, B, C, D, and E are denoted p1, p2, p3, p4, and p5,
respectively. The maximum probability Pmax = max{p1, p2, p3, p4, p5} is determined, and the standard
deviations σ of p1, p2, p3, p4, and p5 are calculated. Table 8 presents the statistical result of the samples
under Types I, II, III, and IV. Clearly, the mean value of Pmax and σ in Sample Set I is large, whereas
those of II and III have decreased in order.

For example, Sample 2 falls under Type I, where the maximum classification class is ammonium
citrate; the classification probability of this type is 98%; and its σ is 0.436. Furthermore, the classification
feature of this type is distinct. Sample 8 falls under Type II, where the maximum classification
class, namely, potassium biphthalate, has a probability of 49%, and the real class, namely, potassium
ferricyanide, has a probability of 30% and σ of 0.1927. Hence, the classification feature is not considered
as distinct.

From the above analysis, the Pmax of the classification probability via the MCPO method is large
when the classification feature and the standard deviation σ are distinct, and vice versa. The statistical
classification results in Table 9 show this result. Hence, using the probability output of this method
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is desirable in solving Pmax and σ to distinguish the samples with distinct or indistinct classification
features effectively.

Table 8. Contaminant classification probability from MCPO.

Sample No.
Contaminant Classification Result Real

Contaminant
SVM Predicted

ClassA B C D E Type

1 0.16 0.36 0.19 0.20 0.08 IV A B
2 0.98 0.00 0.01 0.01 0.00 I A A
3 0.99 0.00 0.01 0.01 0.00 I A A
4 0.44 0.21 0.07 0.22 0.06 III B A
5 0.00 0.95 0.00 0.00 0.05 I B B
6 0.15 0.25 0.21 0.21 0.17 III C B
7 0.42 0.07 0.11 0.31 0.09 III C A
8 0.04 0.49 0.30 0.05 0.12 II C B
9 0.07 0.01 0.87 0.03 0.02 I C C
10 0.20 0.10 0.18 0.23 0.29 II D E
11 0.51 0.04 0.09 0.30 0.06 II D A
12 0.06 0.07 0.10 0.08 0.69 III D E
13 0.27 0.07 0.23 0.26 0.18 II D A
14 0.15 0.11 0.46 0.24 0.05 II D C
15 0.00 0.04 0.01 0.93 0.01 I D D
16 0.00 0.70 0.01 0.27 0.02 II D B
17 0.03 0.63 0.07 0.02 0.25 II E B
18 0.43 0.08 0.10 0.24 0.15 III E A
19 0.00 0.00 0.00 0.00 1.00 I E E

Note: A: ammonium citrate; B: potassium biphthalate; C: potassium ferricyanide; D: copper sulfate; E: sodium
nitrite; I real type as the largest output probability; II real type as the second largest; III real type as the third largest;
IV real type as the fourth largest, etc.

Table 9. Statistical classification results.

Type Quantity Pmax Average/% σ Average

I 167 0.9488 0.42
II 10 0.482 0.1767
III 6 0.4199 0.1398
IV 1 0.3648 0.1033

Figure 6 presents the scatter diagram using the MCPO to classify a test set with 184 samples.
Based on the previous analysis, most of the 184 test samples have distinct classification features.

Figure 6 clearly displays that Type I samples have a higher maximum probability and a larger
standard deviation, whereas Type II, III, and IV have a lower maximum probability and a smaller
standard deviation, i.e., Pmax < 0.7 and σ < 0.3, respectively. Collectively, when the classification
maximum probability exceeds 0.7, all real classes are the classification probability of the maximum
class. The ten real classes of the 27 samples having a maximum classification probability are lower
than 0.7, which is similar to the classification probability for the maximum class.

Thus, the samples with large maximum probability and standard deviation have a distinct
classification feature, and provide a highly credible single-classification result. However, in the
initial phase of the contaminant injection, the classification feature is not as apparent in the samples
with small a maximum probability and standard deviation. The single-classification result obtained
from conventional method can be necessarily biased. Therefore, in practical use, this method can be
utilized to obtain the maximum probability Pmax and standard deviation σ in determining whether
the sample classification feature is distinct. The criteria provided in this study are Pmax = 0.7 and
σ = 0.3; that is, samples with Pmax < 0.7, and σ < 0.3 do not have distinct classification features.
In Figure 6, these samples are concentrated in the initial phase of contaminant injection when the
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accurate classification result cannot be obtained only from the response data. Thus, the judgment can
be considered suspended to avoid an incorrect pronouncement.
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5. Conclusions

Based on the conventional parameters of water quality and the above analysis, this study presents
the on-line classification method of contaminants, and the following conclusions are drawn.

First, on the basis of multi-classification, the online classification method of contaminants can
effectively reduce the influence of concentration in constructing a pollutant library, adapt to various
substance classifications without a distinct misclassification of certain substance, and significantly
raise the classification precision compared with the distance metric classification.

Second, the decision boundary of the MCPO is decided by the support vector, which is primarily
composed of low-concentration samples. High-concentration samples can strongly reflect the feature
of a certain substance, but insubstantially affect the building of a classification decision boundary.

Finally, the maximum classification probability and its standard deviation can be used to
distinguish the samples with distinct or indistinct features. These indistinct samples can appear
in the initial injection phase of a contaminant. Hence, a decision cannot be made in this phase when
the distinction of classification features are is insufficient.

Acknowledgments: This work was funded by the National Natural Science Foundation of China (No. 61573313)
“Online water-quality anomaly detection, classification, and identification based on multi-source information
fusion”; (No. U1509208) “Research on big data analysis and cloud service of urban drinking water network
safety”; and the Key Technology Research and Development Program of Zhejiang Province (No. 2015C03G2010034)
“Research on intelligent management and long-effective mechanism for river regulation and maintenance”.

Author Contributions: Dibo Hou and Guangxin Zhang conceived the scheme and designed the experiments;
Jie Yu and Yitong Cao were involved in design and realization of the scheme; Yu Jin and Dezhan Tu performed
the experiments; Pingjie Huang and Yu Jin wrote the paper.

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



Sensors 2017, 17, 581 15 of 17

Appendix A
Sensors 2017, 17, 581 15 of 17 

 

Appendix A 

 
Figure A1. Sensors’ responses for ammonium citrate. 

 
Figure A2. Sensors’ responses for potassium ferricyanide. 

Figure A1. Sensors’ responses for ammonium citrate.

Sensors 2017, 17, 581 15 of 17 

 

Appendix A 

 
Figure A1. Sensors’ responses for ammonium citrate. 

 
Figure A2. Sensors’ responses for potassium ferricyanide. Figure A2. Sensors’ responses for potassium ferricyanide.



Sensors 2017, 17, 581 16 of 17
Sensors 2017, 17, 581 16 of 17 

 

 
Figure A3. Sensors’ responses for copper sulfate. 

 
Figure A4. Sensors’ responses for sodium nitrite. 

References 

1. Toolbox, R.P. Planning for and Responding to Drinking Water Contamination Threats and Incidents; USEPA: 
Washington, DC, USA, 2003. 

2. USEPA. Water sentinel System Architecture Draft Version 1.0; Environmental Protection Agency: Washington, 
DC, USA, 2005; pp. 41–60. 

Figure A3. Sensors’ responses for copper sulfate.

Sensors 2017, 17, 581 16 of 17 

 

 
Figure A3. Sensors’ responses for copper sulfate. 

 
Figure A4. Sensors’ responses for sodium nitrite. 

References 

1. Toolbox, R.P. Planning for and Responding to Drinking Water Contamination Threats and Incidents; USEPA: 
Washington, DC, USA, 2003. 

2. USEPA. Water sentinel System Architecture Draft Version 1.0; Environmental Protection Agency: Washington, 
DC, USA, 2005; pp. 41–60. 

Figure A4. Sensors’ responses for sodium nitrite.

References

1. Toolbox, R.P. Planning for and Responding to Drinking Water Contamination Threats and Incidents; USEPA:
Washington, DC, USA, 2003.

2. USEPA. Water sentinel System Architecture Draft Version 1.0; Environmental Protection Agency: Washington,
DC, USA, 2005; pp. 41–60.



Sensors 2017, 17, 581 17 of 17

3. Hoogh, C.J.D.; Wagenvoort, A.J.; Jonker, F.; Leerdam, J.A.V.; Hogenboom, A.C. HPLC-DAD and Q-TOF MS
techniques identify cause of Daphnia biomonitor alarms in the River Meuse. Environ. Sci. Technol. 2006, 8,
2678–2685. [CrossRef]

4. Hawkins, P.R.; Novic, S.; Cox, P.; Neilan, B.A.; Burns, B.P.; Shaw, G.; Wickramasinghe, W.; Peerapornpisal, Y.;
Ruangyuttikarn, W.; Itayama, T. A review of analytical methods for assessing the public health risk from
microcystin in the aquatic environment. J. Water Supply Res. Technol.-Aqua 2005, 8, 509–518.

5. Kroll, D.J. Securing Our Water Supply: Protecting a Vulnerable Resource; PennWell Books: Tulsa, OK, USA, 2006.
6. Jeffrey, Y.Y.; Haught, R.C.; Goodrich, J.A. Real-time contaminant detection and classification in a drinking

water pipe using conventional water quality sensors: Techniques and experimental results. J. Environ. Manag.
2009, 8, 2494–2506. [CrossRef] [PubMed]

7. Liu, S.; Han, C.; Smith, K.; Tian, C. A real time method of contaminant classification using conventional
water quality sensors. J. Environ. Manag. 2015, 154, 13–21. [CrossRef] [PubMed]

8. Liu, S.; Che, H.; Smith, K.; Chang, T. Contaminant classification using cosine distances based on multiple
conventional sensors. Environ. Sci. Process. Impacts 2015, 2, 343–350. [CrossRef] [PubMed]

9. Bi, J.; Lu, M.; Guo, C.; Wang, Y.; Liu, X. A transformer fault diagnosing method based on multi-classified
probability output. Autom. Electr. Power Syst. 2015, 39, 88–93, 100.

10. Jack, L.B.; Nandi, A.K. Fault Detection Using Support Vector Machines and Artificial Neural Networks,
Augmented by Genetic Algorithms. Mech. Syst. Signal Process. 2002, 2, 373–390. [CrossRef]

11. Shi, W. Support Vector Machines Based Approach for Fault Diagnosis of Valves in Reciprocating Pumps.
J. Mech. Strength 2002, 3, 1622–1627.

12. Meng, W.U. Application of Support Vector Machines in Financial Time Series Forecasting. Neurocomputing
2002, 1, 847–861.

13. Zhang, H.R.; Han, Z.Z.; Chang-Gang, L.I. Support Vector Machine Based Nonlinear Systems Identification.
Acta Simulata Syst. Sinica 2003, 1, 034. [CrossRef]

14. Yan, W.; Shao, H. Application of support vector machine nonlinear classifier to fault diagnoses.
In Proceedings of the World Congress on Intelligent Control and Automation, Shanghai, China, 10–14 June
2002; pp. 2697–2700.

15. Oliker, N.; Ostfeld, A. A coupled classification–Evolutionary optimization model for contamination event
detection in water distribution systems. Water Res. 2014, 51, 234–245. [PubMed]

16. He, H.M.; Hou, D.B.; Zhao, H.F.; Huang, P.J.; Zhang, G.X. Multi-parameters fusion algorithm for detecting
anomalous water quality. J. Zhejiang Univ. 2013, 4, 735–740.

17. Hou, D.B.; Yue, C.; Zhao, H.F.; Huang, P.J.; Zhang, G.X. Water quality anomaly detection method based on
RBF neural network and wavelet analysis. Transducer Microsyst. Technol. 2013, 2, 138–141.

18. McKenna, S.A.; Hart, D.B.; Klise, K.A.; Cruz, V.A.; Wilson, M.P. Event detection from water quality time
series. In Proceedings of the World Environmental and Water Resources Congress 2007: Restoring Our
Natural Habitat, Tampa, FL, USA, 15–19 May 2007.

19. Vapnik, V. The Nature of Statistical Learning Theory; Springer: New York, NY, USA, 2013.
20. Vapnik, V.N. Statistical Learning Theory. Encycl. Sci. Learn. 2010, 4, 3185.
21. Chang, C.C.; Lin, C.J. LIBSVM: A library for support vector machines. ACM Trans. Intell. Syst. Technol. 2011,

3, 389–396. [CrossRef]
22. Platt, J.C. Probabilistic Outputs for Support Vector Machines and Comparisons to Regularized Likelihood

Methods. Adv. Large Margin Classif. 2000, 10, 61–74.
23. Wu, T.; Lin, C.; Weng, R.C. Probability estimates for multi-class classification by pairwise coupling. J. Mach.

Learn. Res. 2004, 5, 975–1005.
24. Hastie, T.; Tibshirani, R. Classification by pairwise coupling. Ann. Stat. 1998, 2, 451–471. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/es052035a
http://dx.doi.org/10.1016/j.jenvman.2009.01.021
http://www.ncbi.nlm.nih.gov/pubmed/19269081
http://dx.doi.org/10.1016/j.jenvman.2015.02.023
http://www.ncbi.nlm.nih.gov/pubmed/25700352
http://dx.doi.org/10.1039/C4EM00580E
http://www.ncbi.nlm.nih.gov/pubmed/25529552
http://dx.doi.org/10.1006/mssp.2001.1454
http://dx.doi.org/10.1007/s11589-003-0004-y
http://www.ncbi.nlm.nih.gov/pubmed/24268294
http://dx.doi.org/10.1145/1961189.1961199
http://dx.doi.org/10.1214/aos/1028144844
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Baseline Estimate Based on Time Series Movement Mean (TSMM) 
	MCPO Classification Model Based on SVM 
	Fundamentals of SVM 
	Multi-Classification Probability Based on SVM 

	Parameter Selection of SVM Model 
	Evaluation of Classification Performance 
	Confusion Matrix 
	Classification Accuracy 


	Experimental and Results 
	Experimental Data Acquisition 
	Experimental Design 
	Investigated Contaminants 

	Classification Results of the MCPO Model 
	Concentration of the Test Pollutant within the Range of Pollutant Library 
	Concentration of the Test Pollutant outside the Range of Pollutant Library 


	Discussion 
	MCPO Model for Alleviating the Influence of Concentration When Constructing the Pollutants Library 
	Analysis on Misclassifying the Contaminant Introductionin in the Initial Phase 

	Conclusions 
	A 

