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Abstract

Floods are common in Indonesia, especially in Aceh, and are caused by various factors, such as
high rainfall during the rainy season, resulting in material and life losses. Developing a flood monitoring
and early detection system is essential to reduce the negative impact of flooding. This research introduces
the implementation of the Fuzzy Logic Sugeno method on a web-based flood monitoring and early detection
system, which uses ESP32 and accurate sensors to monitor water level and water flow. Testing is done
through two approaches. First, the water level and flow parameters were manipulated manually to test the
system's response to changing conditions. Secondly, tests were conducted automatically until the prototype
aquarium was complete to see the system's ability to detect potential flooding. The test results show that
the system can automatically recognize potential flooding, take preventive actions, such as opening or
closing floodgates, and provide real-time condition information through a Website.
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1. Introduction

Flooding remains a recurring issue in Indonesia, particularly in Aceh. Floods often occur
during the rainy season when heavy rainfall causes rivers and waterways to overflow beyond
their capacities. According to the Meteorology, Climatology, and Geophysics Agency
(BMKG), the rainy season in Aceh begins in October and peaks between November and
December. Flooding is a natural phenomenon that frequently impacts communities due to
excess water accumulation in specific areas [1]. This phenomenon results in numerous losses,
both material, such as damage to infrastructure and economic disruptions, and humanitarian,
including loss of life [2]. Floods not only cause significant material damage but also have severe
effects on people's lives, including fatalities and long-term socioeconomic consequences [3].

Flood early detection systems are designed to quickly and accurately detect potential
flooding and warn the public [4]. These systems rely on Internet of Things (IoT) technology,
which enables them to connect to the internet and transmit sensor data effectively [5]. In the
development of flood early detection systems, it is important to consider diverse environmental
conditions, including varying weather patterns and possible sensor failures. Weather variability
can affect measurement accuracy and system response. Therefore, this research also includes
strategies to improve the system's resilience to changing environmental conditions, as well as
mechanisms to address possible sensor failures. To enhance the reliability of such systems, this
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research also integrates a fallback mechanism that ensures local data collection and allows the
use of alternative communication channels when internet connectivity is disrupted [6].

The Fuzzy Logic Sugeno method is employed in this study to develop a more precise and
efficient flood early detection system [7]. The Sugeno method is advantageous as it processes
numerical information from measured variables, making it effective for addressing
unpredictable scenarios [8]. The primary objective of this research is to design an efficient and
accurate flood early detection system by leveraging the Fuzzy Logic Sugeno method to improve
responsiveness to unpredictable flood conditions [9]. In applying IoT technology for early flood
detection, fuzzy logic is implemented in the control system, enabling decisions to be made based
on system requirements, which ensures effective and efficient operation [10]. Fuzzy Logic
Sugeno is specifically applied to categorize conditions into safety, alert, and emergency levels,
ensuring the system operates accurately and provides real-time, fast information to the public
[L1]. This method is particularly effective for monitoring and detecting conditions in rivers or
areas prone to flooding by measuring unpredictable water levels [12].

Although several previous studies have developed flood detection systems, many failed to
address issues such as network instability and IoT integration, which could enhance system
effectiveness [13]. Various approaches have been introduced by prior researchers. For instance,
one study designed a flood detection system based on ultrasonic sensors and microcontrollers
integrated with Thingspeak and Telegram communication media to display real-time water
level data and send notifications via the Telegram application. This system achieved a relative
error of 0.78% [14].

Additionally, another study developed a flood detection system using ultrasonic sensors,
LEDs, and buzzers as indicators of danger levels based on water levels and rainfall intensity.
This system demonstrated good performance and readiness for field implementation [15].
Another IoT-based flood detection system used Dual Tone Multi-Frequency (DTMF)
technology with a 433 MHz RF module, enabling real-time water level monitoring without
requiring internet or telephone signals[16].

Finally, a microcontroller-based flood early detection system utilizing ultrasonic sensors
was designed, and the system proved effective for application in flood-prone areas [17].This
study utilizes ultrasonic and water flow sensors to monitor real-time water conditions, with the
data processed using the Fuzzy Logic Sugeno method to determine appropriate preventive
actions.

2. Research Methods
Below is a schematic description of the flood early detection system device:
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Fig 1 System Schematic
This flood early detection system uses ultrasonic sensors, water flow sensors, LEDs (red, yellow,
green), buzzers, and a 16x2 [2C LCD to monitor water conditions and provide warnings. The LED indicates
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the water status (safe, alert, dangerous), while the LCDs the sensor data locally. Data from the sensors is
processed by the microcontroller using the Fuzzy Logic Sugeno method to determine the position of the
sluice gates (open/close) based on the water level and flow rate. Decisions are made through three fuzzy
rules (low, medium, high) to prevent flooding, and users can monitor the data through a web interface
connected to the server.

Below is a flowchart of the entire flood early detection system:
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Fig 2 Flowchart

The diagram illustrates the workflow of the ESP32-based flood detection system. The system
starts with device initialization and internet connection. Every 500 ms, the system measures the
water level with an ultrasonic sensor and the water discharge with a water flow sensor. The data
is processed using Fuzzy Logic Sugeno to determine the flood condition. The servo motor controls
the floodgates, and the buzzer and LED are activated according to the condition (safe, alert,
dangerous). The data is then sent to the server via HTTP, validated, stored, and displayed in real-
time on the Website. This cycle repeats every 500 ms for continuous monitoring.

The Fuzzy Logic Sugeno method is utilized to process data obtained from various sensors
integrated into the system. This study employs an ultrasonic sensor to monitor and detect rising
water levels that could lead to flooding, along with a water flow sensor to measure water flow
rates. Furthermore, a motor servo is used to operate the floodgate, allowing the system to respond
automatically based on the analyzed sensor data.

Converting numerical values into fuzzy sets and determining their degrees of membership is
called fuzzification. This process facilitates the measurement of the degrees involved in this study
by using linear and curves.

Fuzzy rule inference is the determination of rules in a fuzzy logic system. The operator used
to connect two inputs is the AND operator, while the one used to map between input and output
is IF-THEN.

The inference process used in this research is Zero zero-order Sugeno Fuzzy Logic:
IF (xy is A\)AND (x, is A;)AND ...AND x, is A, THEN z = k | (1)

Description:
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® Xy X X, input variable
o A, A, A= fuzzy set for each input

. E = constant (strict value) as a consequent

After these rules are obtained, the next step is the reasoning process, which determines the
value of a — predikat(i) using the AND (intersection) operator. In Sugeno's method, the
implication function used for the AND operator is MIN, which is in the form if ... then ..., with the
following equation:

wAn B = MIN (uA [x], uB[v]) (2)

Description:
o uA[x] = the membership degree value of the fuzzy solution to the i-th rule;
e uB[y] = membership degree value of the i-th rule fuzzy consequent;

The input of the defuzzification process is a fuzzy set rule obtained from fuzzy rule
composition, while the output is a number in the fuzzy set. In other words, from a fuzzy set ina
certain range, a crisp value must be taken as output. In Sugeno's method, defuzzification is done
by finding a (weighted average).

7.1'_ a.Z.
WA:ZL:ll iZi 3)

i=1 9%

Description:
e WA =|weighted average value

i| = a i-th predicate
= j-th consequent

3. Results and Discussion
3.1 System Implementation

The form of the prototype can be seen in the following figure which consists of ultrasonic sensor,
water flow, LCD 12C, servo motor, red, yellow, green LED, buzzer, ESP32. All components are
arranged and combined in a simple aquarium.
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Fig 3 Tool Prototype

Once the device is connected to the prototype aquarium, the next step is to build a PHP-based
Website to monitor data in real-time, including water level, water discharge, and sluice status based
on the Sugeno Fuzzy Logic method. The ESP32 is programmed to read the data from the sensors,
process it with fuzzy logic, and control the servo motor that opens or closes the floodgates. Buzzers
and LEDs are activated as early warnings, while the ESP32 functions as a control center to monitor
and control the flood system automatically. The Web display can be seen in the picture below.

To ensure the continuity of the system's functioning in conditions without internet connectivity,
a fallback mechanism is implemented. The system is equipped with local data storage that allows data
collection to continue even when there is no connection. In addition, alternative communication
channels such as SMS are used to send alerts to users when the internet is unavailable.
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Fig 6 Table Page

The images above present different sections of the flood monitoring website, showcasing
visual elements that help users easily understand the displayed information. These visuals clearly
represent system operations and real-time sensor data. Furthermore, the "Community Page"
enables local residents to submit water condition reports directly to the server, fostering
community engagement and ensuring timely updates.

3.2 System Testing

In the System Monitoring Test Results section, we will explain the test results related to system
monitoring, which includes the sensors and features used. The tests include ultrasonic sensors,
water flow sensors, buzzers, LEDs, and servo motors to control the floodgates, as well as data
transmission to the server. The results provide an overview of the accuracy and reliability of the
sensors in monitoring important parameters for early flood detection. To overcome possible
internet failures, a fallback mechanism has been designed using temporary local storage. The data
will be synchronized back to the server once the internet connection is restored, so that monitoring
continuity is maintained.
a. Ultrasonic Sensor Testing

The sensor will measure the resulting distance when placed at a predetermined height, which

is 30 cm (low), 17 cm (medium), and 10 cm (high).

Table 1 Ultrasonic sensor testing

High Water Testing
No Status Date Time Level (cm) Average Std  Error
Dev (%)
1  High 2024-09-10 17:21:21 10 cm 9,99 0,16 -0,10
2  Medium 2024-09-10 17:21:22 12 cm 11,98 0,21 0,17
3  Medium 2024-09-10 17:21:23 12 cm 12,01 0,21 -0,08
4  Medium 2024-09-10 17:21:24 12 cm 12,08 0,18 -0,67
5 Medium 2024-09-10 17:21:25 13 cm 12,99 0,16 0,08
6 Medium 2024-09-10 17:21:26 13 cm 12,99 0,16 -0,08
7 Medium 2024-09-10 17:21:27 12 cm 12,03 0,14  -0,25
8 Medium 2024-09-10 17:21:28 12 cm 11,97 0,14  -0,25
9 Medium 2024-09-10 17:21:29 12 cm 12,03 0,18 0,25
10 Medium 2024-09-10 17:21:30 12 cm 12,07 0,18 -0,58
Overall average 12,01

The test is performed ten times. If the average error is small and consistent, the sensor is
judged to be accurate; otherwise, recalibration or sensor replacement is required.
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b. Water Flow Sensor Testing
The measured water discharge is 1.5 I/min (low), 2.5 I/min (medium), and 4 I/min (high). As
the water flows, the impeller sensor rotates according to the flow speed, generating electrical
pulses sent to the ESP32.
Table 2 Water Flow Sensor Testing

Water Testing
No Status Date Time Discha&rge Average Std Error
(L/min) Dev (%)
1  Medium 2024-09-10 17:21:21 3,20 3,20 0,01 -0,06
2 Low 2024-09-10 17:21:22 1,86 1,86 0,01 -0,11
3 High 2024-09-10 17:21:23 9,33 9,33 0,01 -0,02
4 Medium 2024-09-10 17:21:24 3,47 3,47 0,01 -0,06
5 Low 2024-09-10 17:21:25 2,27 2,27 0,01 -0,09
6 Medium 2024-09-10 17:21:26 2,80 2,80 0,01 -0,07
7 High 2024-09-10 17:21:27 4,93 4,93 0,01 -0,04
8 Medium 2024-09-10 17:21:28 3,73 3,73 0,01 -0,05
9 Medium 2024-09-10 17:21:29 3,06 3,06 0,01 -0,07
10 High 2024-09-10 17:21:30 4,53 4,53 0,01 -0,04
Overall average -0,06 %

After calibration is performed, a retest is performed to ensure that the average error decreases
and the consistency of the results increases. If after calibration the average error is still small
and consistent, the sensor is considered accurate and can be used reliably.
c. Motor Servo Testing
The results of the servo motor tests that have been carried out are listed in the table below.
Table 3 Motor Servo Testing

Water

No Pg sition Water Gate Status  Discharge High Water
ervo . Level (cm)
(L/min)

1 90° Half Open 3,20 L/m 10 cm

2 90° Half Open 1,86 L/m 12 cm

3 180° Open 9,33 L/m 12 cm

4 90° Half Open 3,47 L/m 12 cm

5 90° Half Open 2,27 L/m 13 cm

6 90° Half Open 2,8 L/m 13 cm

7 180° Open 4,93 L/m 12 cm

8 90° Half Open 3,73 L/m 12 cm

9 90° Half Open 3,06 L/m 12 cm
10 180° Open 4,53 L/m 12 cm

Tests were conducted ten times with a one-second interval between each test in real-time to
ensure that the servo motor provided consistent and accurate results in regulating the
floodgates.
d. System Control Testing Using Sugeno Fuzzy Logic Method

A system control test applying Sugeno's Fuzzy Logic method for sluice gate operation in a
flood early detection system. The results of this test will provide an overview of the
performance and reliability of the process in responding to changes in environmental
conditions automatically and efficiently while emphasizing the importance of smart
technology in improving flood risk management systems to protect the public.

https://doi.org/10.31849/digitalzone.v15i2. 23356
Digital Zone is licensed under a Creative Commons Attribution International (CC BY-SA 4.0)



https://doi.org/10.31849/digitalzone.v15i2.
https://creativecommons.org/licenses/by-sa/4.0/deed.id

Terakreditasi SINTA 3 m165
Published online on the website: https://journal.unilak.ac.id/index.php/dz

Determination of Input Parameters:
Water surface height: 18
Water discharge: 3,5
1. Finding Membership Degrees:
Membership Degree of Water Level Height:

LOwW MEDIUM HIGH
1
0,88
0,88
o 25 18 17 10

Water Level (CM)
Fig 8 Membership Degree of Water Level Height

Low membership value

1, x <10
25 —x
endah(x 1 <1
1R (%) E—17 0<x <17
0, x> 25
Description:

e x is the water surface height value in cm

25—x
R25-—17

e For a water surface height of 18 cm, the formula used is because the value is

between 17 and 25

dah(18) 5 _ 0,875
hRendah(18) 557 =0,
Medium membership value
x—10
7 10<x <17
uSedang(x){ 25 — x
9(x) — 20<x <25
25 —-17
0, x> 25

Description:
e x is the water surface height value in cm

25—x
R25-—17

e For a water surface height of 18 cm, the formula used is because the value is

between 17 and 25

dang(18) o2 _ 7 _ 4,875
hSedang(18) 7e—27=3=0
High membership value
0, x <17
; : -17
uTinggi(x) { = 17<x <25
0-17 *=
1, x <10
Description:

e x is the water surface height value in cm
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e For a water surface height of 18 cm, the formula used is

between 17 and 25

18 — 17
uTinggi(18) m

—17

1
— = 10,00
-7

Membership Degree of Water Discharge:

Low membership value

[ LOW

MEDIUM

x-17

10-17

HIGH

0,67

0,33

o 1,5

water discharge (L/min)

2,5

3,5

4

Fig 9 Membership Degree of Water Discharge

because the value is

Water discharge = 3.5 L/min. Because 3.5 is above 2.5, the membership value is 0. Moderate

1, x<15
dah(x) | 22— * 1,5<x <25
uRendah (x 2515 ) x <2,
0, x>25
Membership Value
X1 e x <25
25-15 0 S*¥=%
uSedang(x)y 4,0 —
9N 40-x oy <0
4,0-25
0, x> 40
Description:

e is the water discharge value in L/min

o for a water discharge of 3.5 L/min, the formula used is

between 2.5 and 4.0

p 35 40-35 05 033
WSedang(35) 0 —25= 15 "
High membership value
0, x <25
) , x—2,5
pringgi(x) { ——— 25<x <40
40—-25
1, x>40

Description:

e x is the water discharge value in L/min

o for a water discharge of 3.5 L/min, the formula used is

between 2.5 and 4.0

35—-25

Tinggi(3,5) ——
uTinggi(3,5) 20—25

! 0,67
=15=0

4,0—x
4,0—-2,5

x-2,5
4,0—2,5

Because the value is

Because the value is
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2. Finding Inference using Sugeno Fuzzy Logic

[R1] If the water level is low and the water discharge is low, the sluice gate output = 0
(closed).
o — predicate; = Ppengan(%) N Ueendqn (X)
= min (Wrendan(18) N Prengan(3,5))
=min (0,88;0)

=0
Value of
[R2] If the water level is low and the water discharge is moderate, then the sluice gate output
=0 (closed).
’C( — predicate; = Pgenaqn(X) N P—Sedana(x)l
= min (|uRendah(18) n uSedana(g"T))‘
=min (0,88;0,33)
=0,33
Value of
[R3] If the water level is low and the water discharge is high, then the sluice gate output =
0.5 (half open).
|C( — predicate; = Ppengan(X) N P—Tinaai(x)‘
= min (||J-Rendah(18) n I»J—Tinaai(3'5))|
=min (0,88;0,67)
=0,67
Value of
[R4] If the water level is medium and the water discharge is low, then the sluice gate output
=0 (closed)
|C( — predicates = Pgegang(X¥) N URendah(x)l
= min (|uSedana (18) n uRendah(3'5))|
= min (0,88;0)

=0
Value of
[R5] If the water level is medium and the water discharge is medium, the sluice gate output
= 0.5 (half open)
|C( — predicates = Psegang(¥) N USedana(x)l
= min (IuSedana (18) n uSedanq(&T))‘
=min (0,88;0,33)
=0,33
Value of
[R6] If the water level is medium and the water discharge is high, the sluice gate output is 1
(open).
e — predicates = seagng(®) N ringqi ()
= min (I”Rendah(ls) n I»J—Tinaqi(3'5))|
=min (0.88;0,67)
=0,67
Value of
[R7] If the water level is high and the water discharge is low, the sluice gate output is 0.5
(half open).
— predicate; = Pringqi(*) N uRendah(x)‘
= min (ll’—Tinaai(lS) n I»J—Rendah(3'5))|
=min (0,0;0)

=0
Value of
[R8] If the water level is high and the discharge is moderate, the sluice gate output is 1 (open).
|(x — predicateg = WUringqi(*) N Ksedang (x)‘
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= min (IuTinaai(ls) n uSedana(Bls))l
=min (0,0;0,33)
=0,0
Value of
[RI] If the water level is high and the water discharge is high, the sluice gate output is 1
(open).
|(X — predicateo = pPringqi(x) N uTinaai(x)|
= min (||'1Tinaai(18) n uTinaai(Bls))|
=min (0,0;0,67)
=0,0
Value of
3. Searching for defuzzification with the weighted average
method Defuzzification of the sluice gate output:
WA = * ,apredikat; z;

™ i apredikat;
Total Fuzzy Logic Sugeno rules

(0,33.0) + (0,33.0,0) + (0,67.0,5) + (0,67.1) + (0,33.0,5) + (0,67.1)
Z =

0.33 + 0,67 + 0.33 + 0.67

0+ 0,335+ 0,165 + 0,67
i 2.0

Z = 2.—0 = 0,585
With a water level of 18 and a water discharge of 3.5, the result of the Fuzzy Logic Sugeno
calculation for sluice control is 0.585, which means the sluice will be in the "half-open"

position.
Calculation results of zero-order Sugeno fuzzy logic for sluice control in the system:

Fig 10 Calculation of Sugeno Fuzzy Logic on the System
The figure shows that the calculations produced by the system and manual for the Fuzzy
Logic Sugeno method obtained identical results.
The system was also tested using Mamdani fuzzy logic and artificial neural networks for
comparison.
Table 4 Comparison of Data Processing Methods

Accuracy Execution

Method (%) Time Notes
Sugeno, 95 10 Stable, suitable for real-time
Mamdani 97 20 More accurate, but slower
Atrtificial Neural Very accurate, but requires
98 50
Network more resources

https://doi.org/10.31849/digitalzone.v15i2. 23356
Digital Zone is licensed under a Creative Commons Attribution International (CC BY-SA 4.0)



https://doi.org/10.31849/digitalzone.v15i2.
https://creativecommons.org/licenses/by-sa/4.0/deed.id

Terakreditasi SINTA 3 W69
Published online on the website: https://journal.unilak.ac.id/index.php/dz

Sugeno remains the best choice for real-time applications as it is able to maintain a balance
between accuracy and execution time. However, Mamdani can be applied to systems that are less
dependent on time sensitivity.
e. Testing the Entire System
The picture of the overall system testing on the flood detection prototype can be seen in the
following figure:

L3 = =g

Fig 11 Testing the Entire Tool Fig 12 Testing the Entire System

In the testing phase of the flood control and monitoring system with floodgates, the authors used
two approaches to ensure system reliability. First, direct manipulation of the water level and
floodgate status was performed to test the system's response, which is important to verify the
system's ability to respond quickly and accurately to changing conditions. In addition, the internet-
connected test results displayed data from sensors and other devices, with Sugeno Fuzzy Logic
controlling the movement of the floodgates. Once the data is read and displayed on the serial
monitor, it is sent to the database. However, if there is an internet interruption, the data may fail
to be saved.

Table 5 Overall System
N a
Date Time Teg\:]elv::r:lc;r Divs:I:hta'e:ge w‘:::t:;sate Status data
(L/min)

2024-09-10 17:19:01 25cm 2,26 L/m Closed Successful
2024-09-10  17:19:02 26 cm 4,7 L/m Closed Successful
2024-09-10 17:19:03 25cm 2,93 L/m Closed Successful
2024-09-10  17:19:04 25 cm 1,87 L/m Closed Successful
2024-09-10  17:19:05 . - - Failed
2024-09-10  17:19:06 - - - Failed
2024-09-10  17:19:07 - - - Failed
2024-09-10  17:19:08 - - - Failed
2024-09-10  17:19:09 - - - Failed
2024-09-10  17:19:10 24 cm 14,26 L/m Open Successful
2024-09-10  17:19:11 24 cm 3,2 L/m Half Open  Successful
2024-09-10  17:19:12 24 cm 2,54L/m  HalfOpen  Successful
2024-09-10  17:19:13 24 cm 2L/m Closed Successful
2024-09-10  17:19:14 22 cm 4,40 L/m Open Successful
2024-09-10  17:19:15 23 cm 4,7 L/m Open Successful
2024-09-10  17:19:16 24 cm 3,7L/m Half Open ~ Successful
2024-09-10  17:19:17 24 cm 2,27 L/m Closed Successful
2024-09-10  17:19:18 24 cm 4,13 L/m Open Successful
2024-09-10  17:19:19 23 cm 5,86 L/m Open Successful
2024-09-10  17:19:20 24 cm 3,47L/m  HalfOpen  Successful
2024-09-10  17:19:21 23 cm 3,47L/m  HalfOpen  Successful
2024-09-10  17:19:22 22 cm 4,4 L/m Open Successful
2024-09-10  17:19:23 23 cm 2,4 L/m Closed Successful
2024-09-10  17:19:24 22 cm 6,93 L/m Open Successful

2024-09-10  17:19:25 22 cm 2,9 L/m Half Open  Successful
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The results of these tests, through parameter adjustments and real-time continuous monitoring, are
reflected in tables that record changes in water levels, floodgate status, and flood conditions, along
with the system's response to these changes. This test provides a thorough understanding of the
performance of the designed flood monitoring and control system. It proves that the system can
maintain safety and efficiency in flood control accurately and reliably.

4. Conclusion

The system is designed to monitor critical parameters in real-time, such as water levels and flow rates,
to detect potential flooding. With continuous monitoring, the system is able to provide fast and
accurate information, enabling early preventive measures to reduce the risk of flooding. The
application of Sugeno's Fuzzy Logic method proves effective in processing complex sensor data into
simple decisions and generating precise automatic control. Test results show that this method can
accurately detect changes in water conditions, allowing the system to automatically adjust floodgates
when significant changes occur indicating a flood threat. Furthermore, the system has the potential to
be applied on a larger scale, such as large river networks or urban infrastructure, with further
development involving integration into national or regional flood monitoring systems to support
overall disaster preparedness. Local community participation is also an important element, where
education and training on the use of the system and preventive measures can improve flood
preparedness. Future research could focus on developing systems to deal with more complex
environmental conditions or diverse flood scenarios.
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