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Abstract

Precise water application is crucial to meet the crop-water requirement especially in areas where
rain-fed agriculture is considered inadequate. While some Al-driven IoTs have been deployed
successfully to coordinate sensors capable of measuring irrigation parameters, there was a problem
with their scalability for multiple users. This paper presented the development of a Scalable Micro-
Services IoT Irrigation System (SMIIS) for the growth of Talinum triangulare based on micro-services
IoT. SMIIS was developed to irrigate water leaf planted in a 60 cm by 60 cm loamy soil filled-box for
30 days where irrigation time was determined through threshold-based logic to optimize water use.
The ESP32 microcontrollers was connected with soil moisture, temperature, and humidity sensors
for data collection, followed by data transmission through a Message Queue Telemetry Transport
(MQTT) to a Mosquitto broker. A mobile application was developed, Independent Flask micro-
services employed to manage user authentication, farm registration, data monitoring, and irrigation
control, supported by PostgreSQL for transactional data and InfluxDB for storage. The finding
validated the feasibility of combining IoT, micro-services, and cloud infrastructure to deliver
reliable, low-maintenance smart farming solutions, with potential for future AI-driven irrigation.
SMIIS seamlessly demonstrated the capability for scalability for over 300 multiple concurrent users.
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Introduction

Irrigation farming enabled all-year-round food production, increasing crop yields and farmer
incomes[1]. Thisis essential in regions where rain-fed agriculture is considered inadequate. Therefore,
irrigation served as the main source of water to meet the crop water requirement. Because of water
scarcity, water application to the growth of crops needs to be precise, as some irrigation methods
often result in under- or over-irrigation, resulting in inefficient use of the scarce water resources
[2]. However, modern irrigation techniques, characterized as "Agriculture 5.0," utilize smart devices
to achieve precise irrigation and efficient freshwater management [3]. These are Internet of Things
(IoT) devices that communicate with each other to monitor soil-water variables required for effective
irrigation, such as soil moisture, evapotranspiration, effective rainfall, and temperature. As a result
of these data-driven systems, irrigation farmers were prepared to make informed decisions on when
and how to irrigate. While IoT devices have wide applications, pathogen control [4], wastewater
treatment [5], pollutants detection in water supply [6], the use of this technology in precise water
application for crop growth is increasing. Several researchers have explored IoT applications in
irrigation systems with different report. For instance, in the SWAMP project reported by [2], shown
in Figure 1, an IoT-based platform for precision irrigation utilizing FIWARE components and
achieving scalability tests with up to 45,000 sensors. However, their system experienced instability
at 15,000+ devices due to MongoDB bottlenecks and IoT Agent memory leaks. Moreso, the use
of Arduino Controller System to supply water for the growth of Roselle Plant (Hibiscus sabdariffa
Linn) has been tested [7], as well as Internet of Things (IoT) Enabled Drip Irrigation System (DIS)
for the growth of Allium fistulosum [8]. While the software architecture of some of these IoTs were
found remarkable for their specific function, delivering the accurate amount of water, theses existing
solutions lack scalability with setbacks experienced when designed to maintain performance of large
users such supplying water to large numbers of irrigation farmers at a go. It was discovered that
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scalability is a function of the software architecture use, which defined
the system components and their interactions. Traditionally, software
architects employed Monolithic Architecture, where all services
and components existed within a single codebase [9-12]. Although
functional, this approach presented scalability challenges, as
optimizing one service inevitably affected others, compromising fault
tolerance [13]. In view of this, micro services architecture provided
vast options, offering independent, loosely coupled, and modular
services that can be optimized individually without impacting others
[14-15]. Microservices architecture is particularly suited for large-
scale agricultural applications, effectively managing the complex data
generated by sensors that monitored soil and weather conditions
needed for irrigation. The IRRISENS platform developed by [16],
represented one of the most relevant research works that implemented
a microservices-based IoT platform for commercial agriculture as
shown in Figure 2. The system demonstrated robustness through data
isolation across farms and handled 45,000 sensors through service
replication. However, its limitations were basic linear regression for
predictive analytics, inconsistent cloud latency (50-330 seconds), and
alack of automated failure alerts.

In addition, the AgriSens project reported by [17], presented the
design of an IoT-based dynamic irrigation scheduling system. Based
on their study, they proposed an algorithm for dynamic irrigation
in the different phases of a crop’s life cycle with manual irrigation
based on the experience of the farmers or experts. This information
is delivered to the farmers via a web portal, a visual display, and a cell
phone respectively. There was a significant results concerning different
performance metrics, such as data validation, packet delivery ratio,
energy consumption, and failure rate in various climatic conditions
and with dynamic irrigation variables. This gap in literature revealed
that there was a need for IoT irrigation system that integrated the
benefit of scalability obtainable with microservices architecture with
robust cloud-native deployment strategies suitable for commercial-
scale agriculture.

This paper addressed this gap by presenting a SMIIS irrigation
development through hardware prototyping,
implementation, and performance evaluation under realistic load
conditions.

Materials and Methods

System architecture development

microservices

The SMIIS system utilized three-layer architecture: IoT Device
Layer, Backend Layer, and Mobile Application Layer. These
adequately maintained seamless data flow and communication
between components. Several studies reported by [18-28] on IoTs
were thoroughly reviewed, and some of their findings were utilized in
the development of SMIIS. The step-by-step operation of SMIIS is as
shown in Figure 3. SMIIS was developed to irrigate water leaf planted
in a 60 cm by 60 cm loamy soil filled-box for 30 days where irrigation
time was determined through threshold-based logic to optimize
water use. Information on the developed SMIIS’s system backend
and the aqua grow mobile application procedures were available at
https://github.com/Optimus-Gochl/aqua-grow and https://github.
com/Optimus-Goch1/aqua-grow-mobile respectively.

The 10T device layer of SMIIS

the hardware layer of SMIIS was purchased in Lagos Nigeria,
consisted of an ESP32 microcontroller as the central processing unit
equipped with a suite of sensors and control mechanisms as shown
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Figure 1: Architecture of the SWAMP [2].
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Figure 2: Modules and micro-services with the IRRISENS IloT platform [17].

in Figure 4. The sensors were capacitive soil moisture sensors that
provided accurate, corrosion-resistant measurements of soil moisture
and a DHTI1 temperature and humidity sensors determined
temperature and humidity data. If the moisture content were below
the threshold for the growth of Talinum triangulare water delivery
done by a 12V relay modules and a solenoid valve, which facilitated
precise water flow control during irrigation cycles. Data were collected
by the ESP32 from sensors, transmitted via Wi-Fi using the Message
Queue Telemetry Transport (MQTT) protocol.

Backend micro-services layer of the SMIIS

The backend infrastructure controlled the four independent
microservices constructed using the Flask framework, designed
to operate independently to communicate through well-defined
interfaces (Figure 5). The User Management Service handled user
authentication and authorization, with JSON Web Token (JWT)
providingasecureaccess control and farm registration capabilities. The
Monitoring Service subscribed to MQTT topics published by ESP32
devices, processed real-time sensor data streams and storing temporal
information in InfluxDB for efficient retrieval and analysis. SMIIS
implemented irrigation control logic, supporting both automated
threshold-based irrigation on predefined soil moistures, temperature
and humidity data and manual control mechanisms accessible via the
mobile application. The notification service generated and managed
alerts for threshold violations, system anomalies and irrigation status
updates. This was to keep the irrigation farmers abreast of critical
system events. The communication between services was facilitated
through RESTful APIs and MQTT messaging via a Mosquitto broker.
This was an approach that ensured loose coupling and enables
independent scalability of individual services.
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Figure 4: The interior view of the SMIIS hardware prototype.

Data storage architecture and the mobile application layer

This system employed a hybrid database approach tailored
to different data characteristics and access patterns. For example,
PostgreSQL managed transactional data encompassing user accounts,
farm information, and configuration settings, providing robust ACID
compliance for consistency-critical operations, whereas InfluxDB
handled the high-frequency time-series sensor data, offering
specialized optimization for write-heavy workloads and temporal
queries that characterized sensor monitoring applications. A cross-
platform mobile application was developed using React Native, an
open-source framework, that provided potential irrigation farmers
comprehensive system interaction capabilities.

The application enabled real-time visualization of sensor
data alongside historical trending analysis, which facilitated farm
management such as registration and configuration, permits
irrigation threshold customization and manual control, delivers push

notifications for system alerts, and carries out irrigation events.

The SMIIS development and cloud deployment

The Initial development of SMIIS utilized Docker Compose
for local service orchestration, which enabled rapid prototyping
and testing. This was followed by the containerization of each
micro service using Docker to ensure consistent deployment
environments and simplified dependency management. Production
deployment was implemented on Amazon Web Services (AWS)
infrastructure to ensure scalability and reliability at operational
scale. Elastic Container Service (ECS) with Fargate technology
provided serverless container orchestration while eliminating the
need for manual server management. Request routing and service
discovery across microservices were handled by Application Load
Balancer (ALB) while Amazon RDS delivered managed PostgreSQL
hosting with automated backup and recovery capabilities. InfluxDB
was deployed on EC2 instances to provide customized time-series
data management optimized for sensor workloads. The network
configuration incorporated a Virtual Private Cloud (VPC) with
appropriately configured security groups, establishing secure
internal communication between services while maintaining
public accessibility for mobile applications and IoT devices. System
performance was evaluated using Locust, which was an open-
source load testing framework capable of simulating thousands of
concurrent users and IoT devices suitable for coordinating irrigation
operations. The test environment consisted of all microservices (User,
Monitoring, Irrigation), Mosquitto broker, InfluxDB, PostgreSQL,
and the Locust load generator deployed together via Docker
Compose. This setup enabled realistic stress tests to be run locally
while maintaining service isolation. The SMIIS Hardware Prototype
tested on waterleaf planter-box as shown in Figure 6.
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Figure 6: The testing of SMIIS for water application on the growth of water
leaf.

The stress testing framework for scalability and

robustness of SMIIS

1. The load testing tool was used to create a stress testing
framework to evaluate the scalability and robustness of the SMIIS. It
was selected based on the capability of Locust to allow simulation of
thousands of concurrent users and devices and seamless integration
into a containerized environment. The test scenario was designed to
replicate real-world usage as f0>300 concurrent users (farmers) were
simulated signing up, logging in, and interacting with the system.

2. Eachuser created approximately 10 farms, leading to a total
of >300 simulated farms.

Each farm had a virtual ESP32 client that continuously published
sensor data via MQTT at regular intervals. Users periodically retrieved
the latest sensor values via REST API endpoints and occasionally
triggered irrigation actions (manual ON/OFF).

Results and Discussions

The functional validation of the SMIIS

The initial testing of SMIIS confirmed successful end-to-end
system integration when the ESP32 prototype was deployed to
irrigate Talinum triangulare. Irrigation parameters were seamlessly
collected and transmitted to backend services and triggered
automated irrigation when the threshold soil moisture in the box was
exceeded. The growth of the Talinum triangulare with the SMIIS-fed
irrigation was steady, with more green leaf production throughout
the experiment, indicating that the water requirement of the crop was
met by the SMIIS-fed irrigation system. Sensor readings were also
displayed on the mobile application for manual irrigation control.

Data flow validation demonstrated seamless integration: sensor
readings published to MQTT topics were immediately processed
by the monitoring service and stored in InfluxDB, with mobile
application queries returning current and historical data within
acceptable latency bounds. SMIIS application precisely supplied the
required amount of water for the growth of Tilanum Traingulare.
This finding agreed with previous works on the efficiency of IoTs
to precisely delivered water,for, household usage [6, 7], the growth
of roselle (Hibiscus sabdariffa Linn) and Allium Fistulosum [8, 9],
respectively. However, the advantage of SMIIS was its scalability, to
accommodate more user up to 300 irrigation farmers at a time. This
buttressed SMIIS suitability for commercial agriculture based on the
micro service employed.

The scalability performance of SMIIS

Load testing results revealed strong system performance
under increasing user loads. The system successfully handled 350+
concurrent users with corresponding farm and device simulations.
Response time analysis showed initial latency spikes during load
ramp-up due to connection pool initialization and resource
allocation overhead. However, the performance stabilized as load
distribution balanced, with median response times approaching
near-zero values and 95th percentile latencies plateauing between
250-300 milliseconds. The throughput measurements demonstrated
consistent request processing rates, with the system maintaining stable
performance even under sustained high-load conditions. Failure rates
remained minimal during moderate load scenarios, indicating robust
system stability as shown in Figure 7. The response time metrics
exhibited a transient spike followed by stabilization. Specifically,
both the median (50" percentile) and high-tail (95" percentile)
response times increased sharply as the number of concurrent users
grew, reaching values above 300 milliseconds. However, as the load
continued to increase, the response times subsequently decreased
and plateaued. The 50" percentile stabilized near zero, while the
95% percentile plateaued between 250 and 300 milliseconds. This
pattern suggested that the system initially experienced contention
due to resource allocation overheads or database connection pooling,
but once the load distribution stabilized, the system was able to
process most requests efficiently. The plateau in the 95% percentile
indicates that a minority of requests consistently incurred higher
latency, reflecting bottlenecks that may require optimization at the
database or service orchestration layers. Failure rates remained very
low during moderate load conditions, indicating robust performance
(Figure 8). However, as the number of simulated farms exceeded 250
and message frequency increased, MQTT message queues began to

Response Times (ms)
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Figure 7: Total Response and Failures for SMIIS.
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exhibit slight delays. This suggested that while Mosquitto was stable at
smaller scales, broker clustering or load balancing would be required
to handle larger deployments.

The fault tolerance evaluation of the micro-services
architecture of SMIIS

The micro-services architecture demonstrated an effective
fault isolation capability. Simulated service failures in individual
components, for example, Irrigation Service downtime did not
affect the operation of other services, such as the User Management
and Monitoring. This validated the loose coupling design principle.
Authentication overhead analysis revealed that JWT verification
introduced slight latency increases under high-frequency API calls,
but remained within acceptable bounds for agricultural application
requirements.

The stress testing framework for

robustness of SMIIS

This structured testing framework provided a controlled
environment to measure how the system behaves as load increases,
highlighting performance limits and bottlenecks. In addition, it
has provided valuable insights into the performance of the system.
Locust generated graphs detailing the happenings of the test. The first
graph detailed is the user graph, which shows the increase in users
over time, reaching up to 350 users (Figure 9). Each simulated user
performed actions on the system. The metrics captured during the
stress test were:

scalability and

. Response Time (Latency): Time taken for requests to
complete.

. Requests per Second (RPS): Throughput achieved by the
system under load.

. Failure Rate: Number of failed requests or dropped
messages.

The bottleneck analysis of SMIIS

Performance testing identified the Monitoring Service and
InfluxDB as primary bottlenecks under heavy sensor data ingestion
loads. Query response times increased proportionally with time-
series data volume, suggesting the need for database optimization or
horizontal scaling strategies. MQTT broker performance remained
stable for moderate device counts but showed signs of message
queuing delays when simulated farms exceeded 250 concurrent
devices publishing at high frequencies. This might suggest the need
for broker clustering or load balancing for larger deployments.

Conclusion

This paper successfully demonstrates the design and
implementation of a scalable IoT irrigation system utilizing micro-
services architecture for commercial agriculture applications. The
system addresses critical limitations of existing monolithic approaches
by providing independent service scaling, fault isolation, and robust
performance under concurrent user loads. The results validated the
feasibility of micro-services-based IoT systems for smart agriculture,
with the architecture supporting horizontal scaling, fault tolerance,
and efficient resource utilization. Performance testing confirmed the
system's readiness for commercial deployment while highlighting
optimization opportunities in database query performance and
MQTT broker clustering.
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