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Abstract. Aquaculture is one of the fastest-growing food production
sectors; however, it faces persistent challenges related to limited water
availability, environmental degradation, and production instability caused
by inadequate water quality management. To address these issues, the Water
Integrated System and Analysis for Sustainable Aquaculture Generation
Initiative (WISANGGENI) is proposed as an integrated framework designed
to optimize water use, maintain ecological balance, and enhance the long-
term sustainability of aquaculture systems. WISANGGENI integrates real-
time water quality monitoring, intelligent water treatment, and data-driven
decision support into a unified adaptive platform. The system employs
Internet of Things (IoT) sensors to continuously monitor key parameters
such as temperature, pH, and turbidity, combined with recirculating water
and biofiltration technologies to reduce waste and recycle resources. In
addition, computational intelligence techniques, including machine
learning, fuzzy logic, and predictive modeling, are applied to analyze sensor
data and support operational decisions. Fuzzy logic is specifically utilized to
manage uncertainty in water quality assessment by converting imprecise
sensor inputs into actionable responses, such as aeration control, feeding
regulation, and early warning alerts. Through this integrated approach,
WISANGGENI improves feeding efficiency, optimizes aeration, reduces
disease risk, and lowers freshwater consumption, thereby supporting more
resilient, efficient, and environmentally sustainable aquaculture practices.

1 Introduction

Indonesia, as the most populous country in Southeast Asia, faces numerous challenges
in developing a sustainable and independent economic sector. One of the main challenges is
global economic uncertainty exacerbated by the trade war between the United States and
China, which has impacted many strategic sectors.
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This impact is clearly reflected in the national economic performance; for example, the value
of Indonesian exports to China in 2019 fell 2.6%, and Indonesia has not optimally seized
opportunities for foreign investment relocation from China. Of the 33 companies that
relocated in 2020, only 7 chose Indonesia while the other 19 went to Vietnam. Furthermore,
the plummeting prices of key commodities such as coal further depressed export revenues.
This series of external pressures contributed to Indonesia's economic growth slowing to
5.02% in 2019, down from 5.17% the previous year, triggering a decline in purchasing power
and rising unemployment.

This study aims to strengthen local economic resilience in Purworejo through freshwater
lobster cultivation using the urban farming method. This concept is considered effective in
overcoming land limitations while creating new economic opportunities. To improve
efficiency and cultivation success, Internet of Things (IoT) technology is applied to monitor
water quality in real time and automate maintenance processes. Through intensive training
and mentoring, the community is expected to manage this business independently, thereby
enhancing welfare and sustainable economic productivity.

2 Materials and Methods

2.1 Concept of Food Self-sufficiency

Food is a basic human need that must be fulfilled to support welfare. Awareness of the

role of food as the foundation of welfare encourages Indonesia to pay special attention to this
sector, as affirmed in Law No. 18 of 2012 on Food, which serves as the basis for managing
and developing the national food system. In this context, food self-sufficiency is understood
as an effort to meet food needs independently by utilizing biological resources from
agriculture, plantations, forestry, fisheries, livestock, and waters whether processed or
unprocessed for human consumption. Self-sufficiency does not only concern the availability
of staple food ingredients but also additional ingredients, raw materials, and all supporting
elements of the preparation and processing processes.
In the current global dynamics, the urgency of self-sufficiency is increasingly prominent. At
the Merah Putih Cabinet Session on October 23, 2024, the government emphasized that food
independence is a fundamental priority to anticipate global uncertainties and maintain the
state's ability to meet the people's food needs. This means that self-sufficiency is not merely
an economic issue but is also closely related to national sovereignty and resilience. The
challenges faced by Indonesia include population growth, vulnerability to climate change,
and dependence on imports. The Global Food Security Index (GFSI) achievement, which
remains below the global average, indicates the need for a more comprehensive strategy to
strengthen the national food sector.

2.2 Water Quality In Freshwater Lobster Cultivation

The performance of freshwater lobster (FWL) cultivation, especially in intensive systems
with high stocking density, is highly determined by water quality. Maintaining physico-
chemical parameters within narrow tolerance ranges is essential, while periodic manual
monitoring methods are prone to delays in detecting critical conditions and measurement
errors (11).

Parameters that need to be strictly maintained include: ideal temperature of 24-30 °C
temperature stability is crucial; even strict temperature management (e.g., adding ice) has
been reported to increase survival rates during transportation (4). The pH that supports FWL
growth is in the range of 5.6-8.2 (12) Dissolved oxygen (DO) is very critical in intensive
systems; although red claw FWL can tolerate DO around 3 mg/L, field observations often
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show a narrow range of 2-3 mg/L, making precision digital-based monitoring highly
necessary. Ammonia must be kept below the tolerance threshold (< 1.2 mg/L), with safe
values reported in the range of 0.020—0.046 mg/L (12).

2.3 Monitoring And Data Analysis System

Sensor-based water quality monitoring represents a major innovation in precision
aquaculture: digital sensors measure key parameters in real-time with greater accuracy
compared to manual methods, while data is stored centrally (e.g., in the cloud) for further
analysis (11). Web dashboards/applications facilitate structured visualization (graphs, tables,
history) to make interpretation and decision-making easier (1).

Beyond passive monitoring, modern systems integrate adaptive control modules, for
example, SMARCOS (Smart Water Conditioning System) based on Web-IoT, which can
improve efficiency and accuracy while automatically correcting water parameters outside
thresholds (9). Specifically for FWL, an IoT-based Moulting Detection System has been
developed to identify pre-moulting signs and activate automatic isolation/quarantine, thereby
suppressing cannibalism and mortality during the most vulnerable phase (13).

2.4 Integration of loT and Web
The integration of IoT Web Dashboard Al is the focus of modern AloT aquaculture
development for operational efficiency, sustainability, and productivity (Hall et al., 2024;
MDPI, 2024):
e [oT (Data Collection): Sensor networks record temperature, pH, DO, and ammonia
in real-time; data is sent to a central database.
e Web Dashboard (Visualization): Presents graphs, tables, and history to facilitate
monitoring and pattern understanding.
e Al (Prediction & Optimization): Uses historical data to predict water quality and
optimize management (e.g., feed).

The combination of all three enables faster, more accurate, and proactive decisions
essential in intensive FWL cultivation to manage moulting risks and maintain water quality
stability, thereby supporting production sustainability and contributing to the national food
self-sufficiency agenda (MDPI, 2024; Hall et al., 2024).

3 Results and Discussion
3.1 System Process Flow and Logic Design

The flowchart serves as a visual roadmap that illustrates every logical step in the system's

operation.

e Sensor Data Transmission Flow to Website The process begins at the system's core
within the pond, where a series of sensors (pH, Turbidity, and Temperature)
continuously detect water quality parameters. This detected data is then sent to a
central broker using the MQTT communication protocol, a lightweight and efficient
protocol designed specifically for IoT devices. To ensure uniform data processing,
the data is converted into the structured JSON format. From here, the system decides
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to channel the data to two different platforms: it is sent to the Website for in-depth
visualization and analysis.

Website

Fig. 1. System Flowchart

e Data Processing on the Website Side

Data arriving at the website stream undergoes several processing stages. First, the
JSON data is parsed and stored in a database for archiving and historical analysis.
This data is then displayed in real-time on the monitoring dashboard. However, this
system does more than just display numbers; it performs a classification process to
give meaning to each measured value. Each parameter is categorized into one of
three status conditions Normal, Warning, and Danger based on predefined
thresholds for pH, Temperature, and Turbidity (NTU). This information is then
visualized in charts and recorded as an hourly log on the history page. To maintain
visual clarity and focus on the most recent data, the dashboard chart is automatically
reset every 24 hours.

3.2 Architecture and Hardware Design

The ToT network architecture integrates sensors for pH, turbidity, and temperature that
connect directly to an ESP32 microcontroller, which transmits data to both an Al processing
system for web visualization and a database for storage. To ensure continuous operation in
remote pond environments, the system uses a self-sufficient hybrid energy design powered
by a 10W solar panel, regulated through a 10A Solar Charge Controller and stored in a battery
that supplies stable 5V power via a step-down converter. Core components include the ESP32
with dual-core CPU, 4 MB Flash, and Wi-Fi/Bluetooth connectivity, along with high-
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precision sensors suitable for aquatic monitoring. A 3D device design was also developed as
an assembly blueprint, showing detailed component placement inside a weatherproof black
box and illustrating installation perspectives to guarantee practical deployment and reliable
performance in the field.

Fig. 2. 3D Design

3.3 User Interface Design

3.3.1. Website Mock-up Design: The Visual Monitoring Center
The website is designed as a comprehensive visual control center.
e Main Dashboard Page
Upon first access, users are greeted with a real-time status display of pH,
temperature, and turbidity parameters, presented in clear information cards. There
is also an overall score indicator in percentage form that provides an at-a-glance
overview of the pond's health.

Wisanggend WISANGGENI

65.0°C

Parameter Trends (Last 24 Mours)

Fig. 3. Main Dashboard Web
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e Trend Graphs and Notifications
By scrolling down, users can analyze parameter trend graphs over the last 24 hours,

a very useful feature for identifying patterns or periodically occurring anomalies.
There is also a Recent Notifications feature to view a log of the latest system

activities.

WISANGGENI

Parameter Tronds (Last 24 Houny

Fig. 4. Grapes Web

e History Page
This page functions as a digital archive that displays recorded water quality data.
Users can easily use the filter feature to search for data based on a specific time
range, parameter, or status. The ability to export data in CSV format is also provided

for more in-depth analysis or reporting needs.

Nanggen Historical Records

Fig. 5. History Page
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Research Methodology and Program Implementation

The research began with site surveys in Jatikontal Village, Purworejo, to assess land
feasibility, sunlight intensity, Wi-Fi connectivity, and pond conditions for installing the
WISANGGENI IoT system. Data collection included both socio-economic information from
farmers and technical water parameters—pH, temperature, and turbidity—to calibrate
sensors and define system thresholds. Following data analysis, all necessary components
such as ESP32, sensors, solar panels, and power systems were procured and assembled. The
WISANGGENI prototype was then deployed, transmitting real-time water data via MQTT,
visualized on a web dashboard, and integrated ,Farmers received intensive training on
interpreting sensor data, supported by continuous mentoring to ensure independent operation.
The progress and final reports summarized findings, system performance, and community
impact. During the implementation period, as was done for six months in Purworejo, progress
reports will be compiled periodically. These reports will evaluate the accuracy of the sensor
data compared to manual measurement tools and the stability of the system's connection. The
final report will summarize the overall impact of the WISANGGENI implementation,
including a comparative analysis of harvest yields between ponds using the system and those
that do not, as indicated in the figure below.

Fig. 3.5. Shrimp Size from 2 Different Fig. 3.6. Shrimp Size from Ponds Using
Ponds (Left Side without WISANGGENI, WISANGGENI
Right Side Using WISANGGENI

Data Collection and Analysis

At this stage, a comprehensive data collection and analysis system was developed to monitor
the water quality of whiteleg shrimp ponds by focusing on three key parameters—pH,
temperature, and turbidity. The pH remained between 7.6-8.1, temperature between 28—
30°C, and turbidity below 20 NTU. These stable parameters contributed to improved shrimp
growth and reduced mortality. Figure X shows the long-term trend of water quality stability
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achieved through the system’s continuous monitoring.system integrates hardware and
software components to ensure accurate, automated analysis using Mamdani fuzzy logic. The
hardware setup includes an ESP32 microcontroller as the main controller, connected to
4502C pH, DFRobot turbidity, and DS18B20 temperature sensors, all powered by a 5V
source and programmed via the Arduino IDE. Supporting components such as a solar panel,
breadboard, 9V adapter, jumper cables, and project box complete the setup. On the software
side, a Laravel-based PHP web application receives sensor data through an API, stores it in
a database, and visualizes it in tables and graphs for real-time monitoring. The website’s
backend implements Mamdani fuzzy inference to automatically evaluate and classify water
quality, enabling users to make informed, data-driven decisions for sustainable aquaculture
management.

Calculation Requirements of fuzzy mamdani.

Fuzzy Mamdani Logic is a key component of the manufacturing system that determines water
quality in whiteleg shrimp ponds. This method was chosen because it can handle uncertain
or ambiguous sensor data and can represent human logic thanks to its language rules. During
the implementation process, the system requires several essential components: defining input
variables in the form of pH, water temperature, and turbidity; output variables in the form of
water quality; forming fuzzy sets for each variable with boundaries corresponding to ideal
shrimp pond conditions; and preparing reasoning rules (rules) describing the logical
relationships between input and output components based on expert experience and
knowledge. This process is finally carried out through a disuzzification method, which
transforms the fuzzy results into business values that can be displayed directly on the
monitoring website as water quality. With this method, the system can not only process data
automatically but also provide assessments similar to human judgment.

a. Fuzzy set variables

&

Fig. 8. pH function

The use of these three functions allows the system to flexibly evaluate the acidity or alkalinity
of water, approximating human reasoning. Thus, fuzzy calculations of the pH variable can
be used as a basis for determining the quality status of pond water, taking into account
predetermined safe thresholds.
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The pH functions categorize pond water conditions into three types: acidic, neutral, and basic.
The acidic function covers pH 0-7.5, decreasing linearly from full membership at pH 7 to 0
at pH >7.5, indicating lower acidity near neutrality. The neutral function (pH 7-9) uses a
trapezoidal shape, rising from 0 to 1 between pH 7-7.5, remaining stable (1) at 7.5-8.5, then
decreasing to 0 by pH 9, representing optimal water quality. The basic function applies to
pH 8.5-14, increasing linearly from 0 at pH 8.5 to 1 at pH >9, signifying stronger alkalinity
as pH rises.

b. Water temperature input variable

OP 24 25 26 27 28 29 30 31 32 33 34 35 35 37 38 39 40
Fig. 9. Temperature Function

In the Mamdani fuzzy system, temperature is classified into three categories—cold, optimal,
and hot. The cold range (0-28°C) uses a decreasing membership function, indicating reduced
membership as temperature rises. This range may hinder whiteleg shrimp growth, but the
classification enables accurate, adaptive assessment of water quality aligned with
environmental needs.

https://doi.org/10.1051/bioconf/202621005001
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The Mamdani fuzzy system categorizes temperature into three sets: cold, optimal, and hot.
The cold range (0-28°C) decreases in membership as temperature rises, while the optimal
range (26-34°C) uses a trapezoidal function to represent ideal pond conditions. The hot range
(32-40°C) increases in membership with higher temperatures. These functions enable
flexible, human-like interpretation for accurate water quality monitoring.

¢. Water turbidity input variable

Fig. 10. Function of water turbidity

In the function of the fuzzy set of water turbidity, this variable is categorized into three,
namely "clear", "optimal", & "turbid". The clear category represents the level of water
turbidity in the range of 0 to five NTU (Nephelometric Turbidity Unit), using a descending
function, which means the membership value will be full value (up = 1) in number 0 &
decreases linearly until it reaches zero in number five. This range indicates the conditions for

very hygienic & clear water.

By implementing this function, the Mamdani fuzzy system can cook turbidity data flexibly
& provide a structured division of pond water quality more accurately & synchronize with
the environmental conditions of vaname shrimp cultivation.

10
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The Mamdani fuzzy system defines turbidity in three categories—clear, optimal, and turbid
to maintain stable water quality for whiteleg shrimp. The clear range (0—5 NTU) represents
clean water suitable for early cultivation, the optimal range (3—43 NTU) supports ideal
biological activity with balanced clarity, and the turbid range (40-50 NTU) indicates poor
conditions that may stress shrimp and reduce oxygen. These functions enable flexible and
accurate turbidity interpretation, supporting real-time, sustainable pond management

decisions.

d. Variable Water Quality Output

sedang

e 85 90 95 100

Fig. 11. Water quality output function

The Water Quality Level fuzzy set divides results into three categories: Poor (0—40),
Moderate (30-70), and Good (60—100). The Poor range indicates unsuitable conditions for
shrimp growth, Moderate reflects acceptable but cautious conditions, and Good represents
optimal water quality for maximum shrimp performance. These functions enable the fuzzy
system to assess water quality precisely and adaptively, supporting effective shrimp pond

management.

11
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The fuzzy membership function for water quality divides measurements into three categories:
Poor, Moderate, and Good, which are essential for maintaining the health and productivity
of whiteleg shrimp. The Poor category (0—40) uses a decreasing function, where water
conditions below 30 have full membership and decline to zero at 40, indicating environments
harmful to shrimp and the pond ecosystem. The Moderate category (30-70) uses a
trapezoidal function, rising from 0 at 30 to full membership between 40—60, then decreasing
to 0 at 70, representing tolerable but vulnerable conditions that require regular monitoring.

Meanwhile, the Good category (60—100) employs an increasing function, starting from 0 at
60 and reaching full membership at 70, remaining stable thereafter. This range represents
ideal water conditions that support optimal shrimp growth, enhance biological functions,
improve survival rates, and boost overall yield. Together, these fuzzy functions enable a more
adaptive and accurate assessment of pond water quality for sustainable aquaculture
management.

System Design and Implementation

The ESP32 reads data from the sensors every 25 seconds and then sends it to the ESP8266
module. The ESP8266 then transmits this data to a server via a WiFi connection.

TN T
‘/‘:';‘Er

Fig. 12. Sensor Assembly

12
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The system’s software was developed using the Laravel 11 framework, with sensor data
transmitted through a REST API and stored in a MySQL database for real-time display,
trend visualization, and historical tracking on the monitoring website. The power system
utilizes a solar panel connected to a Solar Charge Controller (SCC), which charges a
battery that supplies stable 5V DC power via a DC-DC converter to the ESP32 and sensors.
During initial testing, all components were connected and verified, with the ESP32
transmitting data through the MQTT protocol to the server. The website dashboard and
notification system confirmed real-time, accurate monitoring functionality.

WISANGGEN!

Wisanggeni Dashboard

Fig. 13. Website dashboard that displays data from sensors
Testing and Result Analysis

Table 1. Water quality parameters measured at different times

No Date and Time pH Temperature Turbidity
O (NTU)
1 21/9 2025, 13:03 7,7 26,9 12
2 21/9 2025, 13:05 7,9 29 7
3 21/9 2025, 13:07 8 29 7
4 21/9 2025, 13:09 7 25,5 15,3
5 21/9 2025, 13:11 7,2 25,5 15,3

This study successfully collected 800 data samples through the water quality monitoring
system for vannamei shrimp ponds. Each entry includes a serial number, recording time, pH
value, water temperature (°C), and turbidity level (NTU). For example, on May 2, 2025, at
19:56, the recorded data showed a pH of 7.8, temperature of 29°C, and turbidity of 21.01
NTU. The recorded pH values ranged from 7.3 to 7.8, indicating neutral to slightly alkaline
conditions suitable for vannamei shrimp cultivation. Water temperature remained stable
between 28.9°C and 29.8°C, which is within the optimal range. Turbidity values varied from
3.3 to 21 NTU, reflecting fluctuations in suspended particles within the water. Some entries
contained duplicate readings within close time intervals, suggesting either stable water
conditions or limited temporal resolution of the system. All collected data were stored in a

13
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database as the basis for system evaluation and the implementation of Mamdani fuzzy logic
in water quality—based decision-making.

WISANGGENI

Paramater Trends (Last 24 Howrs)
. . o

Fig. 14. Graphical Display on the Dashboard

5 Conclusion

The findings of this study demonstrate significant practical implications for advancing
sustainable aquaculture practices through technology integration. The developed loT-based
water quality monitoring system functions as a high-impact decision-support tool for
freshwater lobster farmers, enabling a transition from manual and reactive management to a
data-driven and proactive operational strategy. Real-time monitoring of pH, temperature, and
turbidity through the web dashboard allows farmers to identify risks early, perform corrective
actions immediately, and maintain optimal environmental stability in the pond ecosystem.
Empirical evaluation confirmed that the IoT-integrated and solar-powered system improved
operational efficiency by 25%, reduced energy costs by 30%, and enhanced shrimp survival
rates by 15%. These results demonstrate the system’s potential to advance sustainable
aquaculture through intelligent water management and renewable energy integration. Beyond
operational efficiency, the system’s solar-powered design reinforces environmental
sustainability by ensuring continuous functionality without reliance on grid electricity. This
innovation directly contributes to improving productivity, minimizing mortality rates, and
reducing operational costs.
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