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Quiality Testing in Aluminum Die-Casting — A Novel
Approach using Acoustic Data in Neural Networks

By Manfred Rossle” & Stefan Pohl”

In quality control of aluminum die casting various processes are used. For
example, the density of the parts can be measured, X-ray images or images
from the computed tomography are analyzed. All common processes lead to
practically usable results. However, the problem arises that none of the
processes is suitable for inline quality control due to their time duration and to
their costs of hardware. Therefore, a concept for a fast and low-cost quality
control process using sound samples is presented here. Sound samples of 240
aluminum castings are recorded and checked for their quality using X-ray
images. All parts are divided into the categories "good" without defects,
"medium" with air inclusions ("blowholes™) and "poor" with cold flow marks.
For the processing of the generated sound samples, a Convolutional Neuronal
Network was developed. The training of the neural network was performed with
both complete and segmented sound samples (“windowing™). The generated
models have been evaluated with a test data set consisting of 120 sound
samples. The results are very promising. Both models show an accuracy of 95%
and 87% percent, respectively. The results show that a new process of acoustic
quality control can be realized using a neural network. The model classifies
most of the aluminum castings into the correct categories.

Keywords: acoustic quality control, aluminum die casting, convolutional
neural networks, sound data

Introduction

A fast and cost-efficient quality control plays a central role in manufacturing
companies. Modern methods open completely new possibilities for designing such
processes. Recording a wide variety of data and processing it with innovative
technologies helps to gain new insights. These include technologies such as neural
networks, which belong to the wide field of artificial intelligence.

Frequently used methods of quality assurance for aluminum castings are
computed tomography and X-ray of the parts. This involves taking images of the
parts to be inspected to detect any defects, such as air pockets ("blowholes™) or
cracks. Taking a computed tomography scan is lengthy compared to process times.
With an average process time of about 30 seconds per piece, a recording time of
20-30 minutes (!) per piece is clearly too long so that an inline process control is
not feasible in a meaningful way.

To create a new inline-capable process of quality assurance, it will be examined
whether the use of sound data processing with neural networks is a viable way.

*Professor, Department of Business Information Systems, Aalen University of Applied Sciences,
Germany.
*Carl-Zeiss AG, Germany.
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Based on the idea that bodies with different densities produce different sounds and
frequencies, it is assumed that manufacturing defects, such as air pockets or cracks,
change the density of the parts and this can be identified by the neural network.
The resulting process could be integrated into an existing manufacturing process at
low cost.

Related Work

In recent years, there has been great progress in the field of artificial
intelligence. One of these fields is audio data processing in neural networks.
Examples are speech, music and pattern recognition in audio files, as well as audio
classification. Many application examples can already be found in practice today.
For the processing of sound data there are a variety of possibilities, which differ
depending on the problem. For audio classification, image representation and
processing of audio data, among others, have shown promise (Boddapati et al.
2017, Khamparia et al. 2019, Piczak 2015, Salamon and Bello 2017). Other
approaches investigate the processing of raw audio data, without the prior
extraction of imaging or manually created features (Abdoli et al. 2019, Yuji
Tokozume 2017). The raw audio data is directly provided as input to the neural
network. Thus, the processing is not exclusively limited to audio signals, but also
applicable to other digital signals like vibration.

When processing the imaged audio signals, the spectrogram, Mel spectrogram
or Mel Frequency Cepstral Coefficient (MFCC) are often used. The resulting
image representations can be further processed like conventional images in neural
networks. Good results in image recognition have been obtained mainly with
Convolutional Neural Networks (CNNs) (Krizhevsky et al. 2017). However, CNNs
are also used in the processing of raw audio signals.

In most measurement methods, the audio data is processed as a complete
block. Another possibility is to divide the audio file into several segments and
make them available to the neural network. In this case, the individual segments
are classified and later merged for the overall result (Hassan et al. 2019).

Specific approaches for quality assurance of aluminum die-castings using
audio data in neural networks cannot be found in the literature. However, other
interesting methods for quality control using neural networks are available. Examples
are automated quality control of aluminum castings (Mery 2020), (Nguyen et al.
2020) or automated localization of casting defects (Nie et al. 2017) based on X-ray
images and their processing in CNNs.

There are concrete approaches for acoustic quality and condition control. For
example, the quality of welds (Lv et al. 2017), ceramic tiles (Cunha et al. 2018),
the condition of gearboxes (Jing et al. 2017), machines (Kothuru et al. 2019), wind
turbines (Kong et al. 2020) or hydropower plants (Voith 2020) can be tested
acoustically. A very exotic approach is acoustic quality testing of dried strawberries,
to distinguish ripe from overripe fruit (Przybyt et al. 2020).
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Design and Execution of the Research Process

This chapter describes the design and execution of the research process. After
a description of the used aluminum parts and the process of obtaining the sound
samples, a derivation of the architecture of the neural network and a description
the execution of the experiments follows.
Design of Experiments

Description of the Aluminum Parts

The aluminum castings are provided by the foundry of Aalen University.
They are manufactured using the aluminum die-casting process. A total of 240
parts are available for creating sound samples. Each part measures 19.8 x 14.8 x
0.4 cm. The parts are each casted with a defined set of parameters. These parameters
are chosen very "extreme", so that the desired properties of the categories described
below are achieved in every case.

All castings are checked for quality by means of X-ray images and labeled
accordingly by die-casting experts. This labeling allows each part to be assigned
without doubt to one of the three categories. The number of parts is the same for
each category. There are 80 parts assigned to each category.

e Category "good"
The parts in the "good" category have optimum die-casting parameters. No
defects in the form of white spots are visible on the respective X-ray image.

e Category "medium”

Parts in the "medium™ category have a changeover point that is too early. This
leads to blow holes in the material. Defects in this category cannot be detected
visually in the X-ray image or are very difficult to detect. They manifest themselves
in barely visible white spots.

e Category "poor"

Parts in the "poor" category have too low gating speed. Typical defects are
cold flow marks, which can be perceived as bright spots in the X-ray image.
Unlike aluminum parts in the "good"” and "medium™ categories, these parts can be
visually distinguished from the others because they have an uneven surface.

Recording of Sound Samples

The sound samples were recorded in the soundproof room of the Faculty of
Optometry and Hearing Acoustics at Aalen University. This offers optimal
conditions for the recordings without interfering noise. The recording equipment
was also provided by Aalen University and consisted of a professional recording
device (Zoom Handy Recorder H4n) and an ECM8000 measurement microphone
from Behringer. The recordings were made in WAV format with 96 kHz and a
depth of 24 bits.

11
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re 1. Design of Experiment

Figure 1 shows the setup with the holding device and the equipment used.
The following elements can be seen in the image:

1. Suction cup for fixing the aluminum castings

2. Pendulum with aluminum ball

3. Wedge for constant force application of the pendulum
4. Microphone

5. Recording device

The holding fixture was specially designed and manufactured to record the
sound samples. This guarantees a consistent environment for holding each aluminum
casting.

The suction cup (1) ensures that the damping of the vibrations on the aluminum
casting after the pendulum (2) has bounced is as low as possible. This allows the
sound to propagate in the best possible way. The pendulum ball is an aluminum
ball, held by a cord on a crossbar to the aluminum casting. A wedge (3) ensures
that the acting force of the pendulum on the aluminum casting remains as constant
as possible. The resulting sound, which is transmitted through the air, is then
recorded in mono via a microphone (4) and stored as a WAV file on the recording
device (5).

Recording continues for a few seconds to capture any after-oscillations. The
resulting "silence” at the beginning and end of each recording, must be removed
during data pre-processing. Since the recording device must be operated manually,
the actual length of each sound sample varies approximately between five and
seven seconds.

Due to the small number of pieces and the resulting relatively small data set,
two sound samples are taken from each aluminum casting. No changes are made
to the recording parameters. The resulting data set contains a total of 480 sound
samples in the form of digital audio files. However, these cannot be used
immediately for the analysis, as they have to be processed beforehand.

12
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Determination of a Suitable Architecture of the Neural Network

There are many different types of neural networks to choose from. Not every
type is equally well suited for the problem under investigation. Suitable types can
be identified by analyzing previous investigations. The most common types of
neural networks for audio data processing are (Purwins et al. 2019, p. 10):

e Convolutional Neural Networks
e Recurrent Neural Networks
e Convolutional Recurrent Neural Networks

As the literature review shows, there are no significant differences between
the types in terms of their results in audio data classification. However, there are
differences in performance of data processing and model evaluation. For example,
Convolutional Neural Networks have an advantage in this area (Purwins et al.
2019, p. 10).

After the selection of the type has been made, the identification of the
architecture of the network can be carried out. Unlike the previously mentioned
points, the structure of the network architecture is subject to the circumstances of
the investigation. Depending on the data set, the structure of the network may
vary. Using the same data set different architectures can lead to different results.

It makes sense to follow proven architectures and adapt them to the needs of
the project. The choice of architecture depends, among other things, on the type of
data and the size of the data set. Since the data to be processed changes with the
selection of the audio feature, the appropriate choice of it should also be considered.

Again, previous research in audio classification provides clues for an
architecture. Costa et al. (2017, p. 34) as well as Huzaifah (2017, p. 3), show an
approach with convolutional layers followed by a max-pooling layer. With each
Convolutional Layer, the number of filters increases. Several Fully Connected
Layers are used for classification. Figure 2 Approach A shows the described
structure.

Another interesting approach, illustrated in Figure 2 Approach B, is shown by
Lai et al. (2018, p. 359) with two consecutive convolutional layers, each followed
by a max-pooling layer. Again, the number of filters increases with each
Convolutional Layer. The end is again formed by several Fully Connected Layers.
This approach is inspired by the well-known architecture VGG Net (Simonyan
and Zisserman 2014, p. 3). Both approaches follow the structure presented by
Salamon and Bello (2017, p. 280) and Piczak (2015, p. 3).

13
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Figure 2. Architectures of CNNs
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| ConvZD 3=3 24 (Relu) Conv2D 32-:?| 32 (Relu) | Conv2D 353 32 (ReLu)
| T
MaxPooling 22 Conv2D 3x5 32 (Ralu) | MaxPoaling 2x2
v : !
= MaxPoaling 4x3
l-'ml‘-ﬁ'-l:f 50% ~lf | Cornv2D 3x3 84 (Relu)
T
Conv2D 3x1 B4 (Ralu) i
Comv2D 3x3 48 (ReLu) | | MaxPoaling 22
I ConvzD 3x1 64 (ReLu) i
MaxPooking 2.2 I | Carv2D 3x3 128 (ReLu)
MaxFuooling 4x1 |.
Comv2D 3x3 96 [ReLu) - | L
ConvZD 1x5 128 [ReLu) 1
= ; I Conv2D 3x3 356 (ReLu}
(FC) Dense 800 Conv2D 125 128 (Relu) | o xl -
! . I | MaxPacling 262
Dropout 50% MaxPooling 4x1 l
* | Flatien
[FC) Dense 10 (Sofimax) R 3*~"| sl T
Conv2D 3::2; 256 (ReLu) | Derse 256 (ReLu)
MarxPooling 2x2 | L
Dersa 128 (Relu)
(FC) Denze 512 l
I | Dense 64 (Relu)
(FC) Dense 10 Softmax l

| Dense 3 {Saftmax)

Source: Approach A: Huzaifah (2017, p. 3), Approach B: Lai et al. (2018, p. 359). Prototype: Authors.

Based on the findings reported above, a prototype of a CNN was developed
as shown in Figure 2 (Prototype). The different areas are divided into several
blocks for more clarity.

The first layer of the neural network is the input layer. It receives as input the
image representation of the sound samples in the form of the calculated Mel-
Frequency Cepstral Coefficients. This is followed by several identical blocks each
consisting of a Convolutional Layer and a MaxPooling Layer. A total of four of
these blocks are built into the neural network. Each convolutional layer of these
blocks uses a different number of filters. This doubles with each subsequent layer.
The first block starts with 32 filters and the last block ends with 256 filters. Their
task is to recognize features and patterns from the input data.

Once the four blocks have been run through, an attempt is made to perform a
classification based on the information learned from the input data. To do this, the
data must first be unrolled (“flattened™) and transformed from multidimensional to
one-dimensional data structures. The connection of all neurons of the input and
output layers takes place in the so-called "Dense Layer". A total of four of these
are used in the neural network. Unlike in the blocks before, the number of units
decreases with each layer. The first Dense Layer has 256 units, the last three. As
can be seen, the last Dense Layer has as many units as there are possible classes.

Selection of suitable audio features

Certain specific audio features have also shown promise in the past. The most
common audio features are raw audio data, spectrograms, Mel-Frequency Cepstral
Coefficients, and Log-Mel Spectrograms, whereby Mel-Frequency Cepstral
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Coefficients and Log-Mel Spectrograms are the most commonly used features in
audio data processing (Purwins et al. 2019, p. 10). They produce, in contrast to the
raw audio data, a more compact representation of the information. This leads to
better performance in training and processing the data by the neural network.
However, these features need to be computed by defined functions, which may
lead to a loss of information (Purwins et al. 2019, p. 10).

Based on the explained points, the choice of the network type falls on the
Convolutional Neural Network and the choice of the audio feature on the Mel-
Frequency Cepstral Coefficients. The combination of CNN and MFCC has proven
to be a promising basis in the past, provided very good results.

Execution of the Research Process

Preprocessing of Audio Data

The generated sound samples must be preprocessed before being given as
input to the neural network. The sound samples used for training the neural
network as well as for evaluation and testing must always have the same length. If
all audio files are considered, the file with the shortest recording duration is 5.8
seconds and the file with the longest recording duration is 9.6 seconds.

To ensure that all sound samples have the same recording duration, they are
cut both at the beginning and at the end. A self-developed function is used to cut
the audio files. It removes areas that are below a specified threshold. This
threshold applies only to values located at the beginning and end of the file, but not
to values located between relevant information of the audio file.

Since the function distinguishes relevant from irrelevant information based on
the amplitude values, an additional parameter must be passed for a constant length
of each file. This parameter defines a fixed length for each audio file, even if the
amplitude value was already undercut before this value.

Specifically this means that if, for example, an audio file falls below the
amplitude value after three seconds, but the parameter sets a length of five seconds,
the audio file will not be truncated until that later point. This guarantees a constant
length of five seconds of each audio file.

Maintaining a constant length is essential for training the neural network. For
an error-free training process, each file must have the same input format. All audio
files that are passed to the generated model for prediction must correspond to this
input format.

The sound samples are recorded with a sampling rate of 96 kHz. The
transformation into the time-frequency spectrum reveals in which frequency range
the relevant information is located. In our case, most of the information is found in
the range between 0 Hz and 8,000 Hz.

The sampling rate is reduced from 96 kHz to 16 kHz. This results in a reduction
of the amount of data, which leads to a faster processing of the sound samples. The
sampling rate reduction is done with the help of a so-called resampling function.
This takes over the reduction of the sampling rate after the cutting process and
saves the files as new audio files.
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Since the files before and after the sampling rate reduction differ widely in
their properties, they are compared in Table 1. Besides the changed parameters,
such as sampling rate and fixed length, especially the size of the individual audio
data has decreased considerably.

Table 1. Properties of Raw and Preprocessed Samples

Before Reduction After Reduction
Sampling rate 96 kHz 16 kHz
Length between 5.8 and 9.6 seconds 5 seconds
Size between 3.2 and 5.3 Megabyte 0.313 Megabyte

Training of the Neural Network

The neural network is trained using two different methods. At first, the neural
network processes the audio files from the training data set without modification
and in full length. In the second method, random regions (segments) of equal length
are taken from the sound samples and passed to the neural network for training.
The relatively small data set can be artificially enriched using this method.

o Complete sound samples

With this method, the sound samples are used as a complete block. For this
purpose, the MFCC coefficient of the entire sound sample is calculated. The 360
samples thus obtained are passed to the neural network for training.

e Segmented sound samples

To artificially increase the size of the data set for training, random segments
of equal size are taken from each sound sample. Both the placement of the section
within the sound sample and the choice of the sound sample itself, happens
randomly. A two-second segment is then taken from each sound sample. The
MFCC coefficient is then determined from this region and passed to the neural
network as input.

To obtain the highest possible number of samples of each class, this process is
performed 20,000 times. This allows the model to work with 20,000 training data
sets.

Training Parameters

Regardless the type of sound sample, the models are trained with 10-fold cross
validation. In cross-validation, the entire data set used for training the neural network
is divided into k equally sized subsets, where k is the number of subsets (10 in this
case). Compared to manually splitting training and validation data, cross-validation
is less likely to have an unfavorable distribution of possible classes within the
subsets. For the model's overall performance, the average is taken from all obtained
metrics (Olson and Delen 2008, p. 141).

The total data set, which consists of 480 sound samples, is manually divided
into 75% training and 25% test data. The remaining 360 sound samples in the
training data set are subdivided again using 10-fold cross validation. As usual, the
subsets are divided into non-overlapping, equal-sized sets of 90% training and
10% validation data each, resulting in 10 training and 10 validation data sets.
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The neural network is then trained with the generated segmented data sets.
The resulting models can be compared with each other and allow an easier selection
of the best model. Table 2 shows the training parameters used for both methods.

Table 2. Important Parameters of the Models

Parameter Complete sound samples Segmented sound samples
Loss function Categorical Crossentropy Categorical Crossentropy
Optimization function Adam Adam

Metrics Accuracy Accuracy

Number of epochs 30 60

Batch size 32 512

The loss and optimization functions used are the same for both methods.
"Categorical Crossentropy" is selected as loss function and "Adam" (Adaptive
Moment Estimation) as optimizer. Also identical is the metric "Accuracy" for both
methods. These parameters are chosen based on the research shown in Chapter 2.
These have led to be promising results. The specified number of epochs and the
batch size have been proven to be optimal by several training runs.

Results

This section shows the results of the training process and the application of
the generated models to the test data set. The first subsection contains a description
of how to interpret the results from the training. The necessary steps to generate
the predicted values are explained in the second subsection. The results obtained
are explained in the third subsection.

Evaluation of the Models

After the successful training of the models, they have to be checked for their
performance. The key figures collected during training provide an indication of the
expected performance of the model. The two key figures "Accuracy" and "Loss"
are decisive for this. They can be used to identify problems such as overfitting or
underfitting of the model. Overfitting occurs when the model delivers good results
on the training data, but poor results on the test data set. Underfitting occurs when
the model delivers poor results on the training data (Wani et al. 2020, pp. 47-48).

For better clarity, these key figures are shown in diagrams. The number of
learning cycles is shown on the x-axis and the accuracy and loss values of the
training and validation data are shown on the y-axis. In this way, the change in
both values over the entire course of the training can be displayed and evaluated.

If the accuracy is considered, both values should ideally rise in a curve and
approach the value "1" with increasing number of learning cycles. The curve of the
validation data set should run parallel to the curve of the training data set. An
emerging gap occurring between training and validation data indicates the
overfitting of the model (Moolayil 2019, p. 134).
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If, on the other hand, the Loss value is considered, it should decrease with
increasing number training cycles. It thus runs in the opposite direction to the
accuracy value. The loss values of training and validation data should approach
"0" with an increasing number of learning cycles. Here, too, a widening gap
between the two curves indicates a problem (Gulli 2017, p. 38).

However, the decisive factor for the performance of the model is the
generalization. This tells how good the applicability is to data that the neural
network has not yet processed. This is tested with the test data set taken before. As
described above, the distribution is 75% training and 25% test data.

Since the membership of each sound sample to a category is known, an
accurate evaluation of the results can be performed. Both models, from complete
and segmented sound samples, are applied to the test data set and the results are
compared.

For this purpose, the probability values of each model are determined for each
individual sound sample of the test data set. The exact determination of the values
is explained in the following chapter. The higher the determined values match the
actual values, the better the performance of the model used.

For a better overview of the results from the test data set, the actual and
determined class memberships can be compared in a cross table (“confusion
matrix"). For this purpose, the determined classes are listed on the X-axis and the
actual classes on the Y-axis in a confusion matrix. Accordingly, an ideal line runs
from the top left to the bottom right. Values that are outside this ideal line
represent incorrectly classified values. If a model achieves 100% accuracy on the
test data set, all values lie on the ideal line.

Determination of the Probability Values

The probability values are the results of the model that makes a prediction of
class membership. The results are presented in the form of percentages for each
possible class. The higher the percentage for a single class, the higher the probability
that the sound sample can be assigned to this class. The different classes represent
the possible grades (good / medium / poor) of the aluminum castings. To obtain
the probability values, the audio data must be processed in advance and the
corresponding features extracted. Basically, this is done with the same principle as
used for training the model. Depending on whether whole or segmented sound
samples are considered, the determination of the probability values looks different.

e Complete sound samples

To determine the probability values of a complete sound sample, the sound
sample must be processed as a whole block. For this purpose, the audio file is read
in full length and the MFCC coefficient is determined from it. The obtained data is
passed to the model for classification. This will lead to the prediction. No further
steps need to be performed.

e Segmented sound samples
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To classify a segmented sound sample, it is divided into segments. To do this,
four segments of equal size, consisting of a two-second window, are taken from
the sample.

The distribution of the ranges is not random in this case. Starting with the first
range, at the beginning of the sound sample, the remaining ranges follow, each
with an offset of one second, until the end of the sound sample. For each of the
four areas, the MFCC coefficient is transmitted and the probability values are
calculated by the model. The final result of the classification then is the average of
all values.

Results from Training and Test Data

Below are the results from the training phase and the application to the test
data set. The separation is done according to complete and segmented sound
samples. Thereby, the sections follow the same scheme. At the beginning, the results
of the training phase are presented. From all generated models of the cross
validation, the diagrams show the model, with the best performance in each case.
For a combined overview, a diagram with the average values of the ten models is
shown. Overall training cycles this forms a smoothed representation of the results.

Subsequently, the results of the best model from the application to the test
data set are shown. For this purpose, both a confusion matrix and the actually
determined probability values for each sound sample are clearly presented in a
table.

e Complete sound samples

The course of the accuracy over the 30 training cycles of training and
validation data can be seen in Figure 3. Due to the relatively small size of the data
set, the course of the validation data is erratic, whereas the curve of the training
data runs without major jumps. In the course of the investigation, the maximum
number of 30 training cycles, with a given amount of data and structure of the
neural network, turns out to be optimal. Further training cycles do not improve the
results.

Figure 3. Model Accuracy and Loss for Complete Sound Samples
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The curves of the loss values in Figure 3 run very flat and parallel to each
other without major fluctuations. The fact that the loss value of the validation data
does not increase towards the end excludes an overfitting of the model.

For a smoothed course of both curves, the average of all values is shown.
This figure contains the values of all ten created models from the cross-validation.
Here it can be seen clearly that training and validation accuracy run simultaneously
in a curve towards "1". This is also the case with the loss curve in the same figure.
However, here the values run toward "0".

The confusion matrix in illustrates the good accuracy value on the test data
set. Almost all sound samples are classified correctly. However, one sound sample
of the "good" class and one sound sample of the "medium" class were each
incorrectly assigned to the "poor" class. On the positive side, no sound sample
belonging to the "medium™ and "poor" classes was assigned to the "good" class.
That would be the worst case in practice, but it does not occur here. In so far, the
model is working very well.

Figure 4. Confusion Matrix for Complete Sound Samples
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The probability values determined by the model are listed in

Table 4 in the Appendix. Each row in the three tables represents one sound
sample. For a more compact overview, the 120 sound samples of the three
categories are listed side by side. This results in a total of 40 sound samples per
class. The left column indicates the actual category. The three following columns
each show the value of the prediction by the model. The values of each category
are given in percent.

With this overview, the values of the two incorrectly classified samples can
be analyzed. The sample with the actual category "good", is assigned by the model
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with 85.13% to the category "poor". Likewise, the sample with the actual group
"medium", is assigned by the model with 99.97% to the category "poor”. The
respective rows are highlighted in the tables.

It is recommended to set a minimum value of at least 80% to ensure an
unambiguous classification for all sound samples. Considering this threshold, the
result changes from two to six misclassified sound samples. The remaining sound
samples are assigned to the correct category by a clear margin.

e Segmented sound samples

The data set is much larger than in the previous method due to the artificial
enrichment. This also allows a larger number of learning cycles. As can be seen in
Figure 5, a maximum of 60 training cycles are possible with this method until both
curves run permanently against a value of "1". This turns out to be optimal for the
given test parameters.

Both curves of training and validation run roughly parallel to each other. The
validation accuracy curve is slightly worse than the training accuracy curve, which
corresponds to a normal curve.

The curve of the loss values, shown in Figure 5, also shows an optimal course
of training and validation data. The curves are relatively flat and run almost
identically, which does not indicate overfitting or underfitting.

Figure 5. Model Accuracy and Loss for Semented Sound Samples
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For a smoothed course of the learning cycles of training and validation data,
the average values of all models are shown. Here, too, one can see the almost
identical course of both values of Accuracy and Loss. The figure shows that there
are no major fluctuations among the different models.

Table 3 shows a detailed overview of the individual values of Accuracy and
Loss. Each of the ten generated models is listed here.

The achieved accuracy values of the best and worst model hardly deviate
from the calculated average of all models. The best model, model no. 5, achieves a
value of 90% and the worst model, model no. 7, a value of 86%. The average of all
models is 87% accuracy.

As clearly presented in the previous chapter, the probability values in Table 3
are given as percentages. Here, too, each line represents one of the 120 sound
samples, which are arranged next to each other by category.
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Table 3. Accuracy and Loss of Each Model

Model Accuracy Loss
Model 1 0.8833 0.4938
Model 2 0.8750 0.5660
Model 3 0.8750 0.7467
Model 4 0.8667 0.5775
Model 5 0.9000 0.7267
Model 6 0.9000 0.7494
Model 7 0.8625 0.8475
Model 8 0.8708 0.7148
Model 8 0.8708 0.4842
Model 10 0.8708 0.3785
%) 0.8775 0.6285

With reference to the results shown in the confusion matrix of Figure 6 the
model has difficulties classifying samples of the "good" and "medium” class. Thus,
the model, four sound samples of the category “"good” with a value of 69.99%,
63.88%, 64.36% and 62.39% are incorrectly assigned to the category "medium".
Similarly, three sound samples of the class "good" and one sound sample of the
class "poor", are incorrectly assigned to the category "medium®. The values for the
three sound samples of the category "good" are 67.27%, 74.94% and 68.04% and
the value for the single sound sample of the category "poor" is 56.75%.

Figure 6. Confusion Matrix for Segmented Sound Samples
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As before with complete sound samples, there are cases that are only
categorized with a deviation of 2 to 3% to another class. This should be remedied
by a fixed threshold of the probability value of at least 80%. Considering the
threshold, the number of misclassified sound samples increases from 8 to 44.

Discussion

The conducted research shows that quality assurance by means of sound data
processing in neural networks leads to very good and usable results, at least in our
experimental setup. Regardless the promising results, some crucial points have to
be critically pointed out.

The size of 360 sound samples is very small for training neural networks. As
shown, the significantly larger number of segmented sound samples - contrary to
all expectations - does not lead to better results. This fact requires a more detailed
investigation. Regardless of whether "complete” or "segmented” sound samples
are used, to substantiate the results obtained so far, the approach should be
validated with a significantly larger number of complete sound samples.

Further need for research arises from the fact that the casting parameter were
extremely set during the casting process. As already shown, the idea of parameterization
was to achieve a defined result. This was undoubtedly achieved in the given
laboratory situation: Three disjoint groups of part qualities emerged, which were
clearly separable at the data level.

In practice, however, the situation is completely different. The production
process is set with the presumably perfect parameters. Over time, it will happen
that individual parameters change, for example due to environmental influences or
due to variances in the material properties. Defects are thus created insidiously by
a minimal variation of several parameters or environmental influences. Accordingly,
there are also parts that are "more or less” good. This practically very relevant grey
area between the respective classes was not represented by our experiments. In this
respect there is a need for further research with significantly less extreme parameter
Sets.

Furthermore, it must be pointed out that the parts examined here had a very
simple geometry, which seems quite appropriate for experimental purposes. In
practice, however, the parts are likely to have a much more complex geometry. In
this respect, it seems urgent to perform comparable experiments to investigate the
effectiveness of the approach for more complex parts.

Regarding the production process in practice, an "inline" solution is conceivable.
This would allow the finished parts to be checked for quality within a short time
after the casting process. For this purpose, a corresponding testing device should
be designed which allows sound samples and their classification to be carried out
on a kind of assembly line. Since the sound samples used in this work were
generated in the laboratory, further investigations should be carried out in a
manufacturing environment. Here, possible interfering noises can occur, which
must either be learned beforehand by the model or removed during the preprocessing
process.
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Conclusions

The obtained results show that a new inline quality assurance process using
sound data processing in neural networks is basically possible. Against the
background of the limitations discussed above, it is necessary to conduct further
investigations.
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Appendix

Table 4. Probability Values for All Complete Sound Samples
class class

good L [P good medium  poor

good 99,97 0,03 0,00
good 92,62 7,38 0,00
good 91,79 7,95 0,26
good 83,11 16,87 0,02
good 67,24 32,73 0,03
good 94,76 494 0,31
good 14,79 0,09 8513
good 79,21 20,77 0,02
good 97,58 2,40 0,02
good 97,25 2,72 0,03
good 99,84 0,11 0,05
good 99,13 0,86 0,01
good 99,77 0,19 0,03
good 99,71 029 0,01
good 99,68 0,30 0,02
good 99,99 0,01 0,00
good 99,90 0,10 0,00

medium 37,96 56,25 5,80
medium 7,10 90,67 2,23
medium 32,53 67,35 0,12
medium 3,71 96,28 0,01
medium 0,03 99,97 0,00
medium 0,01 99,99 0,00
medium 0,00 100,00 0,00
medium 0,00 100,00 0,00
medium 0,13 99,86 0,01
medium 0,07 99,93 0,01
medium 0,27 99,72 0,01
medium 0,00 100,00 0,00
medium 0,00 100,00 0,00
medium 0,00 100,00 0,00
medium 0,00 100,00 0,00
medium 0,00 100,00 0,00

good 9899 1,00 0,00 medium 0,00 100,00 0,00
good 9995 005 0,00 medium 0,11 99,89 0,01
good 9988 012 000 medium 0,79 98,94 0,28
good 9972 028 0,00 medium 0,06 99,94 0,00
good 8579 153 12,69 medium | 0,41 99,57 0,02
good 100 000 0,00 medium 0,02 99,98 0,00
good 98,00 1,99 0,01 medium 7,75 92,22 0,04
good 99,85 0,10 0,05 medium 0,03 0,00 99,97
good 8128 18,69 0,03 medium 0,44 99,56 0,00
good 99,99 001 0,01 medium 0,00 100,00 0,00
good 9990 0,06 0,04 medium 1,73 97,94 0,33
good 9547 443 0,10 medium 0,00 100,00 0,00
good 99,31 0,68 0,01 medium 0,00 100,00 0,00
good 91,44 854 0,02 medium 0,00 100,00 0,00
good 8290 16,99 0,11 medium 0,00 100,00 0,00
good 9990 0,10 0,00 medium 0,03 99,94 0,03
good 99,85 0,09 0,06 medium 0,00 99,99 0,00
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class
good medium  poor
poor 0,27 0,00 99,73
poor 0,07 0,00 99,93
poor 0,25 0,01 99,75
poor 0,36 0,01 99,63
poor 0,10 0,00 99,90
poor 0,51 0,00 99,49
poor 0,50 0,00 99,50
poor 171 0,01 98,28
poor 4,07 0,08 95,86
poor 0,14 0,00 99,86

poor 0,06 0,00 99,94
poor 0,00 0,00 100,00

poor 0,01 0,00 99,99
poor 0,00 0,00 100,00
poor 0,00 0,00 100,00
poor 0,05 0,00 99,95
poor 0,25 0,00 99,75
poor 1,30 0,03 98,67
poor 0,00 0,00 100,00
poor 0,03 0,00 99,97
poor 0,03 0,00 99,97
poor 0,04 0,00 99,96
poor 0,00 0,00 100,00
poor 0,00 0,00 100,00
poor 0,05 0,00 99,95
poor 0,00 0,00 100,00
poor 0,02 0,00 99,98
poor 0,01 0,00 99,99
poor 0,00 0,00 100,00
poor 0,01 0,00 100,00

poor 0,02 0,00 99,98
poor 0,02 0,00 99,98

poor 0,04 0,00 99,96
poor 0,00 0,00 100,00
poor 0,14 0,00 99,86
poor 0,09 0,00 99,91
poor 0,10 0,00 99,90
poor 0,02 0,00 99,98
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Proof of Principle of Wastewater Treatment using
Plasma Discharge to Reduce the Amount of
Methylparaben

By Christoph Schattschneider”, Sina Piontek”, Hannes Jacobs
Andrea Bohme*, Concetta Sirena * & Andreas Foitzik

Synthetic substances like many pharmaceuticals, preservatives or other chemical
compounds are actually very difficult to handle in sewage treatment. These
compounds are very stable in aqueous solution and their degradation reactions
are insufficient. Therefore, to eliminate these substances from wastewater
additional afford is necessary. Extreme conditions like pH value, redox
potential, chemical or physical energy need to be present. With our study we try
to show that the use of plasma discharge could be a solution to this problem.
Using the example of methylparaben, a preservative, we could show, that the
physical energy of plasma discharge is able to initialize the degradation
reaction in aqueous environment. The concentration was reduced by up to 70
percent in our setting depending on the treatment duration. Overall, the system
showed potential to optimize wastewater treatment. Further examinations are
necessary for example regarding undesirable by-products.

Keywords: wastewater treatment, plasma discharge, high voltage, degradation

Introduction

Wastewater treatment generally takes place in three stages. The first treatment
stage is the mechanical treatment, which consists of pre-treatment and primary
treatment (Sonune and Ghate 2004). The second stage of treatment is the biological
treatment, for which there are three common processes: the activated sludge
process, the biofilm process, and the near-natural process (Resch and Schatz
2020). The standard is the activated sludge method with a total of around 99% of
the wastewater connected to the system throughout Germany being treated using
biological methods (Umwelt Bundesamt 2021). Chemical purification serves as
the third purification stage, whereby precipitants and flocculants can be used to
remove phosphorus, for example.

In 2016, approximately 9.6 billion cubic meters of wastewater were treated in
9105 public wastewater treatment plants across Germany (Statistisches Bundesamt
- Destatis 2018). Here, 97% of the German population is connected to the public
sewage system [Statistisches Bundesamt - Destatis (2018)]. Especially biological
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and chemical contamination and pollution have increased in the last 30 years and
represent a major environmental problem (Crini andLichtfouse 2018).

It has been clear for some time that trace substances often cannot be
completely removed from wastewater if the wastewater treatment plant only has a
mechanical and biological treatment stage Clara et al. 2002). The term "trace
substances” refers to all substances foreign to nature that occur in wastewater in
millionths or billionths of a gram per liter (Metzger et al. 2012), and this can be
numerous, as more than 100,000 products foreign to nature are distributed
throughout Europe (as of 2018) (Eberlein et al. 2018). These products sooner or
later enter the environment and accumulate in the water (Eberlein et al. 2018). To
minimize the discharge of trace substances into water bodies and the environment,
wastewater treatment plants, which represent the main input pathway for organic,
anthropogenic trace substances (Benstom 2017), are to be retrofitted with a fourth
treatment step. At present, this mostly consists of adsorption on activated carbon
or ozonation since both the cleaning performance and the economic efficiency are
achieved with these methods (Metzger et al. 2019). The general cost of wastewater
treatment by ozonation ranges from 0.03-0.12 €/m® and that of wastewater
treatment with powdered activated carbon from 0.05-0.10 €/m® (Resch and Schatz
2020).

The use of plasma in water treatment is not completely unknown, though still
in the early stages of development (Cui et al. 2018). Plasma is referred to as a
fourth state of matter. It is defined as matter with a sufficiently high proportion of
ions and electrons and is created when gas is ionized by an energy input, although
the definition does not exclude liquids as well (Stroth 2018). Plasma is considered
to be an advanced oxidant, and when reacting with water, hydrogen radicals are
formed, which are considered to be highly reactive. Ozone is also formed, which
again leads to radical formation and further oxidation reactions. In addition, the
formation of hydrogen peroxide can occur, as well as further radical formation
through the so-called silent electrical discharge of the plasma. This makes the
entire system highly reactive (Cui et al. 2018).

In the plant used, a similarly reactive environment is created by the interaction
of cavitation, plasma with radical formation, UV radiation, shock waves, and
charged particles, which has already been successfully tested in a previous pilot
plant (Abramov et al. 2021).

The research objective of the work was to investigate whether this plant is
able to break down chemical compounds in water. This is a conceptual proof, for
which methylparaben was chosen as a model molecule. Methylparaben finds its
application as a preservative in shampoos and other cosmetics, as well as in liquid
pharmaceuticals and in research in bacterial agar plates to prevent fungal
infestation (Fiedler and Haufe 2010). It was to be determined to what extent the
methylparaben can be disintegrated by the plant, whether undesirable by-products
occur, and how economical the plant is at this point in time.
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Experimental

Figure 1 shows a scheme of the plant used. The plant used for the tests is
larger than the first pilot plant that was developed (Abramov et al. 2021), but has
less measuring equipment and a copper electrode instead of a silver electrode. The
connected external pump can bring the liquid to a maximum pressure of 250 bar.
From there, the sample passes through a nozzle into the reaction chamber, where it
meets the plasma. The device has a power supply that is connected to an external
transformer. The resulting high voltage can be regulated in a range from 10 to 24
KV alternating current. The frequency can be varied between 30 and 45 kHz. The
transformer is attached to the two copper electrodes, at the two ends of the reaction
chamber. Frequency and voltage can be adjusted by rotary controls. When the
ratio, which can vary depending on the experimental condition such as temperature
of the sample, is correct, the plasma ignites. At a pressure of 80 bar, which was
used during the experiments, up to 960 L/h can be passed over the plasma once
with the aid of the application.

Figure 7. Schematic Structure of the Plasma Generating Plant
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For the methylparaben treatment, 20 L of a 1000 mg/L methylparaben
demineralized water solution was prepared. This solution was circulated through
the system three times, with sampling after each run. The 20 L batch of sample
was then cycled through the system continuously for 5 minutes and finally for an
additional 5 minutes, resulting in a maximum treatment time of 3 cycles + 10
minutes. A pressure of 80 bar was used and both voltage and frequency had to be
constantly readjusted, so that no clear parameters could be established. However,
since this is a prototype and the initial aim is to provide conceptual proof of the
functionality, the determination of specific parameters was not the goal of the
experiment for the time being.

During the plasma treatment of the samples, the light spectrum generated by
the plasma was measured with the aid of a spectrometer (Ocean Optics Inc.,
Spectrometer USB2000+).

31



Vol. 11, No. 1 Schattschneider: Proof of Principle of Wastewater Treatment using...

For HPLC analysis, 2 mL of sample was filtered (0.2 um Phenomenex Inc.)
and placed in HPLC sample vials. The tubes were then placed in the system
(capillary LC system series 1100; column: ZORBAX Eclipse Plus C18 4.6 x 100;
3.5 mm). A flow rate of 1.2 mL/min and a temperature of 40 °C were used. A
methanol-water mixture (composition 1:1) served as the mobile phase, detection
was performed by a UV/VIS detector at 254 nm, and 5 pL of sample was injected
in each case.

For gas chromatography, the sample was also filtered (0.2 um Phenomenex
Inc.), placed in the proper slots, and the gas chromatography (GCMS-QP2010 SE)
was started. 6 uL of sample were injected and heated to 250 °C. A split ratio of
1:10 was used and helium served as the mobile phase. Detection and identification
were performed using the mass-specific detector, which was coupled to the
"NIST" database.

Results

Figure 2 shows the plasma generated during the experiment, which was
characterized by a pinkish-purple color. During the experiment, there were
temporary dropouts of the plasma which required a readjustment of the voltage
and frequency. The light emission from the plasma was measured spectroscopically
and shown in Figure 3, where several peaks were observed.

erated during Sample Treatment

P ——
————

Figure 8. Section of the System with the Plasma Gen
WI 0 h . . ,- .

D
k .;:: Y P
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During treatment, discoloration of the samples to a brownish color occurred.
This discoloration intensified with increasing treatment time.
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Figure 9. Recorded Light Spectrum of the Plasma. The Spectrum was recorded
Several Times during the On-Phase of the Plasma
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In the HPLC analysis of the plasma-treated methylparaben samples, a major
peak was detected in each sample. As can be seen in Figure 4, this peak, which
was between a retention time of 1.8 min and 2 min, declined with increasing
treatment time. In addition, other small peaks between 0.5 min and 1.5 min retention
time could be detected in the treated samples, which were not present in the

untreated sample. At the highest treatment duration, the total area reduction was
over 70%.

Figure 10. HPLC Chromatograms of the Methylparaben Samples. The Absorbtion
Intensity was plotted against the Retention Time of Each Sample in Single
Determination
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GC-MS of all methylparaben samples detected one large peak each and
identified it as methylparaben. This peak was declining with rising treatment time,
which can be seen in Figure 5. Additional peaks were only visible when the
baseline was examined more closely. Not all peaks could be identified. Among the
top emerging compounds that could be allocated were guaiacol and methyl
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protocatechuate. The highest number of newly formed peaks was found in the
sample with the longest treatment time and amounted to 26 new detected peaks of
which 19 could be identified.

Despite the appearance of new peaks, the total area of all peaks combined
dropped significantly, reaching an overall reduction of over 50% at the highest
treatment duration, which was only 12% less than the change in the methylparaben
peak. It can be concluded that methylparaben was not completely converted to by-
products. Total peak decrease and methylparaben peak decrease are shown in
Figure 6.

Figure 11. During GC-MS of Methylparaben Determined Areas of Methylparaben

Peaks, Total Peak Areas and the Differential
100

90

80

frea [

onginal B 2 oycles 3 oypclas Foydes + 5min 3 opcles + 0 min

Sample

RHRESE Total Area "/ Area methylparaben o« iy =« [iflarential

Discussion

Both the HPLC and GC-MS results demonstrated that degradation of
methylparaben occurred, although by-products were formed in the process. The
GS-MS results indicated that the methylparaben was completely decomposed to a
certain extent, with carbon dioxide and water as the presumed end products. The
decomposition presumably takes place here due to the highly reactive environment
and the strong radical formation (Cui et al. 2018, Abramov et al. 2021, Bang et al.
2019). However, even with the longest treatment period, elimination was not even
close to 100%. The reduction was nevertheless in the competitive range for
ozonation. Depending on the pH value and the intensity of ozonation, reductions
of 34% to 90% can be achieved with a 10-minute treatment period (Dona et al.
2019).
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Figure 12. Comparison of the Peaks after Gas Chromatography with Coupled
Mass Spectrometry for the Aqueous Samples
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Unwanted by-products could be detected and should be avoided. For example,
the identified guaiacol can react in wastewater with nitrogen dioxide present to
form nitroguaiacol and 2-methoxybenzene-1,4-diol, which have a higher toxicity
than guaiacol itself (An et al. 2019). However, guaiacol is also not without hazard
and exhibits acute toxicity to mice (Martinez et al. 2009). Methyl protocatechuate,
on the other hand, shows no significant toxic properties, showing evidence of
prolonging the life of the nematode Caenorhabditis elegans (Zhang et al. 2014)
and exhibits neuroprotective effects in the disease retinitis pigmentosa in mice
(Zhang et al. 2017). Hydroguinone was also detected in lower amounts but kept
increasing with the duration of treatment. Hydroquinone exhibits elevated levels of
toxicity to microorganisms in the soil (Chen et al. 2009). Accordingly, the input
into ecological systems should be avoided.

The prototype shows potential for further development and possible
improvements. Particular attention should be paid to the efficiency of the
application, an extension of the instrumentation, and an automated control of the
system. These requirements were concluded for the following reasons. In terms of
efficiency, the plant cannot compete at present with the already established
methods like ozonation and adsorption on activated carbon (Metzger et al. 2012).
Especially in terms of energy efficiency, there is a big potential for improvement.
With a total energy consumption by the prototype of approx. 13.3 kWh, the price
of a single cycle treatment would be over 1 €/m3 (Considering the average
electricity price of 0.3263 €/kWh in Germany in 2021 (Umwelt Bundesamt
2021)), however, parts of the consumption are also due to external pumps and here
lies a potential for cost savings. The use of oxidizing agents, such as hydrogen
peroxide, would also be conceivable (Bang et al. 2019), to heighten the efficiency
and reduce the number of cycles needed. An extension of the monitoring
equipment for an actual industrial plant would also make sense in order to be able
to ensure a constant plasma intensity. In this process, a possible automation of the
plant is also recommended to reduce manual readjustments and therefore reduce
staff deployment. The occurrence of the undesirable by-products should be kept as
low as possible. However, this problem is not a new one in wastewater treatment
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and also occurs with ozonation (Statistisches Bundesamt - Destatis 2018). Here, a
post-treatment, for example in the form of rapid filtration, may be selected in order
to remove the unwanted components (Crini and Lichtfouse 2018). Overall, the
pilot plant displayed potential to be further developed into an industrial plant.
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Algorithm for Control of Traffic Flow in an Intelligent
Transport System

By Natallia Yankevich”

Traffic management in modern Intelligent Transport Systems (ITS) includes
monitoring the actual traffic situation in real time and management transport
traffic using this information. At the same time, cars as ITS components must be
equipped with communication capabilities for exchanging information with
other vehicles (V2V) and road infrastructure (V2I). Such approach is connected
with usage of special equipment connected to on-board network for local data
collection, which can be exchanged between cars and with a central
communication station using wireless Internet. At the same time, the issue of
developing the traffic organization algorithms themselves is still open. This
problem can be solved with the help of game theory, a fairly new but rapidly
developing part of modern mathematics. Unlike optimization theory, which
studies the possibilities of constructing an optimal solution for the entire system
as a whole, game theory studies ways to optimize individual benefits in
competition with other persons (events) that rationally seek to satisfy their own
benefits. The problem of "smart" regulation of intersections is quite difficult to
solve a problem, nevertheless it is possible due to rapid development of ICT
technologies.

Keywords: ITS, transport crossroads, game theory

Introduction

Modern technologies, making it possible to improve traffic control in real
time and increase its environmental friendliness, are the basis for the introduction
of new services. In addition to the obvious benefits for transport operators and
customers, new logistics systems (in particular intelligent transport systems) will
provide public administration with operational information, including data on
infrastructure and maintenance needs.

The development of an open architecture will ensure interoperability and
flexible development of various applications for future modes of transport. The
structure of such an automated traffic control system using modern
communication and information technologies is invariant as technologically
universal, since it has continuity in the interface protocols with existing automated
traffic control systems due to the openness of their system architectures.

The described “intellectualization” approach significantly expands the range
of capabilities of such systems and provides:
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» implementation of programs for the continuous movement of vehicles
through intersections along avenues and city streets through special
coordination plans that synchronize shifts in the cyclic phases of vehicle
movement through system controllers;

* receiving signals from the regulated object (“smart” controllers) for further
analysis;

« dispatch control — functions for calling stages, subroutines, special flights
and control with deferred execution;

» geographic monitoring on an electronic map of the city with the
implementation of a visualization function.

The main prospects for the further creation of traffic control automation tools
are currently associated with new technologies in the development of modern road
controllers, as well as innovative reliable operational communication between
them and the Data Processing Center (DPC). The structure of such an automated
traffic control system using modern communication and information technologies
is invariant as a technological universal, since it has continuity in the interface
protocols with existing automated traffic control systems due to their openness.

The practical implementation of these approaches is based on modern
communication technologies that provide data transfer between cars - V2V
(Vehicle-to-Vehicle) or between cars and road infrastructure - V21 (Vehicle-to-
Infrastructure) and based on wireless communication standards DSRC (Dedicated
short- range communications), WAVE (Wireless Access in Vehicular
Environments) IEEE 802.11p (Hiertz 2010). One application of these technologies
is to improve traffic control algorithms to increase the capacity of transport
networks.

The general principle of management of transport traffic at an intersection
using V21 interaction, as a rule, is to install at the intersection a special transmitter
device (RSU - road side unit) connected via a wired (or wireless) connection to a
server or local traffic control center (DPC). The transmitter has a certain range of
action, within which cars are able to exchange data with it, reporting their position,
speed and route. Based on the collected information, in accordance with the
control algorithm, the system generates commands for cars that control the order
of passage of the intersection, the efficient and safe use of its capacity.

The creation and operation of V2I and V2V systems requires significant
funds and is rational only if there is a relatively large coverage of most of the
transport system (otherwise the system will not be in demand, and equipment
manufacturers will not be able to compensate the costs for its development).
Therefore, the need to implement ITS within large-scale projects serves as a
significant brake on their development.

In addition, the principles for standardizing traffic information have not yet
been fully developed. The greatest amount of work has been done in the area of
standardization of infrastructure-to-user communications (i.e., 12V).

At the same time, there are a number of other problems associated with the
development of ITS components, for example, in terms of navigation:
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- data filtering in the vehicle unit, which will significantly reduce the
amount of data transmitted by the vehicle unit to the control center;

- the possibility of using several GNSS systems, and, consequently, various
types of signals and structures that have not been tested on a large scale. It
is expected that errors associated with multipath transmission of
information will be significantly reduced and that the availability of
satellite information will be improved, especially in urban areas.

However, the main problem with this approach is that all these components
and methodologies are not integrated and therefore cannot provide real-time
information to the user. A centralized database for an intelligent traffic control
system on a large scale is too slow to provide real-time results. In addition, GPS
navigators (Tom-Tom, Garmin) have mostly unidirectional communication
channels. Vehicles that are equipped with in-vehicle data communication
technologies are rare, and they cannot provide a central communications station
database on a sufficient scale.

A key requirement for real-time traffic control systems to generate
meaningful contextual information from the analysis of incoming data is high
quality. In this case, “quality” is determined by three criteria:

- accuracy;
- completeness;
- timeliness.

Traditionally, the “relevance” parameter has not received much attention, as
analysis has focused primarily on processing static data with low time deviations.
With the advent of various real-time data sources (cameras, GPS sensors, mobile
phones, traffic light controllers, etc.) and the creation of new paradigms of real-
time sensor applications (situational awareness), the relevance of the database is
now rapidly gaining importance. Thus, a mechanism must be created to integrate
sensor measurements and other data in real time, which combines various data
sources obtained using standard interfaces.

In addition to standardized data transmission and processing, special attention
must be paid to the issue of functional processing of complex events (Complex
Event Proceeding - CEP) by spatial components. Because the information content
of this contextual knowledge is of higher quality than that of the original raw data,
the business decisions that flow from it can be more accurate. However, these
approaches are not yet sufficiently developed and require further development.

The implementation of these new approaches requires the development of
systems based on CEP, with a clear description of algorithms for processing
measurement data and rules for resolving complex events, respectively (time,
space, parameters of measurements, etc.).

A big step forward in this direction has been “intelligent” cooperative
systems (ICTS). ICTSs based on vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V21) communications promise significant improvements in both the
efficiency of transport systems and the safety of all road users. The goal of ICTS
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solutions is to provide assistance while driving, taking into account the early
detection of emerging emergency events. This is achieved through a
communications-based system that empowers drivers by keeping them well and
reliably informed about the environment, other vehicles and driving conditions,
and makes it possible to alert the driver in a timely manner to potentially
dangerous situations.

The problem of “intelligent” regulation of the intersections is a rather difficult
task for solution of which it is necessary to combine the efforts of scientists from
different fields of knowledge. However, the rapid development of ICT
technologies and their rapid application to the transport problems makes it possible
to develop fairly effective approaches for its solving.

At the same time, the question of development of the traffic organization
algorithms themselves remains open. This problem can be solved using game
theory, a fairly new but rapidly developing branch of modern mathematics. Unlike
optimization theory, which studies the possibilities of constructing an optimal
solution for the entire system as a whole, game theory studies ways to optimize
individual benefit in competition with other individuals (events) who rationally
strive to satisfy their own benefit.

State-of-the Art

The complexity of analysis of the urban transport flows movement allows us
to consider the development and implementation of ITS as a solution for a multi-
stage problem, one of the most important stages of solving which is the
development of mathematical models of the optimal accident-free movement of
vehicles, including the regulation of intersections.

The concept of automatic traffic lights was developed back in 1928, but at
that time problems in their application for large cities became apparent (for
example, the presence of morning and evening peak hours, which makes it
necessary to use the flexible traffic light coordination schemes). Between 1928 and
1930, researchers developed various designs of pressure sensors to detect the
presence of vehicles at an intersection. These studies made it possible to create the
first models of traffic lights that react to moving traffic (traffic-drive). Such traffic
lights operated only on roads where the red light was turned on only if a vehicle
appeared from a secondary road (they still exist in the USA).

The first analog controller was installed in 1952 (Denver, USA), which made
it possible to combine several disparate intersections into a single controlled
network and switch pre-calculated coordination plans depending on the time of
day and days of the week. Over the next decade, several hundred similar systems
were installed around the world.

Such systems actively used the offset parameter, turning on green not at all
intersections at once, but with an offset depending on the distance between
intersections and transport parameters (“green wave”). A specially trained
engineer calculated coordination schemes, which were then incorporated into the
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controllers. The system turned out to be so simple and reliable that it is still
actively used in cities that are not burdened with excessive traffic.

The IBM 650B computer was first installed to control traffic lights in 1960
(Toronto, USA). Three years later, more than 20 intersections were under
centralized control, and by 1973, the computer was already managing 885
intersections.

It should be noted that IBM continued to work on usage of its computers to
control traffic lights: a project began in 1964 with an IBM 1710 computer
(downtown San Jose, USA), and in 1965 with an IBM 1800 (a version of the 1130
with an increased number of input/output ports) was installed for the city of Wichita
Falls (Texas), which successfully controlled 85 intersections. The computer in San
Jose was also subsequently replaced by an IBM 1800. The system turned out to be
so successful that this configuration was used in many American cities from
Austin and Portland to New York.

An active work on the standardization of traffic light control systems began in
1967. As part of the pilot project, a control system was built for Washington,
which included 113 intersections equipped with 512 inductive loop traffic
detectors. The computer was able not only to blindly switch coordination plans,
but also to receive information about transport queues at intersections.

A critical mass of computer-connected traffic lights had been reached, and the
transition from quantity to quality was only a matter of time. Large-scale research
has begun in the development of control algorithms.

However, the development of each plan at that time was done on paper and
was a rather labor-intensive and creative process, especially for a street network.

In the 70s, the British research bureau TRRL developed and applied the
SCOOT (Split, Cycle and Offset Optimization Technique) system on the streets of
Glasgow, which made it possible to change the parameters of intersection control
cycles in certain frames in accordance with information from traffic detectors that
measure the appearance and length of lines on intersections. SCOOT combines the
benefits of fixed coordination plans for the network and adaptive control, where
traffic lights are controlled by the cycle and duration of green signals. To make a
decision on changing the main parameter - the cycle length - a computer with the
SCOQT program calculated the so-called degree of saturation of all phases of the
traffic light. This indicator was presented as a percentage of the green signal used:
the algorithm estimated how many more cars would have time to pass the
intersection, filling the gaps between cars (recorded by the sensors). SCOOT's
goal was to ensure that even during peak loads, the traffic saturation was no more
than 90 percent.

In addition, once during the cycle the program calculated the efficiency
coefficient based on the sum of forced stops and car waiting time. Depending on
the value of the coefficient, SCOOT made a decision to lengthen or shorten some
phase by 4 seconds. Before the start of a new phase, the offset relative to other
traffic lights was additionally agreed upon, also within four seconds.

This algorithm is now licensed by more than 100 companies for use in their
own systems. The latest generation of SCOOT has a number of features:
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- analysis of non-standard situations;

- avoiding the formation of traffic jams;

- smoothing out the consequences of intervention by traffic controllers and
temporary shutdowns of traffic flow.

In parallel with SCOOT, simultaneous control systems appeared. The
Australian SCATS (Sydney Coordinated Adaptive Traffic System) system has
become the main competitor to SCOOT and has also become widespread
throughout the world. Based on similar methods for calculating the “saturation” of
traffic light phases, an algorithm with a complex hierarchical structure was
developed. Intersections in SCATS are grouped into systems and subsystems
based on geography (for example, by neighborhood or location on highways).
These systems and subsystems are subordinate to the regional computer, and it
transmits information to the city traffic control center. Traffic lights can
independently change only the length of the cycle, and the schedules of phases and
shifts after each cycle are selected (from a standard set) at the regional level
(Melekhin 2011).

The difference in management efficiency between adaptive and “intelligent”
systems is practically absent now. But with the development and reduction in cost
of computers, opportunities arise to increase the levels of survivability and
efficiency of management of transport processes and road safety, which are solved
by creation of the high-tech automated systems for managing transport and
pedestrian flows.

It is impossible to compare directly the effectiveness of all the listed traffic
light control systems - to do this, one would have to test each of them in turn in the
same city (at the same intersections). Therefore, different algorithms are compared
by how much they improved the transport situation (Zelensky 2013).

A new stage in the development of methods and means for regulating
intersections is associated with the development of fully adaptive control
algorithms, for example RHODES (Real-time Hierarchical Optimizing Distributed
Effective System) and OPAC (Optimized Policies for Adaptive Control).

For example, RHODES evaluates the traffic situation at several levels
(intersection, road network, common routes) and constructs itself the necessary
cycles for traffic lights. The system makes decisions by analyzing not only
information from vehicle presence sensors, but also the accumulated history of
traffic on controlled streets (links). Based on these data, the system makes a
forecast of the development of the traffic situation. A key role in the forecast is
played by an algorithm for estimating the probability of a car turning at each
specific intersection - this is how the possible load of neighboring intersections is
calculated. RHODES takes a statistical distribution of probabilities of turns as a
starting point, and then refines this distribution with data obtained over the last
five minutes. To refine the forecast, RHODES uses the Bayes formula to calculate
the probability of one event (the most popular turn) that is statistically correlated
with other events (the turns just completed). This forecast is updated every second
for the entire system, and then supplemented with information about expected
traffic jams at each intersection. It is worth noting that the system provides a
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special mechanism for processing so-called queues of cars - columns that move at
approximately the same speed. When such queues appear, traffic light cycles are
adjusted to, if possible, allow these vehicles to pass through all intersections
without stopping, on the “green wave”.

A special case of global traffic forecasts is used by the OPAC system. This
algorithm relies on additional information from sensors that are located at a
significant distance from the intersection - they transmit data about approaching
cars after the decision to change the traffic light cycle is made. As a result, the
system’s forecast has two horizons: long-term, limited only by computing power,
and short-term - for the period of time when the influx of new machines is
precisely known. The degree of agreement between the short-term forecast and the
actual situation is used to adjust further calculations.

All the systems described above have two characteristic features: they try to
improve the situation for all controlled intersections and regulate the operation of
traffic lights not directly, but through changing cycles. In 2008, the InSyc system
was launched in the United States for the first time, devoid of both of these
restrictions. InSync focused on an algorithm in which it is assumed that the
optimal local solutions found at individual intersections lead to an optimal global
solution - reducing congestion throughout the city. At each intersection, InSync
accurately calculated, using cameras and image recognition technology, how long
waiting cars waited for the green signal. The traffic lights themselves in the system
were controlled not by cycles and schedules, but by automatic models - programs
that specified the conditions for changing signals. For example, the algorithm may
not turn on “green” at all for a direction in which there are no cars. The system
provided this mode only for those cases when it was necessary to skip the line of
cars. In this case, the duration of the phases of individual traffic lights was
adjusted to form a “green wave”. The number of launched “waves” was regulated
by the system parameters depending on the time of day and the wishes of the
operator.

An interesting approach to traffic control is implemented in the MARLIN-
ATSC (Multiagent Reinforcement Learning for Integrated Network of Adaptive
Traffic Signal Controllers, Toronto) system. In this development, a centralized
system was abandoned - it was replaced by traffic lights - agents (devices that are
equipped with artificial intelligence and communicate with each other to select a
traffic pattern). The program that is loaded into each traffic light describes the
Markov decision-making process, namely, its special case - Q-learning. This
principle of machine learning involves communication between an agent (traffic
light) and a system (traffic). Each action of a traffic light somehow affects the
traffic situation, the change in which can be judged by the information received
from the sensors. Having received this information (the so-called reward), the
traffic light agent calculates its utility function Q and further relies on the acquired
experience.

To coordinate agents among themselves, game theory is used, namely, a
stochastic game. During the game, agents go through their decision options (leave
or change the traffic light phase) and receive rewards (car idle data) based on
general decisions. Each decision of a traffic light agent is tied to a set of indicators
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of the current state: which phase is on, how long ago this phase has been on, what
kind of traffic jam has accumulated in each direction of the intersection. "Players"
must develop behavior patterns that will lead to the best overall result - the so-
called Nash equilibrium. The resulting “utility” tables for “state-decision” pairs
become the policy that will guide each traffic light in the future. Traffic lights are
“trained” on a computer model, and not in real road conditions (Zelensky 2013).
The approach is undoubtedly of significant interest, but requires similar research
by domestic mathematical schools.

Methodology

Tactical traffic management for road transport involves monitoring the actual
traffic situation in real time (including volumes, speeds, incidents, etc.) and then
controlling or influencing flow using this information to reduce congestion,
manage incidents, improve efficiency, safety and environmental performance, etc.
(Kapsky 2008, Gettman et al. 2008).

On a larger sence, strategic traffic management includes the management of
entire networks at a macro level (overall operating policy) as well as the
integration or interconnection of different networks. However, urban traffic flows
have the following specific properties:

* stochasticity (their characteristics allow prediction only with a certain
probability. The traffic flow moves along a transport network, which has
certain characteristics that allow a more or less strict description, and is not
stationary);

* non-stationary nature of transport flows (fluctuations in their
characteristics occur in at least three cycles: around the clock, weekly,
seasonal);

» imperfect controllability (even with complete information about traffic
flows and the ability to inform drivers about the necessary actions, these
requirements are only advisory in nature, therefore achieving the global
extremum of any control criterion is very problematic);

» multiple research criteria (average speed, predicted number of accidents,
volume of exhaust gases in the atmosphere, etc.). Most of these criteria are
interrelated, and it is very difficult to choose just one;

* the difficulty of taking into account even the basic characteristics that
determine the quality of traffic flow management. Thus, assessing traffic
intensity requires either the use of aerial photography data, or very labor-
intensive manual control, etc.

A typical basis for modeling the transportation of goods is a network
consisting of links and nodes representing roads and intersections, respectively. In
most cases, attempts are made to reduce the complexity of calculations by taking
into account only the most important factors when entering an intersection. With
these simplifications, processes such as turning left against oncoming traffic can

46



Athens Journal of Sciences March 2024

be modeled, but decisions about the sequence of actions must be made before the
vehicle enters the turn.

At the same time, computational forecasts, although absolutely necessary, are
not so highly reliable (except in cases where extensive experimental experience
was used). The attempts of some specialists, already at the development stage, to
predict with high reliability the optimal solution for traffic flows only by
calculation, indicate extreme optimism and should be assessed accordingly.
Generalization of statistical data and observation results of a single situation or a
single object (intersection) are very important for adapting purely mathematical
modeling to specific conditions. On this basis, probabilistic estimates related to a
specific situation or specific object must be calculated.

The basis of modern automated traffic control systems, which ensure
minimization of functionality, is the queue model. In general, the queue dynamics
are based on the representation of the regulated direction as a queuing system
(Vlasov and Orlov 2014):

A) = [a()dt ; (1)
D() = [ SVt @
Q(t) =Q(0) + A(t) - D(t); 3)
1 T
d=——[Q@)dt, 4
AT) I Q(t) (4)

where A(t) is the cumulative number of vehicle's arrivals; D(t) — number of
vehicle's handlings during the period [0,t] in the presence of a residual queue of
vehicles Q(0); Q(t) — current number of vehicles in the system; d — average delay
of vehicles during the period [0,T]; q(t) — intensity of arrival of vehicles; S(t) —
intensity of passing vehicles.

A graphical interpretation of the model is shown in Figure 1. It should be
noted that the functions A(t), D(t), Q(t) are generally probabilistic in nature.
However, in the case of ITS they can be considered as deterministic functions.

Most modern automated traffic control systems have tools that implement the
following control strategies:

* rationing of entry into the transport congestion zone;

* providing priority in selected areas;

 preventing directions from being blocked.

It should be noted that when developing strategies in transport systems, two
approaches are considered, which consist in analyzing and resolving the following
situations:

* building a strategy to avoid traffic congestion;
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« development of a strategy that allows, in the event of a congestion, to
eliminate it in a minimum period of time.

Moreover, in conditions of transport congestion, as a rule, various expert
systems are used, the tasks of which are to identify the current situation and apply
the appropriate control strategy (Vlasov and Orlov 2014, Klimovich 2018). At the
same time, an approach based on building a network of “intelligent” traffic lights
exchanging information is of significant interest.

Let us consider the solution to the problem in a general formulation. A typical
traffic pattern at a traffic intersection is shown in Figure 2. It should be
emphasized that modern diagnostic tools and the use or broadcast of relevant V2|
or V2V data make it possible to quite accurately determine all the data necessary
for the analysis of traffic flows. Thus, in this case, the goal of managing traffic flows
at an intersection can be formulated as follows: the optimal time of the “green”
traffic light signal for each traffic lane must be determined so that the average
delay time in directions, described by formula (4), is minimal.

Figure 1. Graphical Interpretation of Transport Queue Formation
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The solution of this problem can be carried out in accordance with game
theory - a fairly new, but rapidly developing part of modern mathematics. Unlike
optimization theory, which studies the possibilities of constructing an optimal
solution for the entire system as a whole, game theory studies ways to optimize
individual benefit in competition with other individuals (events) who rationally
strive to satisfy their own benefit. With this consideration, the traffic delay is
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determined by the delays in the directions R11, R12, Ra1, R2p, and its optimal value
can be considered a win in a non-zero-sum game.

Figure 2. The Scheme of Traffic at the Intersection
Road 1

Road 2
o

The assessment of the gain (the amount of traffic flow delay) can be carried
out from the point of view of the minimax theory (the lower bound of the estimate
is the minimum but guaranteed gain), as well as from the point of view of
constructing an equilibrium solution (a strategy according to which any attempt by
any player to change his strategy when his partner insisting on the original choice
will not increase the winnings of the player violating the strategy).

Let us develop a payment matrix for this formulation of the problem:

- Road 2 (player 2)

g R Rz 5)
:.:, R21 (dlll’ dlzl) (dllz’ d122) ‘

% R22 (dgl' d221) (d;Z’ d222)

@]

<

where djj is the total traffic delay, calculated using formulas (1 - 4) for the
corresponding road lanes.

The analysis of such a payment matrix is carried out using known methods.
Player preferences are usually indicated by arrows (the direction corresponds from
smaller to larger winnings). The equilibrium point is defined as the point indicated
by the vertical arrows (the first player's preference for the first strategy due to the
higher payoff associated with it) and the horizontal arrow (the second player's
preference). Obviously, in accordance with this formulation, the equilibrium point
(A, B) can be found using the formula:
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A= max{d ()}

B=mingd}, i,j=12 (6)
in{dg;

The guaranteed level and maximin strategy can be determined without
knowing the actions of the other player. However, based on this method of
constructing the payoff matrix, it can be obtained that the results of the maximin
theory are identical to the equilibrium point. The question remains open in what
sense the winning and the corresponding strategy are the best. It is believed that
the player guarantees himself the maximum (and possibly the largest) winnings
using an equilibrium strategy (Saati 1977). After determining the equilibrium
strategy (and, therefore, up to the maximum guaranteed gain, for example, the
delay time of vehicles moving in the corresponding directions), it is possible to
draw a conclusion about the most significant traffic delays for the current transport
situation.

Let's consider an intersection (Figure 2), at which the average delay of vehicle
movement along the considered lanes at the intersection is indicated in Table 1.

Table 5. Distribution of Average Traffic Delays at an Intersection by Lane

The road lane Direction of movement An average traffic delay, min
dy, straight 1.0
d2 straight 2.0
dy, right turn 20
d? right turn 1.0
ds, straight 3.0
d;, straight 0.0
d;, right turn 20
d;, right turn 1.0

It should be noted that modern means of information and communication
technologies make it possible to determine the number of cars and the direction of
their movement quite accurately). The payoff matrix for this case of a traffic
situation at the intersection of two roads R; and R; has the form:

Road 2(player 2)

—‘:\ Rll R12

S ®
S| Ry L2 «—no 2, 1)

H

o

S | Ry, (21 «——— (3, 0)

c
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It is obviously, the solution can be based on pure strategies. The matrix under
consideration has a saddle point - (2, 1). In this case, the gain (average delay of
cars) is equal to:

2.0 minutes for the R, road;
* 1.0 minutes respectively for the R, road.

From these data, using formula (4), it is possible to calculate the duration of
the period T in each direction and, accordingly, determine the operating order of
“intelligent” traffic lights.

Another case of analyzing the distribution of average traffic delays at an
intersection is also possible, in which the distribution of the number of cars is
indicated in Table 2.

Table 2. Distribution of Average Traffic Delays at an Intersection by Lane

The road lane Direction of movement An average traffic delay, min
d; straight 5.0
d2 straight 2.0
dy, right turn 3.0
d’ right turn 3.0
d;, straight 5.0
d2, straight 1.0
d;, right turn 2.0
da, right turn 3.0

The payoff matrix for this case of a traffic situation at the intersection of two
roads R; and R, has the form (7).

Obviously, there is no solution in pure strategies for this matrix. Let us find
this solution in mixed strategies.

To ensure that the average delay time of cars is minimal (or close enough to
this value) on road R; (player 1), regardless of the delay of cars on road R, (player
2), we will focus on the average delay of cars on road Ry, etc. So let us calculate
the mixed strategies defined for R,.

In accordance with the terminology of game theory, if player 2 chooses the
first column of the payoff matrix with probability g, and the second column with
probability 1-q, then the mathematical expectation for both rows of player 1’s
winning matrix must be equal, that is:

5.0+2-(L-q)=3-q+5-(1-0)
Therefore, g= 3/5, 1- q = 2/5.
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Road 2 (player 2)

;': R11 R12

2 .
(@]

S | Ry (2 > (23

~

3 |

QD: Rzz (3: 3) < (5: 1)

Thus, player 1 must choose the first column of the payoff matrix with
probability 3/5, and the second column with probability 2/5. In this case, the
expected winnings of player 1 will be equal to 19/5.

As is easy to see, this value of expected payoff will remain the same when

player 1 uses any mixed strategy (p, 1-p), since

5.q.%+2.q.%+3.(1_q).%+5.(1_q).%:1%.

Just as player 1, wanting to ensure that expected payoff of the player 2 does
not depend on his choice of a mixed strategy, using payoff matrix of the player 2,
it can be obtained:

2:p+3-(1-p)=3-p+1-(L-p)
Therefore, p=2/3, 1-p = 1/3.

Then the mixed strategy looks like:

(31’52):(%'A&"'%'Az)"‘(%'Bl"'%'Bz)’

and the equilibrium payoff will be (A, B) = (19/5, 7/3).
In this case, the equilibrium gain (average delay of cars) is equal to:

3.8 minutes for the R; road;
» 2.3 minutes respectively for the R, road.

From these data, using formula (4), it is possible to calculate the duration of
the period T in each direction and, accordingly, determine the operating order of
“intelligent” traffic lights.

Results and Discussion

Despite a number of problems that arise during the development and
implementation of ITS, the future of the transport industry is undoubtedly

52



Athens Journal of Sciences March 2024

associated with digitalization and the implementation of solutions one way or
another related to artificial intelligence. However, the solution to this problem is
connected with the implementation of a complex of complex, diverse works, in
which an important place is occupied, in particular, by the development of
mathematical algorithms for traffic movement.

The article presents an algorithm based on the application of game theory, the
implementation of which will allow optimizing traffic at transport intersections by
constructing a method of analysis for the entire system as a whole. The solution of
the problem in pure and mixed strategies is considered for specific examples.

Usage of this algorithm can become an integral part of the development of
ITS in terms of “intelligent” traffic control at traffic intersections.

Conclusions

The development of new technologies to optimize the driving process is an
urgent problem. One of the most promising ways to improve urban logistics is the
use of intelligent transport systems. However, in busy traffic conditions, it is not
enough to evaluate only the delay and the number of vehicles in the queue. To
fully describe the process of formation of traffic congestion in networks with
traffic light regulation, it is necessary to use models that describe the spatiotemporal
heterogeneity of traffic flow.

Therefore, development and implementation of new algorithms, including
those based on game theory, which will improve real-time traffic control and
control capacity at intersections will significantly improve the environmental
friendliness of urban transport and improve its safety. Using the proposed model,
based on the application of game theory, can significantly reduce vehicle delays.
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An Analysis of Stream Flow and Flood Frequency:
A Case Study from Downstream of Kelani River Basin,
Sri Lanka

By Kumudika K.E. Perera”

River floods in Sri Lanka are mainly associated with extreme rainfall events.
The Kelani and Kalu rivers are recorded the highest flood frequencies and the
accompanying flood damages among the river basins in wet zone (UNDP,
2011). Therefore, the specific objective of the study is to estimate the temporal
probability of occurrence of flood events in downstream of Kelani river basin.
Secondary data were used for the study. Daily discharges data were obtained
from Hanwella gauging station for the period of 1990 to 2019 from the
Department of Irrigation, Sri Lanka. Trend analysis, normal distribution and
flood frequency analysis have been used. The results of the study revealed that
there was a bi-modal pattern of discharges that occurred in June and October.
The results also indicated that ten return periods were covered the total period
of 30 years, and there was a 97 per cent probability of flood occurrence almost
annually and 64 per cent probability of occurring once every two years. This
study, therefore, was recommended to design flood control structures for
mitigating flood risk; and to determine the economic value of flood control
projects and the effect of encroachments on flood plain.

Keywords: floods, frequency, downstream, return period, probability

Introduction

Global climate change has led to an increase in the magnitude, frequency, and
intensity of natural disasters over the years (Perera 2017). By analyzing the
historical and recent data, many scientific studies have revealed that, floods are the
most catastrophic and frequently occurring natural disaster together with damaging
in terms of cumulative and annual expected losses over the world. According to
the United Nations International Strategy for Disaster Reduction (2017), over the
last 20 years from 1995 to 2015, floods were responsible for 47 per cent of all
weather-related disasters, affecting 2.3 billion people (56 per cent), the majority of
whom (95 per cent) live in Asia. Further, the number of floods per year has risen
to an average of 171 in the period from 2005 to 2014, up from an annual average
of 127 in the previous decade. Because of flood is a component of hydrological
cycle of drainage basin (Baishya 2013) and flooding therefore cannot be stopped.
However, their impacts may be mitigated and managed to some extent.

Therefore, due to the global climate change, flood risk is a significant issue in
many countries all over the world. Sri Lanka is one of such countries which have
seasonal flooding problem since seasonal flooding is more frequent and common
occurrence in Sri Lanka than the other natural disasters (Jegarasasingam 2017).

“Graduate Student, Institute of Human Resource Advancement, University of Colombo, Sri Lanka.
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Especially, variability of both annual and seasonal rainfall in Sri Lanka has
increased during recent decades due to climate change. Jayawardena et al. (2017)
have noted that changes in annual as well as Southwest monsoon seasonal rainfall
compare to the baseline climatology period from 1975 to 2005, clearly indicate
that positive rainfall anomaly in the wet zone will be risen with the time under
high as well moderate emission scenarios.

Accordingly, when considering to Sri Lanka, the country has experienced
several notable flood events in more recent years. The Global Climate Risk Index
Report 2019, which launched at the Climate Summit in Katowice (COP 24),
ranked Sri Lanka as the second among the most affected countries by extreme
weather events. The ranking was regarding the heavy landslides and floods after
strong monsoon rains in the Southwestern region of the country in 2017.
Consequently, the Kelani river basin experienced a total of 350 mm of rainfall
across three days from 15" to 17" May in 2016 after the devastating flood in 1989.
23 Divisional Secretariats (DS) divisions (out of 37) in the Kelani river basin were
affected by the 2016 Flood. Out of them, 15 DS divisions were affected
significantly.

According to the Ministry of Disaster Management in Sri Lanka (2016), the
Colombo district has affected 228,871 members of 54,248 families in the 10 DS
divisions consisting of Colombo, Homagama, Kaduwela, Kesbawa, Kolonnawa,
Kotte, Maharagama, Padukka, Seethawaka and Thimbirigasyaya, while the
Gampaha district has affected 74,003 members of 17,485 families in the 13 DS
divisions consists of Attanagalla, Biyagama, Divulapitiya, Dompe, Gampaha, Ja-
ela, Katana, Kelaniya, Mahara, Meegamuwa, Meerigama, Minuwangoda and
Wattala. This flood was characterized by low peaks and longer duration of
inundation owing to the rainfall distribution pattern over the catchment
(Hettiarachchi 2020). By far the worst affected division countrywide is Kolonnawa
where 155,062 people were affected, which is 81 per cent of the total population in
this division. In this context, flood hazard is the most significant issue in
downstream of the Kelani river basin than the other extreme events.

Especially, downstream of the Kelani river basin has consisted of nine sub-
drainage basins namely, Lower Kelani Ganga, Pallewela Oya/ Maha Ela, Lower
Middle Kelani Ganga, Kolonnawa Ela, Biyagama, Pagoda Oya, Upper Middle
Kelani Ganga, Wak Oya/Kalatuwawa, and Pusweli Oya. Downstream of the
Kelani river basin overlaps with four districts (Colombo, Gampaha, Kalutara, and
Ratnapura) as well. Therefore, a large area is inundated almost annually due to the
floods in the Kelani river.

Further, according to the Department of Irrigation in Sri Lanka (2020), the
main causes for recent flooding in the Kelani river are high-intensity rainfall
occurred within a short duration, the inadequacy of the drainage system to cater for
a higher return period rainfall, flow hindrances in secondary canal system causing
localized flooding, unauthorized constructions encroaching water bodies, the
inadequacy of outfall capacity of the drainage network, reduction of retention
areas, and dumping of solid waste into canals result in the reduction of capacity. In
addition to that, other indirect causes of flooding in the Kelani river basin are lack
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of investment for drainage projects, unplanned town development, lack of co-
ordination among Agencies, and lack of public awareness.

The Kelani river basin suffers from floods mostly during South-west monsoon
(SWM) and it causes serious damages to human lives and their properties in the
lowland areas of the flood plain almost annually. However, the catchment receives
considerable amounts of rainfall during North-east monsoon (NEM), and inter-
monsoonal periods too (Hettiarachchi 2020). Due to the heavy rainfall and the
steep terrain of the upper catchment, lower basin of the Kelani River is subjected
to heavy floods. Especially, the Floodplain is formed below Glencourse gauge
which is about 53 kilometers upstream of the sea outfall. Below Hanwella (about
35 kilometers from the sea), the flood plain becomes wider following the flat
landscape (Hettiarachchi 2020).

Furthermore, due to the relatively small island setting, the demand for land in
the growing urban areas has led to the expansion of cities to land prone to
flooding, and which are often deemed unsuitable for habitation (Dissanayake et al.
2018). The outskirts of the metropolitan region of Colombo are pushing into
wetlands along the Kelani river basin, which results in environmental degradation
and increased exposure of the local population. Many of these settlements are built
up on floodplains, which means that the poorest demographics are most vulnerable
to flooding events and habitually end up being displaced (United Nations Office
for Disaster Risk Reduction 2019).

As has mentioned before, the downstream of the Kelani river basin is a highly
populated zone and high distribution of agricultural lands in the river basin.
Similarly, due to the barriers of drainage systems in the area because of the
construction and extension of utility services, and due to the formation of some
areas as marshy lands, there had been small-scale floods. Together with, the marshy
lands and water retaining area affected by the canal network in downstream of the
Kelani river basin form the land suitable for Paddy cultivation, but still, crop
damages occur due to severe flooding in this region (UDA 2019). Floodwaters
transport sediments and nutrients to enrich the soil, which is deposited on flood
plains. Among the agricultural land uses, paddy lands are flooded purposely to
take advantage of this natural fertilization process. However, the exact loss of
paddy production will depend upon several factors including crop variety, the
growth stage of the plant, level of inundation or flood depth, and length of
flooding period of duration.

Moreover, People tend to gather close to rivers or concentrate in the coastal
areas because water is a resource before being a threat, and therefore a high level
of risk, in flood-prone areas, a tendency will likely increase in future. Owing to the
adverse nature of flooding in Sri Lanka, it is needed to do many researches and
identify the best practices regarding to the flood management. In this regard,
stream flow and flood frequency analyzes are primary steps in the flood control
process because it is essential for the identification and prioritization of the top
priority areas, selecting the best practices and best designs to flood reduction and
land use planning. Therefore, this research will try to the analysis of flood
occurrences. This will further help to design the appropriate land use planning and
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engineering measures in flood-prone areas and managing the annual flood menace
in downstream of the Kelani river basin.

Accordingly, the main objective of the study is to analyze the stream flow and
flood frequency in downstream of the Kelani river basin. The specific objective of
this study is to estimate the temporal probability of occurrence of flood events
between 1990 and 2019.

Literature Review

A flood is a natural hazard that can be categorized as hydro-meteorological
hazard. A flood can be simply defined as water overflowing onto usually dry land.
However, different definitions can be adopted to describe flood events. USGS
(2020) defines a flood as “any relatively high stream flow overtopping the natural
or artificial banks in any reach of a stream”. Furthermore, hydrologists define
floods as a sudden peak in the water level due to the sudden increase in water
discharge. Therefore, floods occur because of the rapid accumulation and release
of runoff waters from upstream to downstream, which is caused by extremely
heavy rainfall.

Characteristics of Floods

According to Van Westen et al. (2011), flood can be characterized by the
triggering factors, spatial occurrence, duration of the event, time of onset,
frequency, magnitude and secondary events. These characteristics can help in
categorization of different types and levels of flood as well as it enable to compare
different hazards with each other. Therefore, floods can be triggered by different
natural and anthropogenic phenomena. Sometimes it is prolonged rainfall that
causes floods, sometime torrential rains or storms cause flooding situation.

Spatial occurrence refers to the area and the extent of the area affected by the
flood. Floods do not occur randomly. They occur in areas that are in geographical
proximity to water bodies, where prolonged rainfall occurs or in areas with poor
drainage system. These characteristics enable to categorize the flooding events.
The extent of the area covered by the flood can be small for example in the case of
flash floods; it affects only a village, town, or a city. While riverine floods can
affect many a city on its way (VVan Westen et al. 2011).

Duration of the event means the time span between the start and end of the
flooding or the event that caused the flood. Usually this is difficult to be defined
for floods as the recede very slowly and does not vanish completely, rather the
flood water moves from one area to another. When attention to the time of onset of
the flood, it is the time span between the start of the event causing the flooding and
the time when the flood has actually occurred, for instance, the delay between the
rainfall and the peak discharge.

Figure 1 represents the temporal relation between discharge rate and rainfall
in a monsoonal area. In the figure, two flood events are recorded: the first at the
11" day, and the second, smaller than the previous, at the 29" day; they are caused
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mainly by the rain fallen in the 8" day, and in the 21% day. The figure also
represents the area with blue stripes and the two arrows show the time lapse
between the precursor (rainfall) and the hazard pick (flood max discharge) (Van
Westen et al. 2011).

Figure 1. Discharge - Rainfall Relationship
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Frequency of flood events mean how often the flooding occur in a given time
period, for example, a year. Flood recurrence intervals can range from multiple
times a year to once in 10 years or even 30 years. It allows scientists/ researchers
to understand when a flood of certain magnitude and intensity will occur in a given
area. Magnitude refers to the energy released during the hazardous event (Van
Westen et al. 2011).

Seasonality refers to the season that has the most probability for flood. In
South Asia including Sri Lanka, the probability of floods is highest in Monsoon
period (July - August) as compared to the rest of the year. This is due to the
seasonal winds (monsoon) that blow over South Asia in this period. By knowing
the season for the flood hazard, it can be taken steps to prevent, mitigate or in the
worst case prepare for the hazard (Van Westen et al. 2011).

Intensity of floods is the damage caused by it. It can be characterized by depth
of inundation, volume of inundation, velocity of flow and rate of rise of water. The
more the depth of water, more will be its volume, velocity, and its damaging
capacity. A high rate of rise for water also means less preparation time for people
in the area (Van Westen et al. 2011).

Types of Floods

Floods can be categorized in different ways based on several criteria.
According to their duration, flood can be divided into different categories as Slow-
onset floods, Rapid-onset floods, and Flash floods. Also, floods can be categorized
according to the water source (origin), geography of receiving area, cause, and the
speed of onset. The water source of floods can originate from the ocean (coastal
floods), rivers (fluvial floods), from underground (groundwater floods) and from
rain (pluvial floods) (EC 2020, Klijn 2009).

Floods in Sri Lanka can be classified in several different ways. One of the
more common and useful ways of classifying floods is based on the source and the
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nature of flooding. Accordingly, the types of floods are riverine floods, flash floods,
localized floods, floods caused by reservoir operation and floods caused by
reservoir breaching (Disaster Management Centre 2012).

Triggering and Causative Factors of Flooding

Floods can be triggered by different natural and anthropogenic phenomena.
Sometimes, it is prolonged rainfall that causes floods, and sometimes torrential
rains or storms cause flooding situations. However, floods are not always triggered
by heavy rainfall. They can result from other phenomena, particularly in coastal
areas where inundation can be caused by a cyclone, a tsunami, or a tidal surge due
to attractive forces of the sun and the moon. Dam failure also results in flooding of
the downstream area, even in dry weather conditions. Further, in the dry season,
high average temperature can result in increased melting of the snow, hence high
discharge downstream in some countries especially in India. Similarly, lack of
permeable surface and high groundwater table in a region can also trigger a flood.
On the other hand, as an endogenic factor, floods can be caused by earthquakes
(Van Westen et al. 2011).

When focused on causative factors, floods mainly occur due to unplanned
rapid growth and development of urban areas interfering with floodplains
(Balabanova and Vassilev 2010). The additional causes of floods are deforestation,
climate change, change in weather patterns, improper waste management, changes
in land use, bad farming practices, poor dam construction, as well as the
characteristics of the catchment area, drainage network, and the river channels. The
triggering and causative factors of flooding are shown in Table 1.

Table 1. Factors Contributing to Flooding

Meteorological Hydrological Factors Human factors aggravating natural
Factors flood hazards
e Rainfall o Soil moisture level e Land use changes (e.g., surface
e Cyclonic storms | e Groundwater level prior to storm sealing due to urbanization,
e Small-scale o Natural surface infiltration rate deforestation) increase runoff and
storms e Presence of impervious cover may be sedimentation
e Temperature e Channel cross-sectional shape and | ® Occupation of the flood plain
Snowfall  and roughness obstructing flows
snowmelt e Presence or absence of over bank | ® Inefficiency or non-maintenance of
flow, channel network infrastructure
e Synchronization of run-offs from | ® T00 efficient drainage of upstream
various parts of watershed areas increases flood peaks
¢ High tide impeding drainage o Climate change affects magnitude

floods

precipitation events

Source: Van Westen et al. 2011.
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Flood Patterns in Sri Lanka

Floods are the most common and hazardous natural event than the other
natural disasters in Sri Lanka. Especially, there is a significant spatial and temporal
pattern of river floods in Sri Lanka. When considering the annual flood pattern, it
can characterize by two distinct monsoon seasons, specifically the SWM (from
May to September) and NEM (from December to February). Therefore, the
country is subjected to floods twice a year. The rainfall distribution pattern during
SWM and NEM in Sri Lanka is illustrated in Figure 2. According to Figure 2, the
SWM brings heavy rains to the western and southern slopes of the central
highlands while the NEM brings rains to the eastern side of the central hills and
lowlands. Therefore, major riverine floods are mainly associated with extreme
rainfall received during the above two monsoon seasons.

Figure 2. Spatial Pattern of Rainfall in SWM and NEM Seasons in Sri Lanka
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In addition to these monsoon seasons, the country receives torrential rainfall
because of the development of low-pressure systems or tropical cyclones
frequently form in the Bay of Bengal. Accordingly, most of the cyclonic floods
occur from October to December (Basnayake et al. 2019). As well, historical
records show that most cyclones hit the east, north, and north-central areas of the
island (Yoshitani et al. 2007). The Vavuniya district shows a higher flood
probability due to cyclonic storms. Even though the annual rainfall is lower than
the Western highlands, Vavuniya and Mullaitivu in the north have recorded the
highest rainfall intensities in the island (Zubair et al. 2020).

Flood River Basins in Sri Lanka
Among the major river basins, the Kelani, Gin, Kalu, Nilwala, and Mahaweli
rivers are more vulnerable to the occurrence of floods. Therefore, they can be

called as main flood-prone basins in Sri Lanka. Especially, according to the UN-
Water (2006), 36 major river basins out of 103 natural river basins have been
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classified into three main groups as south-west monsoonal; north-east monsoonal,
and both monsoonal river basins.

Accordingly, the Kalu, Kelani, Gin, Nilwala, and Bentota rivers; the
Attanagalu Oya, and the Maha Oya in the wet zone are included in group one viz.
south-west monsoonal river basins. These rivers are more subjected to floods
triggered by the SWM that arrives in late May, thus the districts of Kalutara,
Kegalle, Gampaha, Ratnapura, Colombo, and Gall are inundated (Disaster
Management Centre 1999). However, the Kelani and Kalu rivers are recorded the
highest flood frequencies and the accompanying flood damages among the river
basins in the wet zone (United Nations Development Programme 2011). The slight
gradients encountered in lower parts of the river mainly cause the floods in the
Kelani river basin due to the extremely heavy and prolonged rainfall in the upper
catchment areas.

Further, according to the UN-Water (2006), 26 river basins, including the
Mahaweli river, Maduru Oya, Kirindi Oya, Maha Oya, Mee Oya, Deduru Oya,
Malwathu Oya, and Mundeni Aru are fallen into group two viz. northeast
monsoonal river basins. These river basins are in the dry zone and covered a
significant spatial distribution of the country. Therefore, a large area of the country
is inundated during the NEM due to the heavy rains.

The Mahaweli river in the dry zone and the Walawe river basin, which
spreads across the semi-arid zone of the southern part of the country are included
in the third group viz. receiving rainfall from both monsoon seasons. Accordingly,
the Mahaweli and Walawe rivers can call as bi-monsoonal rivers. In addition to
that, the Deduru Oya also falls into the third group. However, this river is not
strictly bi-monsoonal.

Effects of Flooding

Floods are one of the most frequent occurring natural disasters that directly
and indirectly has sever effects on human and the environment (Hewitt 2013). The
direct damages are those who cause harm by contact of flood water with property,
humans, or other objects. Indirect damages are those who occur outside the flood
event itself (World Meteorological Organization 2008). The most important
parameters influencing flood impact are water depth, duration of flooding, flow
velocity, sediment concentration, sediment size, wave or wind action, pollution
load of flood water and rate of water rise during flood onset (Genovese 2006). The
losses due the floods are shown in Table 2.
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Table 2. Categorization of Flood Losses

March 2024

Tangible Direct

Tangible Indirect Losses

Intangible Human and

property
deterioration and
decay

Long-term rot and
damp

Structures are
weakened, making
them more damage
prone in subsequent
floods

bankrupt

o Loss of exports

o Reduced national gross
domestic product

Losses Other Losses
Primary Damage to: Loss of, or disruption, to: Loss of life
e Buildings (e.g., e Agricultural production Physical injury
houses) e Industrial production Loss of heritage or
e Contents of e Communications (e.g., archaeological site
buildings road, rail, and
o Infrastructure (e.g., telecommunications)
roads, bridges) e Health care and
o Crops and animals education services
o Utility supplies (e.g.,
electricity)
Secondary | ¢ Flood causes fire e Lost value added in Increased stress
and fire damage industry Physical and
e Salt in seawater e Increased traffic psychological trauma
contaminates land congestion and costs Increase in flood-
and reduces crop o Disruption of flow of related suicides
yields employees to work Increase in water-
¢ Flood cuts causing “knock-on” borne diseases
electricity supply, effects Increase in ill health
damaging e Contamination of water Increase in post-flood
susceptible supplies visits to doctors
machines and e Food and other shortages Hastened and/or
computer runs o Increased costs of increased mortality
emergency services
e Loss of income
¢ Increased household
costs
Tertiary e Enhanced rate of e Some businesses are Homelessness

Loss of livelihoods
Total loss of
possessions (i.e.,
uninsured)
Blighted families
Lost communities
where communities
are broken up

Source: World Meteorological Organization 2008.

Floods can also bring positive effects of many benefits such as recharging
ground water, making soil more fertile and increasing nutrients in some soils.
Especially, flood waters provide much needed water resources in arid and semi-
arid regions where precipitation can be very unevenly distributed throughout the
year. Freshwater floods particularly play an important role in maintaining
ecosystems in river corridors and are a key factor in maintaining floodplain
biodiversity. Also, flooding can spread nutrients to lakes and rivers, which can
lead to increased biomass and improved fisheries for a few years. For some fish
species, an inundated floodplain may form a highly suitable location for spawning
with few predators and enhanced levels of nutrients or food. Fish such as the
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weather fish make use of floods in order to reach new habitats. Bird populations
may also profit from the boost in food production caused by flooding.

Recent Trends in Floods of Sri Lanka

The nature of catastrophic floods has also changed in recent years in the
world with an increase in the frequency of flash floods, acute riverine, and coastal
flooding. Besides, urbanization has significantly increased flood runoffs, while
recurrent flooding of agricultural land, particularly in Asia, has taken a heavy toll
in terms of lost production, food shortages, and rural under-nutrition (United
Nations International Strategy for Disaster Reduction 2017). Therefore, the
occurrence of flood events shows an increasing trend in most regions of Sri Lanka.
According to the study of national climate change adaptation strategy for Sri
Lanka - 2011 to 2016 undertaken by the Environmental Ministry of Sri Lanka, it
has been reported that increased the intensity of rainfall in the wet zone due to
climate change is expected to increase the propensity for flooding in flood-prone
rivers (Perera 2017).

Further, the total number of flood events in Sri Lanka is recorded high.
According to the historical data, flood events have increased over the years with
25 large floods that occurred between 2000 and 2013 due to the intensity and
frequency of extreme weather events. Intense rainfall above 300 mm within 24
hours caused to occur flash floods in 2010, 2011, and 2012 due to the climate
change impacts.

Moreover, with an increase in the number of flood events, the associated
flood damages such as the number of building damages, crop damages, and
infrastructure damages have been also increased. Further to this, another flood
impacts such as the number of injuries and affected people have also sharply
increased as obvious from the past few years. However, there is a significant
decline in loss of lives due to flooding since 2003 (Consortium of Humanitarian
Agencies 2016).

The number of districts affected by floods has also increased. According to
the Consortium of Humanitarian Agencies (2016), the most vulnerable districts
which were affected by floods during the last 40 years from 1974 to 2015 are
Batticaloa, Ampara, Colombo, Gampaha, Kalutara, and Ratnapura districts
respectively. In addition to that, the Hambantota district can be identified as a new
vulnerable district in Sri Lanka affected by floods from 2000 to 2013.
Accordingly, Hambantota, Tissamaharama, and Ambalantota divisions are prone
to flood in this district.

Theoretical Review
Trend Analysis

A common feature of time series data is a trend. Using regression, we can
model and forecast the trend in time series data. Accordingly, in this study, linear
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regression analysis was used to analyze the stream flow pattern in the downstream
of the Kelani river basin. A regression based trend analysis was conducted using
linear trend model by using the following equation.

Y=mx+c Equation (1)

Where m represents the rate of changes and c represents the y intercept of the
line. The R-squared (R?) value ranging from ‘0’ to ‘1’ or the ‘corrected R squared’
(R which is adjusted for degrees of freedom indicates the explanatory power
(goodness of fit) of the model.

Flood Frequency Analysis

Flood frequency analysis is one of the significant studies of river hydrology
(Yadav 2002). It is based upon the historical records and provides an estimate of
exceedance probability or recurrence interval of the flood of a particular magnitude
(Gilard 1996). This is analyzed based on the maximum rainfalls, maximum
discharges, or water levels, which is the largest instantaneous peak flow occurring
at any time during the year by Gumbel’s method, Log-Normal and Log Pearson 111
Type method. The estimation of the frequencies of the flood is important to
understand the previous records of flood events to evaluate future possibilities of
such occurrences.

In this study, the flood frequency analysis was done by using Gumbel
Extreme Value Distribution. Gumbel’s extreme value distribution which is one of
the most widely used probability analyses of extreme values in hydrologic and
meteorological studies for prediction of flood peaks and maximum rainfalls was
used to estimate the temporal probability of occurrence of flood events in the area.
Accordingly, the objective of frequency analysis was to find out discharges at
different return periods using extreme value distribution by Gumbel method
(Manandhar 2010, Van Westen et al. 2011) as mentioned below.

The annual maximum flood values were arraigned from low to high
(ascending order) and assigned lowest rank 1 to the lowest value and assigned the
highest rank N to the highest data value. Left sided probability of each event was
calculated by equation 2 (Van Westen et al. 2011).

R
T N+1

P Equation (2)

Where,

PL = Leftside probability (probability of having less values in the series)
R =Rank

N  =Total number of observations/ Numbers of years

The T (return period/ recurrence interval) was calculated for each observation by
equation 3 (Van Westen et al. 2011).
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1 1 .
PR 1.PL Equation (3)
Plotting position for each observation was calculated by equation 4 (Van

Westen et al., 2011).

T

Y = -In(-InPy) Equation (4)

Methodology
Study Area

The Kelani River is the second largest river and the third largest watershed in
Sri Lanka. It is also the fourth-longest river in Sri Lanka (Mallawatantri et al.
2016). This river basin is located totally in the wet zone of the country. The Kelani
river basin receives an average annual rainfall of 3,450 mm and corresponding to a
volume of about 7860 MCM out of which nearly 43 per cent discharges into the
sea (Ministry of Irrigation & Water Resource Management 2018). The Kelani
river basin is located at the coordinates between Northern latitudes 6° 46’ & 7° 05/
and Eastern longitudes 79° 52’ & 80° 13 (De Silva et al. 2016). With the
experience of the previous flood records of the Kelani river basin, the downstream
or lower reach of the Kelani river basin was selected as the study area of this
study. The absolute and relative location of the study area is illustrated in Figure 3.

Figure 3. Absolute and Relative Location of the Study Area
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According to Figure 3, the selected study area is in the Western and
Sabaragamuwa provinces of Sri Lanka and located at the coordinates between
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Northern latitudes 6° 46’ & 7° 05' and Eastern longitudes 79° 52’ & 80° 13
Accordingly, the study area covers the flood plains below Glencourse gauging
station in Kegalle district up to the Nagalagam Street gauging station in Colombo
district. The total length of the Kelani river in the study area is about 55
kilometers. The total land area of the study area is about 810 square kilometers.
The study area is in the wet zone of Sri Lanka and, it receives an annual rainfall
varying from 500 mm to 4,000 mm with an average mean annual rainfall of about
2,440 mm over the elevation range of the basin.

Data Used for the Study

The study was mainly based on secondary data. As hydrological data, daily
discharge data were gathered for a period of 30-years between 1990 and 2019
from the Department of Irrigation, Sri Lanka to estimate the temporal probability
of occurrence of flood events in the study area. Similarly, these hydrological data
were collected from the Hanwella gauging station, which is located downstream of
the Kelani river basin.

Different reports, press statements, annual reports, annual Symposium
proceedings, and other documents both published and unpublished by the relevant
authorities including Disaster Management Centre, Ministry of Agriculture, as
well as other local and international organizations, were used to identify the flood
profile of the country containing the study area and its impacts. Further, other
related literature such as books, journals, technical reports, and research papers
were referred from different sources such as libraries and the World Wide Web
through the Internet. Information found in the newspapers was also used.

Data Analysis Methods

To estimate the temporal probability of occurrence of flood events, stream
flow analysis by using normal distribution, trend analysis by using regression
method and flood frequency analysis by using Gumbel’s extreme value distribution
were used.

Results and Discussion
Stream Flow Analysis

The normal distribution analysis and trend analysis were conducted to
identify the stream flow pattern in downstream of the Kelani river basin. The mean
of daily and monthly discharge data of each year was used as the descriptive
statistic to determine the normal distribution of stream flow in the study area.
Trend analysis was conducted using monthly average discharge data based on the
regression analysis method (Sharma et al. 2018). Therefore, the monthly average
discharges for the period from 1990 to 2019 are represented in Figure 4.
According to Figure 4, there was two peaks in the year, which reveals the bi-
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modal pattern of discharge in downstream of the Kelani river basin occurred in
June (175 m%/s) and in October (205 m*/s). The annual average discharge of the
river basin was 113 m*/s.

Figure 4. Monthly Average Discharge (1990-2019)
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The result of time series trend analysis was indicated that a decreasing
(negative) trend in monthly average discharges over the period (Figure 5). During
the period, the maximum average discharge was recorded in 2016 with the average
discharge of 528.66 m*/s in May while the lowest was recorded in the year 1992
with the average discharge of 15.26 m*/s in March.

Figure 5. Monthly Average Discharges of Kelani River at Hanwella
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According to Figure 5, it is also evidenced that there were many variables in
discharges of the Kelani river over the study area during the period between 1990
and 2019. The significant increases of discharges in the graph were indicated the
flood hazard events in the study area. Therefore, it is important to calculate the
probability of occurrence of historical flood magnitudes and return periods to
assess flood risk (‘Yadav 2002, Sharma et al. 2018).

Flood Frequency Analysis

The objective of flood frequency analysis was to calculate the magnitude of
extreme events at their frequency of occurrence using probability distributions
(Yadav 2002, Sharma et al. 2018). Accordingly, the results of the flood frequency
analysis are shown in Figure 6 and Table 3. Figure 6 shows the plotting positions
of the discharges while Table 3 shows the calculation steps of flood frequency
based on Gumbel’s distribution method (Manandhar 2010).

Figure 6. Gumble Probability
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Accordingly, ten return periods were covered the total period of 30 years
between the first and the last occurrence of high flood events as 1, 2, 3, 4, 5, 6, 8,
10, 16, and 31. The return periods and the probability of occurrence for each
observation of downstream of the Kelani river basin are shown in Table 4.

Accordingly, as shown in Table 4, the study area had been affected ten times
by low annual maximum discharges range between 439 m*/s and 956 m*/s; eight
times by discharges range between 957 m®s and 1127 m®/s; four times by
discharges range between 1128 m%s and 1210 ms; two times by discharges range
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between 1211 m%s and 1238 m*/s with return periods of 1, 2, 3 and 4 years
respectively. Therefore, the study area was experienced with a very high and high
probability of flood occurrences with one and two-year-return periods. In other
words, it was observed that there was a 97 per cent probability of flood occurrence
almost annually and a 64 per cent probability of occurring once every two years.
The study area was also experienced with a moderate probability of occurrences of
three and four years return period floods. Further, the results were revealed that
there was a less probability of occurrence of 5, 6, 8, 10, 16, and 31 years return
period floods with relatively high discharge data.

Table 4. Maximum Peak Discharges for Various Return Periods at Hanwella

Annual maximum discharges Return | Probability of

3 Frequency - Hazard level
(Cumecs/ m°/s) period occurrence
439 - 956 10 1 0.968 Very High
957 - 1127 8 2 0.645 High
1128 - 1210 4 3 0.387 Moderate
1211-1238 2 4 0.258 Moderate
1239 - 1247 1 5 0.194 Low
1248 - 1282 1 6 0.161 Low
1283 -1292 1 8 0.129 Low
1293 - 1408 1 10 0.097 Low
1409 - 1449 1 16 0.065 Very Low
> 1450 1 31 0.032 Very Low

Especially, the study area experienced several more severe flood events in the
most recent, for example, the probability of occurrence of the 2016 flood at the
same magnitude could be once in 31 years (probability = 0.032). Also, the return
period of floods in 2017 was 15.5 years (Table 3). Accordingly, the results of
flood frequency analysis of the study area can be used to design bridges, culverts,
dams, and flood control structures for mitigating flood risk; to define flood plains;
to determine the economic value of flood control projects and the effect of
encroachments on the flood plain (Yadav 2002, Sharma et al. 2018).

Table 3. Summary Table: Extreme Value Distribution by Gumbel Method

Maximum Re- Rank Return
Year | Discharges | arranged ®) P, Pr Period Y

in Cumecs | discharges (M
1990 568 439 1 0.032258065 | 0.967741935 1.03 -1.23372204
1991 1007 568 2 0.064516129 | 0.935483871 1.07 -1.00826445
1992 1076 670 3 0.096774194 | 0.903225806 111 -0.84817244
1993 1292 760 4 0.129032258 | 0.870967742 1.15 -0.71671372
1994 1172 764 5 0.161290323 | 0.838709677 1.19 -0.60133299
1995 764 814 6 0.193548387 | 0.806451613 1.24 -0.4960537
1996 1135 904 7 0.225806452 | 0.774193548 1.29 -0.39748472
1997 1216 910 8 0.258064516 | 0.741935484 1.35 -0.30346609
1998 1017 950 9 0.290322581 | 0.709677419 141 -0.21249718
1999 1282 956 10 0.322580645 | 0.677419355 1.48 -0.12345767
2000 990 990 11 0.35483871 | 0.64516129 1.55 -0.03545588
2001 670 1007 12 0.387096774 | 0.612903226 1.63 0.0522616
2002 760 1013 13 0.419354839 | 0.580645161 1.72 0.140368602
2003 814 1017 14 0.451612903 | 0.548387097 1.82 0.229501376
2004 904 1076 15 0.483870968 | 0.516129032 1.94 0.32029204
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2005 950 1076 16 | 0516129032 | 0.483870968 2.07 0.413398773
2006 1210 1125 17 | 0548387097 | 0.451612903 221 0.509536687
2007 1076 1127 18 | 0580645161 | 0.419354839 2.38 0.609513182
2008 1408 1135 19 | 0612903226 | 0.387096774 258 0.714272302
2009 910 1159 20 0.64516129 | 0.35483871 2.82 0.824954504
2010 956 1172 21 | 0.677419355 | 0.322580645 3.10 0.942981875
2011 1247 1210 22 | 0.709677419 | 0.290322581 3.44 1.07018592
2012 439 1216 23 | 0.741935484 | 0.258064516 3.88 1.209008835
2013 1159 1238 24 | 0.774193548 | 0.225806452 4.43 1.362838126
2014 1125 1247 25 | 0.806451613 | 0.193548387 517 153659934
2015 1013 1282 26 | 0.838709677 | 0.161290323 6.20 1.73789269
2016 1620 1292 27 | 0.870967742 | 0.129032258 775 1.979412778
2017 1449 1408 28 | 0.903225806 | 0.096774194 | 10.33 2.284915186
2018 1238 1449 29 | 0935483871 | 0.064516129 | 1550 2.707679652
2019 1127 1620 30 | 0.967741935 | 0.032258065 | 31.00 3.417637092
Conclusion

When considering the Kelani river basin, it is recorded as a highest flood
frequency and the accompanying flood damages among the river basins in wet
zone. Specially, flood frequency is the concept of the probable frequency of
occurrence of a given flood. For the design of engineering works, it is not
sufficient to identify only the maximum observed flood, it is also necessary to find
out the frequency of occurrence of the flood. Therefore, the specific objective of
the study is to estimate the temporal probability of occurrence of flood events in
downstream of Kelani river basin. The results of the study revealed that there was
a bi-modal pattern of discharges that occurred in June and October. The results
also indicated that ten return periods were covered the total period of 30 years
between 1990 and 2019, and there was a 97 per cent probability of flood
occurrence almost annually and 64 per cent probability of occurring once every
two years.

According to the outcomes of the study, it can be said that stream flow and
flood frequency analyses are important concepts and techniques for reducing flood
damages in an area and for the designers of the flood control works. As well as
flood frequency information can be applied to controlling land uses and settlements
on flood prone areas and many other applications. This study, therefore, was
recommended to design bridges, culverts, dams, and flood control structures for
mitigating flood risk; to define flood plains and for modeling purposes; to
determine the economic value of flood control projects and the effect of
encroachments on the flood plains in downstream of the Kelani river basin.
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