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Highlights 

What are the main findings? 
• A parallel Message Queuing Telemetry Transport (MQTT)-based communication structure was 

designed for use in smart livestock settings. 

• The structure overcomes the limitations of previous RS485-based polling methods and is suitable 
for multisensor structures. 

What are the implications of the main findings? 
• The proposed communication structure is a feasible option for high-frequency, mul-tisensor-

based smart livestock facilities.  
• This proposed structure shows potential for use in cut-ting-edge agricultural information and 

communication technology) systems, which demand real-time performance and scalability. 

Abstract 

Efficient, high-frequency collection of environmental data is crucial for real-time monitoring and 
automated management in smart livestock settings. However, existing RS485-based polling method 
has limitations. Therefore, in this study, a parallel Message Queuing Telemetry Transport (MQTT)-
based communication structure was designed for multisensory structures. The proposed system 
enables the broker to send messages simultaneously from distributed sensor nodes and uses a topic-
based hierarchical structure to ensure scalability and processing efficiency. The structure’s 
performance was experimentally tested using three scenarios: changing the node count, changing the 
transmission interval, and comparing communication methods. The proposed MQTT structure 
showed superior performance to RS485 in terms of the mean latency (98 ms vs 178 ms), message 
reception success rate (99.2% vs 94.5%), processing rate (1.33 msg/s vs 0.67 msg/s), and 
communication error frequency (1.3 errors/1000 trials vs 5.7 errors/1000 trials). In addition the topic-
based message structure was shown to enable dynamic scalability with diverse environmental 
sensors. This study empirically demonstrated the utility and stability of an MQTT-based 
communication structure in a smart livestock setting that requires high-frequency data collection. 
These findings could be used as foundational technology for intelligent automated livestock 
implementations. 

Keywords: MQTT-based communication; smart livestock monitoring; high-frequency 
environmental sensing; parallel communication; IoT; sensor network 
 

1. Introduction 
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Recent advances in smart livestock technology include systems capable of precisely monitoring 
and automatically controlling the livestock rearing environment. This has further highlighted the 
importance of technology for high-frequency collection and processing of diverse environmental 
data, including temperature, humidity, ammonia (NH3), and carbon dioxide (CO2) data. In high-
density rearing environments, automation of ventilation and cooling or detection of abnormal 
conditions is directly related to improvements in livestock welfare and productivity; therefore, the 
construction of high-frequency real-time sensors for data collection and stable communication 
infrastructure is considered a core element of smart livestock systems [1]. 

However, most commercial livestock environmental control systems use RS485-based serial 
communication methods, which create problems when sending data from multiple sensors 
simultaneously, such as collisions between nodes, data delays, and limited scalability. The RS485 
hardware structure itself operates using a single master-multiple slave arrangement, and in a 
multiple node environment, it depends on serial polling, which creates a communication bottleneck 
as the number of sensors increases [2,3]. 

To solve these problems, smart agriculture research has increasingly focused on the lightweight 
messaging protocol Message Queuing Telemetry Transport (MQTT), which is based on a publish-
subscribe model, because this protocol is capable of reducing interference between sensor nodes and 
distributing network load through asynchronous communication [4]. When extending a parallel 
communication structure, MQTT can minimize latency and ensure real-time performance even in a 
high-frequency data collection environment. 

In this study, to overcome problems caused by communication bottlenecking, an MQTT-based 
parallel communication structure was designed and applied to smart livestock housing. The 
performance of the proposed structure was analyzed experimentally and compared with the 
performance of an RS485-based structure, with a focus on communication delays, data collection 
success rates, and system load. The proposed structure consists of ESP32-based sensor nodes and a 
Jetson TX-based broker system. By quantifying the change in performance under increases in the 
number of sensors, the utility of its parallel communication design was demonstrated. 

The remainder of this paper is ordered as follows. In Section 2, prior studies are discussed, and 
in Section 3, the core architecture of the system design and parallel structure are described. In Section 
4, the implementation process and experimental setting are described, and in Section 5, the results 
and analysis are presented. Finally, in Section 6, the technological significance and limitations of this 
study are discussed and directions for future research are suggested. 

2. Related Work 
Environmental monitoring technology for smart livestock housing has been developed to 

improve productivity and livestock welfare by collecting environmental data, such as the 
temperature, humidity, NH3, and CO2 conditions and linking these data with an automated control 
system [5]. 

Initially, single-point monitoring with analog sensors was used for smart livestock housing. 
However, various Internet of Things (IoT) structures are being introduced based on multiple nodes 
with digital sensors. The communication structure of these systems is usually constructed using an 
RS485-based wired approach [6]. 

RS485-based communication systems are highly reliable technology that has been widely used 
in various industrial fields. However, in a smart livestock housing environment, where a large 
number of sensory nodes are operating simultaneously, the serial polling method can lead to 
communication delays, data collisions, and structural scalability limitations [7]. For this reason, 
studies have started focusing on various wireless communication methods and lightweight 
communication protocols. 

One representative example is the MQTT protocol, which provides advantages such as high 
compatibility with small IoT devices, reduced bottlenecks between nodes due to its broker-based 
publish-subscribe structure, improved transmission efficiency, and low energy consumption. Based 
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on these properties, MQTT has been rated as highly applicable to various aspects of smart farms, 
including smart livestock housing and smart greenhouses [8]. In particular, the quality of service 
(QoS) settings, asynchronous transmission structure, and topic-based routing function of MQTT are 
considered suitable for high-frequency data collection environments [9]. 

A previous study proposed a system to collect and send temperature, humidity, and illuminance 
data to a central server in real-time and analyzed the basic structure implementation and 
communication stability [10]. However, this study was mostly limited to single nodes or small-scale 
sensor environments. Moreover, only a few studies have analyzed changes in communication 
performance with increasing node count, determined whether a parallel structure can minimize 
delays, or quantitatively compared the performance of MQTT and RS485. 

To bridge these gaps in the literature, this study proposes a high-frequency MQTT 
communication architecture for smart livestock housing that consists of multisensor nodes with a 
parallel structure. In addition, the performance of the system was analyzed experimentally by 
comparison with an existing RS485 system, with a focus on communication delays, data collection 
success rates, and system load. Thus, this study aimed to empirically demonstrate the structural 
scalability and potential to resolve communication bottlenecks of MQTT-based systems. 

3. System Design and Architecture 
3.1 Summary of the System Components 

The proposed system was designed to enable the parallel collection of real-time data from 
multisensor nodes in a smart livestock housing environment, which requires high-frequency 
environmental data collection. As shown in Figure 1, the whole system can be divided into three main 
components. 

 

 

Figure 1. Overall system architecture for parallel Message Queuing Telemetry Transport (MQTT)--based 
environmental data collection in smart livestock housing. DB: database; Temp: temperature; Humi: humidity. 

The multisensor nodes consist of temperature, humidity, NH3, and CO2 sensors attached to an 
ESP 32-based microcontroller board. Each sensor node measures data independently, and the data 
are published to the MQTT broker at regular intervals. 

The broker is a Mosquitto-based MQTT broker built on a Jetson TX board, and it receives 
messages published by each sensor node asynchronously. 

The database (DB)/cloud storage and control system stores messages received from the broker 
on an analytical server or DB and is responsible for subsequent processing for eventual linkage with 
a control system. 

For the hardware composition of the system, as depicted in Figure 1, all sensor nodes are 
connected to the broker via Wi-Fi-based wireless communication. 

Direct communication does not occur between sensor nodes, and the broker acts as a mediator 
that handles the flow of all messages based on the MQTT protocol. 
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3.2. Design of the Parallel MQTT Communication Structure 

At the core of the proposed system is the design of the MQTT structure, which enables each 
sensor node to send data in parallel using a unique topic. For example, each sensor is defined within 
the following topic system: 
• /env/temp/1: temperature from Node 1; 
• /env/hum/1: humidity from Node 1; 
• /env/co2/2: CO2 from Node 2; 
• /env/nh3/2: NH3 from Node 2. 

In this way, data from each sensor are separated based on the topic, and the broker can process 
messages in parallel without data collisions between sensors. 

Message publishing is set at the QoS 1 level to ensure the reliability of the environmental data 
by guaranteeing that each message would be delivered at least once [11]. 

Inside the node, sensing data processing and publishing are implemented in a non-blocking 
manner based on FreeRTOS to minimize bottlenecks in each sensor node. 

3.3. JSON Message Format and Communication Flow 

The MQTT message payload was constructed based on the JSON format, as shown in Figure 2. 
Messages are generated regularly within the nodes and then filtered and stored after being received 
by the broker. 

 

 

Figure 2. Example of the JSON format in the MQTT message payload 

The overall flow of communication, as depicted in Figure 3, is as follows: data are measured by 
sensor nodes and then a JSON message is generated, published by topic, received by the broker, and 
then stored and processed. 
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Figure 3. End-to-end communication flow of environmental data from sensor nodes to storage and control 
systems in the proposed parallel MQTT-based architecture. QoS: quality of service. 

Due to the parallel structure, the broker can simultaneously receive data from multiple sensors. 

4. Implementation and Experimental Environment Configuration 
4.1. Hardware Configuration 

To implement the parallel MQTT communication structure, the hardware configuration listed 
in Table 1 was used. 

Table 1. Hardware configuration for the proposed smart livestock monitoring system. 

Component Model/Specs Main functions and roles 
Sensor node 

MCU 
ESP32-WROOM-32 Wi-Fi-enabled microcontroller, 

MQTT Publish 
Temperature/h
umidity sensor DHT 22 Digital temperature/humidity 

measurement, ±0.5°C accuracy 

CO2 sensor MH-Z19B 
0–5000 ppm measurement range, 

UART communication 

NH3 sensor MQ-137 Detection of NH₃ gas 
concentration, analog output 

Broker server NVIDIA Jetson TX2 Mosquitto MQTT broker, data 
receipt/processing 

Wireless 
network 

2.4 GHz Wi-Fi router (shared 
network) 

Linking communication between 
sensor nodes and the broker 

Storage device 
SSD embedded on Jetson 

TX2 + SQLite Message storage and logging 

Note: SSD, solid state drive; UART, Universal Asynchronous Receiver/Transmitter). 

The ESP32 board operates independently via a USB power supply and is capable of parallel 
testing using up to 8 nodes, thereby providing headroom for increasing the number of sensors. The 
complete hardware configuration and communication methods between nodes are summarized in 
Figure 4. This configuration shows the actual connections and direction of data flow between the 
sensor nodes, broker, and storage. 
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Figure 4. Hardware configuration and MQTT-based communication topology for multisensory smart livestock 
monitoring. 

The hardware configuration of the smart livestock housing environmental monitoring system 
and structure of MQTT-based communication links are presented in Figure 4. All sensor nodes are 
based on an ESP32 microcontroller board. They measure environmental data, such as temperature, 
humidity, CO2, and NH3, and publish the data to the broker at regular intervals. Each node publishes 
directly to the broker via a Wi-Fi-based wireless connection, and the system is designed to enable 
transmission of messages in parallel. Therefore, communication interference does not occur between 
nodes in this process. 

The sensor nodes publish data using unique topic paths, and the broker identifies the topics, 
receives the messages in real-time, and stores them in local storage (SQLite DB). Unlike RS485-based 
serial communication methods, this structure enables scalable flow of communication without 
additional latency, even if the number of sensors is increased. 

In addition, the broker can be linked to a real-time dashboard or other control systems based on 
the data it receives. Therefore, this structure is applicable as a scalable structure that integrates data 
collection, processing, and control. Moreover, it can be used as a reference architecture for parallel 
high-frequency sensor communication that can be applied to actual smart livestock housing in the 
field. 

4.2. Software Environment and MQTT Configuration 

4.2.1. MQTT Broker and Message Processing Settings 

The sensor node software was developed based on the Arduino ESP32 platform, and FreeRTOS 
was chosen for the operating system to implement multitasking-based data measurement and 
publishing processes. Each sensor node collects sensor data independently, and these data are 
regularly published to the broker using the MQTT protocol. Here, data collection and delivery are 
run as separate tasks to minimize the effects on the sensing cycle and network status. 

Sensing data are measured at a fixed interval of every 2 s, and each message is constructed in 
JSON format with a UTC timestamp. An example of a JSON message is shown in Figure 2. 

The broker and client are both built with a non-blocking network programming structure to 
enable real-time parallel processing of high-frequency messages from the multisensory nodes. The 
MQTT S/W configuration is presented in Table 2. 
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Table 2. MQTT configuration parameters used in the proposed system. 

Parameter Configuration Description 
Broker software Eclipse Mosquitto v2.0 Open-source MQTT broker 

Broker platform Ubuntu 18.04 on Jetson TX2 Execution environment for the 
broker 

Communicatio
n port 1883 

Default MQTT port (non-
encrypted) 

QoS level 1 Guarantees message delivery at 
least once 

Topic structure /env/[sensor_type]/[node_id] Identifies sensor type and node ID 

Message format JSON (UTF-8 encoded) Includes environmental values and 
timestamp 

Publishing 
interval 2 s 

Fixed interval between sensor 
messages 

Data storage SQLite database (local) Stores received messages and 
metadata 

Communicatio
n model 

Asynchronous, non-blocking Enables parallel message 
processing 

The MQTT communication components and major settings are summarized in Table 2. Each 
configuration parameter was selected by considering the stability and low latency of data delivery 
and feasibility of the parallel processing structure in a high-frequency messaging environment. 

For the broker software, the open-source Eclipse Mosquitto v2.0 was chosen as the optimal 
structure for lightweight message processing. The broker is installed on a Jetson TX2 running the 
Ubuntu 18.04 operating system to provide sufficient performance for processing messages published 
simultaneously by the multisensory nodes. 

The QoS level is set to 1 to ensure that each message was delivered to the broker at least once 
and reduce the risk of overloading the broker. Message topics are constructed in the form 
/env/[sensor_type]/[node_id] to enable identification of the sensor type and node. This topic structure 
supports broker- and subscriber-side parallel filtering and processing of the messages. 

All messages are sent in JSON format with UTF-8 encoding. Accurate timestamps are included 
alongside the sensor data so that the collected data can be arranged in a time series. 

The overall flow of communication is implemented in an asynchronous, non-blocking manner 
to enable real-time processing without queuing delay, even when messages are received in parallel 
from up to eight sensor nodes. The received messages are stored in a local SQLite database and 
include metadata, such as the message size and time of receipt, for use in the quantitative 
performance analysis. 

4.2.2. Message Topic Structure and Sensor Scalability 

The system proposed in this study was designed to enable parallel collection of diverse 
environmental data by topic based on an MQTT-based communication structure. 

The message topic structure adheres to the form /env/[sensor_type]/[node_id], where 
sensor_type is the environmental variable being measured (e.g., temperature, humidity, CO₂, and 
NH3) and node_id is a unique identifier for the sensor node. This structure allows the broker to 
classify received messages by topic and can prevent bottlenecks in the data flow because the 
subscriber can selectively receive sensor topics [13]. 

For example, /env/temp/1 indicates temperature data measured at Node 1, while /env/co2/3 
indicates CO2 concentration data measured at Node 3. 

In this study, the following four major livestock housing environmental variables were recorded: 
temperature, humidity, CO2, and NH3. However, the system is extendible and can measure variables 
such as fine dust (PM2.5), volatile organic compounds (VOCs), illuminance (Lux), noise (dB), 
atmospheric pressure (hPa), water supply (L/h), water temperature (°C), and GPS coordinates [14]. 
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Table 3 lists examples of MQTT topics for different environmental variables that might be 
measured in smart livestock housing. 

Table 3. MQTT message topics for various environmental parameters in a smart livestock facility. 

Sensor Type MQTT Topic Unit Description 

Temperature /env/temp/1 °C 
Ambient air temperature in the 

livestock barn 
Humidity /env/hum/1 % Relative humidity 

Carbon dioxide 
(CO₂) 

/env/co2/1 ppm CO₂ concentration 

Ammonia 
(NH₃) /env/nh3/1 ppm NH₃ concentration 

Fine dust 
(PM2.5) /env/pm25/1 µg/m³ 

PM2.5 concentration 

Volatile 
Organic 

Compounds 
/env/voc/1 

Index/p
pm 

VOC index or concentration 

Illuminance /env/lux/1 lux Light intensity inside the barn 
Noise /env/noise/1 dB Noise level inside the facility 

Atmospheric 
pressure /env/pressure/1 hPa 

Air pressure inside the barn 

Water 
temperature 

/env/watertemp/
1 

°C Temperature of the drinking water 
tank 

 
This system appears to be suitable not only for real-time monitoring but also for time series data 

collection for future analysis. Because each topic is constructed in JSON format, the messages can 
easily be parsed and processed by a wide range of clients. 

This structure is highly versatile and can be extended without separate structural changes for 
future refinement of smart livestock housing systems, new environmental sensor addition, or 
monitoring in specific regions. 

4.3 Experimental scenario construction 

To test the performance of the parallel MQTT-based smart livestock housing communication 
structure proposed in this study, three experimental scenarios were devised [15] to evaluate the 
system’s core design elements: communication bottlenecks, node scalability, and data collection 
stability. In addition, the scenarios were designed to be performed repeatedly with the same 
hardware and network environment. 

 

4.3.1. Scenario 1: Analysis of Latency and Data Collection Rate with Increasing Node Count 

This scenario was designed to verify whether the performance of the parallel structure declined 
when the sensor node count increases. Each node sends data independently to the MQTT broker, and 
the data reception success rate and latency are measured based on whether these data are processed 
normally by the broker. 

Table 4. Scenario 1: Performance evaluation according to the number of sensor nodes. 

Category Details 

Objective Evaluate changes in data reception rate and latency as the 
number of sensor nodes increases 

Main Variable Number of sensor nodes: 2, 4, 6, 8 
Controlled 
Conditions 

Fixed transmission interval of 2 s; same sensor types 
(temperature, humidity, CO₂) 
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Evaluation Metrics 
Data reception success rate (%), average and maximum 

latency (ms) 

Significance Assess the scalability and performance stability of the parallel 
MQTT communication architecture 

Each sensor node individually sends temperature, humidity, and CO2 data to the MQTT at 2 s 
intervals, and these data are received in real-time by the broker. 

By measuring the reception success rate and the mean latency, this experiment determines 
whether the communication structure can maintain a stable performance even in a high-density 
environment. 

4.3.2. Scenario 2: Analysis of System Stability at Different Transmission Intervals 

This scenario was designed to investigate whether the system can process data in a stable 
manner when the message transmission interval changes. The number of nodes is fixed at 6 while the 
transmission interval varies between 1 s and 10 s. Each node includes temperature, humidity, CO2, 
and NH3 sensors, and all nodes send data to the MQTT broker according to the selected interval [16]. 

The broker’s ability to process the message queue, message loss rate, and processing speed are 
measured to determine the minimum acceptable transmission interval in a real-time environment 
and evaluate the limits of the system’s stability. This experiment focuses on detecting potential data 
loss and processing delays when several messages are sent simultaneously each second. 

Table 5. Scenario 2: System stability evaluation according to the transmission interval. 

Category Details 

Objective 
Evaluate system stability and message loss rate under 

different transmission intervals 
Main Variable Transmission interval: 1 s, 2 s, 5 s, 10 s 

Controlled 
Conditions 

Fixed number of sensor nodes (6 nodes); identical sensor 
types (temperature, humidity, CO₂, NH₃) 

Evaluation Metrics 
Message loss rate (%), message throughput (messages/sec), 

average processing delay 

Significance 
Analyze the broker's stability and performance threshold in a 

real-time communication environment 
 

4.3.3 Scenario 3: Performance Comparison of the MQTT vs RS485 Communication Structures 

RS485 is a wired serial communication structure that is widely used at many livestock facilities 
in the field, while MQTT is a broker-based asynchronous communication structure with advantages 
in terms of network scalability and real-time processing. In this scenario, the same sensors 
(temperature, humidity, CO2) are connected to each communication protocol and data are collected 
under the same environmental conditions [17]. 

The transmission interval is kept constant at 3 s. RS485 uses polling with a master-slave 
structure, while MQTT uses a publish/subscribe approach. The data loss rate, mean latency, and 
frequency of communication errors are measured and compared between the two systems. 

Figures 5 and 6 depict the differences in communication flow between the proposed MQTT-
based structure and conventional RS485-based structure [18]. 

The MQTT structure uses a publish/subscribe-based asynchronous communication model. 
When each sensor node sends data to the central broker, the broker relays the messages to subscribers 
based on topics. 
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Figure 5. MQTT communication structure flowchart. 

This structure ensures independence between nodes and allows the broker to effectively process 
data sent from multiple nodes in parallel, thus providing excellent scalability and processing 
flexibility. Meanwhile, RS485 uses a master-slave-based serial communication structure in which the 
master uses polling to collect data from each slave node in series. 

 

Figure 6. RS485 communication structure flowchart. 

Although this structure has the advantages of configurational simplicity and reliability, it has 
limited scalability and presents a risk of polling delays and communication collisions when the 
number of nodes is increased. Table 6 compares the technical differences between the MQTT and 
RS485 communication structures. 

Table 6. Comparison of the technical differences between the MQTT and RS485 communication structures. 

Feature MQTT RS485  

Communication Type 
Publish/Subscribe  

(asynchronous) 
Master/Slave  

(polling, synchronous) 

Transmission Path Broker-based, supports 
multiple topics 

Point-to-point (P2P), 
sequential polling 

Scalability High (easy to add nodes) Limited (bus collision and 
cable length constraints) 

Flexibility 
High (supports wireless and 

modular configuration) 
Low (limited by fixed 

wiring structure) 
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Communication 
Latency 

Low (adjustable via QoS 
level) 

Increases with the 
number of nodes 

Transmission 
Reliability 

Configurable QoS levels (0 to 
2) 

Fixed reliability (requires 
manual retransmission if 

failed) 

5. Results and Performance Analysis 
5.1. Configuration of the Experimental Environment 

To test the performance of the proposed system, the parallel MQTT communication structure 
was implemented in a real environment and subjected to three experimental scenarios, including a 
comparison with the RS485-based structure. The conditions for the experimental environment are 
shown in Table 7. 

Table 7. Experimental setup overview. 

Item Description 

Test Site Smart livestock facility in Suncheon, 
Jeollanam-do, Korea 

Network Configuration Wi-Fi (IEEE 802.11n); all nodes connected 
under the same AP 

Broker Location 
Mosquitto MQTT broker installed on Jetson 

TX2 device 
Number of Nodes 2 to 8 nodes (adjusted by scenario) 

Sensor Types Temperature, humidity, CO₂, NH₃ sensors 
Transmission Interval 1 s to 10 s (varied by scenario) 

Measurement Duration 
10 min per condition, 

Three repetitions for each setting 

Comparison System 
RS485 polling-based system using 

 RS485-USB converter 

Measured Parameters 
Message success rate (%), average/max 

latency (ms), message throughput (msg/s), 
number of communication errors 

The experiments were performed in a realistically sized smart livestock facility testbed, and 
repeated measurements were recorded under each condition to improve the reliability of the data. 
The network configuration, node count, and sensor composition were varied depending on the 
scenario, and the communication latency, message success rate, and message throughput were used 
as the main evaluation metrics. 

 

Figure 6. Photos of the RS485 and MQTT equipment installed in Suncheon City. 

5.2. Scenario 1: Performance Analysis with Increasing Node Count 
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The purpose of this scenario was to quantitatively analyze the changes in communication 
performance of the MQTT-based structure when the number of sensor nodes was increased. The 
experiment was conducted while sequentially increasing the number of nodes from 2 to 8, and the 
following indices were measured under each condition [19]: 
• Message success rate (%); 
• Average latency (ms); 
• Throughput (msg/s). 

For each condition, measurements were recorded in triplicate in the same environment, and the 
mean values were calculated. The transmission interval was fixed at 3 s, and the QoS level was set to 
1. The measured results are shown in the graphs below (Figures 7–9). 

 

Figure 7. Message success rate vs number of nodes. 

Figure 7 shows the change in message reception success rate with increasing sensor node count. 
From 2 to 6 nodes, a high mean success rate of over 98% was maintained, although the value declined 
slightly in the configuration with 8 nodes (96.2%), which may have been related to the instantaneous 
load when the MQTT broker tried to process multiple published requests simultaneously. However, 
an overall QoS 1 level of reliability was maintained, and this performance still satisfied the collection 
accuracy criterion (95%) required for real smart livestock facilities. 

 

Figure 8. Average latency vs number of nodes. 

Figure 8 shows the trend in communication latency with increasing node count. As the node 
count increased, the broker’s overall queue waiting time became longer and a gentle increase in 
latency was observed. The average latency was 32 ms in the 2-node configuration and increased up 
to 118 ms in the 8-node configuration. Due to the nature of the MQTT protocol, message processing 
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priority is not guaranteed; therefore, some delay is inevitable at times of focused traffic. Nevertheless, 
the latency in all conditions was within the acceptable range (<500 ms) for real-time livestock 
facilities. 

 

Figure 9. Message throughput vs number of nodes. 

Figure 9 shows the message throughput over unit time (msg/s) as the node count varied. With 
the transmission interval fixed at 3 s, a linear increase in throughput was observed with increasing 
node count. This means that the parallel MQTT structure exhibited stable performance with no data 
collection bottlenecks, even in a multi-node environment. Because the system is designed so that each 
node publishes independently to the broker, efficient distributed processing of the data was possible 
without interference between nodes. 

In summary, the proposed parallel MQTT-based communication structure maintained a high 
message reception success rate and acceptable latency even when the node count was increased, and 
the message throughput also showed a linearly increasing pattern. This demonstrates empirically 
that this structure is an effective scalable communication architecture that can simultaneously ensure 
communication stability and real-time operations in an environment such as smart livestock housing 
when the sensor node count gradually increases. 

5.3. Scenario 2: Performance Analysis at Different Transmission Intervals 

The purpose of this scenario was to analyze changes in system stability and data processing 
performance when the sensor transmission interval was decreased. The number of nodes was fixed 
at 4, and the transmission cycle was set to either 1 s, 3 s, 5 s, or 10 s. In each condition, the following 
variables were measured [20]: 
• Message loss rate (%); 
• Average latency (ms); 
• Throughput (msg/s). 

Figure 10 shows the change in message loss rate when the sensor transmission interval was 
changed between 1 s and 10 s. At the 1 s transmission interval, the average loss rate was 4.2% due to 
saturation of the message queue, thus revealing the limitations of the broker processing throughput. 
Meanwhile, at transmission intervals of 3 s or more, the loss rate remained less than 1%, while at 
transmission intervals of 5 s or more, practically no loss was observed. These results suggest that 
setting an appropriate transmission interval is an important factor for ensuring system stability. 
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Figure 10. Message loss rate vs transmission interval. 

Figure 11 shows the trend in average communication latency when the transmission cycle 
varied. As the transmission interval became shorter, simultaneous processing demand on the broker 
became concentrated, and a clear increase in the message queue processing latency was observed. At 
a transmission interval of 1 s, the average latency was 145 ms, which is a 3.6-fold increase compared 
to the latency of 40 ms at a transmission interval of 10 s. Nevertheless, the latency was below 200 ms 
at all transmission intervals, which satisfies the criterion (500 ms) for real-time operation in smart 
livestock housing. 

 

Figure 11. Average latency vs transmission interval. 

Figure 12 shows the change in message throughput per second (msg/s) with varying 
transmission intervals. As expected, shorter transmission intervals increased the throughput, and the 
maximum throughput recorded at the 1 s transmission interval was approximately 4.0 msg/s. This 
means that the system is capable of rapidly processing multiple messages. Nonetheless, the loss rate 
and latency must be considered alongside the increased throughput. Therefore, in real applications 
of this system, rather than simply maximizing the throughput, the optimal transmission cycle must 
be set based on ensuring stability and acceptable latency. 
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Figure 12. Message throughput vs transmission interval. 

To summarize, the proposed MQTT-based structure maintained a stable loss rate and latency at 
transmission intervals of 3 s or more, and system stability was also confirmed under the high-
frequency transmission condition. This demonstrates that the structure allows for flexible balancing 
of communication efficiency and real-time performance by adjusting the transmission interval 
depending on the environment. 

5.4. Scenario 3: Performance comparison between the MQTT-based and RS485-based systems 

The purpose of this scenario was to directly compare the communication performance between 
the proposed MQTT-based structure and a conventional RS485-based method by empirically testing 
the technical strengths and limitations of each approach. Both systems were implemented in the same 
smart livestock housing and included the same number of sensor nodes (4) and transmission interval 
(3 s). During the experiment, the following variables were measured in triplicate and compared: 
• Average latency (ms); 
• Message success rate (%); 
• Throughput (msg/s); 
• Communication error frequency. 

Figure 13 shows a comparison of the average latency between the MQTT and RS485 systems. 
While MQTT recorded a low average latency of 98 ms, RS485 showed a latency of approximately 178 
ms. RS485 uses serial polling based on a single communication bus, meaning that it has an inherent 
structural limitation of increasing response time as the number of nodes increases. On the other hand, 
the MQTT-based structure allows each node to publish to the broker in parallel, which is 
advantageous for real-time data processing. 
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Figure 13. Average latency comparison. 

Figure 14 shows a comparison of the message success rates between the two methods. MQTT 
recorded an average message reception success rate of 99.2%, thus demonstrating 4.7% higher 
reliability than RS485 (94.5%). RS485-based communication was sensitive to external interference, 
such as line noise, data collisions, and timeouts, whereas MQTT was capable of more stable message 
reception due to the TCP-based retransmission mechanism and QoS setting. 

 

Figure 14. Message success rate comparison. 

Figure 15 shows a comparison of the number of messages that could be processed per unit time. 
MQTT showed a throughput of 1.33 msg/s, while RS485 showed a throughput of 0.67 msg/s, meaning 
that the throughput of MQTT was approximately twice as high as that of RS485. The high throughput 
of the MQTT-based system is due to the asynchronous structure, which allows each node to send 
messages to the broker independently. This is an important factor in environments that require sensor 
multiplexing.  

 

Figure 15. Message throughput comparison. 

The MQTT-based structure only recorded 1.3 errors on average, while the RS485-based structure 
recorded a higher error frequency of 5.7. RS485 likely suffered from more errors due to problems 
such as timeouts and address collisions in the master-slave structure. Conversely, MQTT showed 
robust error restoration based on the publish-subscribe protocol. 

In summary, the proposed MQTT-based communication structure showed superior 
performance to RS485 in all metrics and showed especially clear differences in terms of real-time 
performance, reliability, and processing efficiency. This demonstrates empirically that the MQTT 
structure is highly suitable for environments that require high-frequency data collection from 
multiple sensors, such as smart livestock housing. 
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6. Discussion  
In this study, a parallel MQTT-based communication structure was designed and its 

communication performance was quantitatively compared with that of a conventional RS485-based 
approach in a smart livestock housing environment. In the experiments, the MQTT-based system 
demonstrated superior performance to the RS485-based system in all key indices, including latency, 
message reception success rate, message throughput, and communication error frequency. In this 
section, the technical significance and practical implications of these findings are discussed and 
future applications and directions for improvement are suggested. 

6.1. Technical Significance and Effects 

6.1.1. Performance Improvement Due to Communication Parallelization 

Compared with RS485, the proposed MQTT-based structure allows each sensor node to 
independently publish messages to the broker, meaning that performance was not significantly 
impaired even when the node count was increased. 

This demonstrates that the parallel architecture is suitable for a multisensory environment and 
offers advantages in terms of throughput and scalability. 

6.1.2. QoS-Based Reliability 

The QoS setting in the MQTT protocol maintained the data loss rate below 1%, and the TCP-
based communication characteristics showed a stable structure that is robust to noise. 

6.1.3. Flexible Message Structure and Sensor Scalability 

Defining the topic structure in the form /env/[sensor_type]/[node_id] facilitated the addition of 
diverse sensors and tracing of the message flow. Thus, this structure provides important benefits in 
terms of system maintenance and recovery as well as operating efficiency. 

6.2. Field Applications and Practical Implications 

This study was based on communication experiments conducted in a real smart livestock 
housing testbed, meaning that in addition to verifying the theoretical design, the field applicability 
of the proposed approach was also ensured. Moreover, by testing the integrative performance across 
different scenarios, such as increasing node count and varying transmission interval, and performing 
comparisons with other types of communication structures, this study provides an important 
reference point for the application of this system to real smart livestock facilities. 

6.3. Limitations and Directions for Future Improvements 

Although the experimental results revealed the excellent performance of the proposed parallel 
MQTT-based communication structure across several measures, the scope of the study and 
experimental conditions present certain limitations. These limitations must be accounted for in future 
real-world implementations of the system to ensure its applicability to large-scale livestock facilities. 
Technical limitations and specific improvement plans are presented in Table 8. 

Table 8. Limitations and future improvements. 

Category Limitation Future Improvement Plan 

Single Broker 
Model 

All sensor nodes are connected 
to a single MQTT broker, 

which may cause bottlenecks 
as the number of nodes 

increases. 

Apply a clustered broker 
architecture with load-
balancing mechanisms. 

Fixed 
Experiment 
Parameters 

Only the number of nodes and 
transmission intervals were 
varied, while other factors 

Conduct experiments by 
varying multiple parameters 
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such as packet size or QoS 
were fixed. 

(QoS levels, packet sizes, topic 
structures, etc.). 

Farm Network 
Environment 

System was tested under 
stable indoor Wi-Fi, which 
may not reflect real-world 

farm environments. 

Evaluate communication 
robustness under variable farm 

conditions and consider 
alternative wireless 

technologies (e.g., LTE-M, 
LoRa). 

Lack of Real-
Time Control 
Integration 

System focuses on data 
collection only and does not 
include actuator control via 

controllers. 

Design and implement a bi-
directional system linking 

environmental monitoring with 
actuator control. 

7. Conclusions 
In this study, a parallel MQTT-based communication structure was designed to efficiently collect 

high-frequency data from multiple sensors in smart livestock housing. The performance of this 
structure in a real environment was compared with that of the conventional RS485-based approach. 

The proposed system was designed to maintain stable message reception performance even 
when the number of sensor nodes increased or transmission interval decreased. Experiments were 
conducted to measure major outcomes related to latency, message reception success rate, message 
throughput, and communication stability. 

In terms of latency, the MQTT-based system demonstrated excellent real-time performance, with 
a response time that was over 45% shorter on average than that of RS485. The reception success rate 
of MQTT was over 99%, demonstrating high reliability. Due to its parallel structure, the throughput 
of MQTT was twice as efficient as that of RS485, which suggests that this system would be vastly 
advantageous in environments with sensor multiplexing. Finally, the communication error frequency 
of MQTT was 75% lower than that of RS485. 

These results demonstrate that the proposed communication structure is a feasible option for 
high-frequency, multisensory-based smart livestock facilities. They also reveal the potential of the 
system for use in cutting-edge agricultural information and communication technology systems, 
which demand real-time performance and scalability. 

Notably, this study was limited to experiments in a single-broker environment; therefore, further 
experiments will be needed to reflect different QoS settings, packet structure, and changes in network 
quality. 

In conclusion, this study presents a practical foundation for refining communication structures 
in smart livestock housing environments. Future technical extensions and empirical studies will 
transform this approach into a key component for intelligent automation at smart livestock facilities. 
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The following abbreviations are used in this manuscript: 

QoS  Quality of service 

IoT  Internet of Things 

MQTT Message Queuing Telemetry Transport 

P2P  Point to point 
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