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To achieve an unmanned rice farm, in this study, a cotransporter system was developed using a tracked
rice harvester and transporter for autonomous harvesting, unloading, and transportation. Additionally,
two unloading and transportation modes—harvester waiting for unloading (HWU) and transporter fol-
lowing for unloading (TFU)—were proposed, and a harvesting–unloading–transportation (HUT) strategy
was defined. By breaking down the main stages of the collaborative operation, designing module-state
machines (MSMs), and constructing state-transition chains, a HUT collaborative operation logic frame-
work suitable for the embedded navigation controller was designed using the concept and method of
the finite-state machine (FSM). This method addresses the multiple-stage, nonsequential, and complex
processes in HUT collaborative operations. Simulations and field-harvesting experiments were performed
to evaluate the applicability of this proposed strategy and system. The experimental results showed that
the HUT collaborative operation strategy effectively integrated path planning, path-tracking control,
inter-vehicle communication, collaborative operation control, and implementation control. The cotrans-
porter system completed the entire process of harvesting, unloading, and transportation. The field-
harvesting experiment revealed that a harvest efficiency of 0.42 hm2∙h−1 was achieved. This study can
provide insight into collaborative harvesting and solutions for the harvesting process of unmanned farms.

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rapid development of agricultural mechanization,
informatization, and intelligent technology has led to the emer-
gence of unmanned farm technology, attracting considerable
attention from researchers [1,2]. Unmanned farms rely on
advancements in autonomous driving technologies for agricul-
tural machinery. They operate in an all-weather, full-process,
and fully automated mode. Unmanned farms are capable of com-
pleting every aspect of farm production and management tasks
autonomously. They are the most advanced agricultural produc-
tivity approach that can significantly improve labor productivity
and resource utilization.
During the harvesting process of an unmanned farm, multiple
rounds of unloading and transportation are required due to the
limited capacity of the grain tank of the harvester, thus reducing
the efficiency of harvesting. Therefore, a collaborative operation
strategy between the harvester and transporter must be developed
to fully achieve autonomous harvesting, unloading, and trans-
portation to improve the operational efficiency of a harvester. This
strategy can serve as theoretical support and technical reference
for multivehicle collaboration (e.g., reseeding and refueling) and
other operation scenarios.

1.1. Key technologies of harvesting–unloading–transportation (HUT)
collaborative operation

The complexity of a collaborative harvesting operation is
relatively high due to its multiple aspects, such as path planning
and operation scheduling, path-tracking control, inter-vehicle
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communication, collaborative operation control, and implementa-
tion control. Path-tracking control is the basic technology of intel-
ligent agricultural machinery equipment and has been extensively
investigated. The control methods include the pure pursuit algo-
rithm [3,4], proportional–integral–derivative (PID) control [5,6],
fuzzy control [7,8], sliding-mode control [9,10], and model predic-
tive control [11,12]. The accuracy of tracking control can reach
±2.5 cm. Inter-vehicle communication serves as the foundation
of information exchange between the harvester and transporter.
It can be achieved through technologies including radio [13], the
4th generation mobile communication technology (4G) [14], blue-
tooth [15], and long-range radio (LoRa) [16]. Inter-vehicle commu-
nication can also be achieved by combining communication
protocols and data-processing methods.

Path planning provides a benchmark for making decisions. Sev-
eral researchers have begun to investigate path planning and oper-
ation scheduling related to multimachine collaborative harvesting
operations. Yao et al. [17] conducted a path-planning study on the
collaboration of the same type of agricultural machinery. They sim-
ulated multimachine conflict-free collaborative operation with
path optimization to optimize the total operation time. The simu-
lation results showed that the total operation time of a rectangular
farmland decreased by an average of 2.45% and 2.29%. Zhai et al.
[18] developed a safety-state detection model for agricultural
machinery based on the directional bounding box algorithm and
separation axis theorem. They proposed a multimachine collabora-
tive navigation path-planning method for the master-slave follow-
ing mode. This method can provide global operation paths for both
master and slave machines, thus effectively preventing collisions
between them during turns. Zhang et al. [19] proposed a multima-
chine collaborative operation task-scheduling method using an
improved genetic algorithm to simultaneously allocate multiple
agricultural machinery stations and meet the real-time operation
orders of farmers. Wang et al. [20] adopted an improved Dijkstra
algorithm using priority queues to achieve full-process path plan-
ning for a single agricultural machine and multiple agricultural
machines of the same type. They verified the proposed algorithm
through simulation.

In recent years, researchers have conducted relevant studies
pertaining to collaborative operational control. Noguchi et al.
[21] first proposed the ‘‘GOTO” and ‘‘FOLLOW” algorithms using
the master–slave agricultural multi-robot system. These proposed
algorithms are widely applicable to agricultural operation scenar-
ios. Using the ‘‘FOLLOW” method, proportional–derivative (PD)
control, and sliding-mode control, they designed the following col-
laborative operation control method for master–slave agricultural
robots. Their simulation test results revealed that the maximum
root mean square error of the relative lateral and longitudinal posi-
tions between the master and slave was 0.134 m. Zhang et al. [13]
adopted a PD control method combining state feedback and distur-
bance feedforward to enable a semiautomatic agricultural vehicle
(slave) to follow a leading tractor (master) at a specified lateral
and longitudinal offset. Zhang et al. [15] used a PD controller to
maintain the distance between two vehicles and proposed a safe,
collaborative turning method. Field test results showed that at a
tractor speed of 0.83 m∙s−1, the average error of the relative posi-
tion of two vehicles was 0.13 m, and the variance was 0.15 m.
Bai et al. [22] proposed a corporative navigation control strategy
for a harvester group using the leader–follower structure. They
combined feedback linearization, sliding-mode control theory,
and a harvester group kinematics model to design a path-
tracking and formation-preserving control method. The test results
showed that the average errors of the leader and follower were
0.058 and 0.059 m, respectively. Li et al. [23] designed a fuzzy con-
troller based on lateral and heading deviations, which achieved the
slave-following-master pattern using the path provided by the
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master. The root mean square error of the path tracking at a slave
speed of 0.8 m∙s−1 was 0.068 m. Zhang et al. [24] proposed a lon-
gitudinal relative-position control method with position–velocity
coupling to realize a collaborative harvesting–unloading operation
for wheeled harvesters and transport tractors. At a harvester speed
of 1 m∙s−1, the maximum standard deviation of the longitudinal
relative-position deviation was 0.091 m. Ding et al. [25] proposed
a self-adjusting single-neuron PID control method to accurately
control the longitudinal relative position of a tracked harvester
and tracked transport vehicle. Field-harvesting experiments
showed that the steady-state maximum deviation was 0.253 m
and that the grains were accurately unloaded into the granary of
the transport vehicle.

In summary, significant progress has been made in studies on
path-tracking control, inter-vehicle communication, and collabora-
tive operation control. Although these methods have some disad-
vantages, they can satisfy the requirements of collaborative
harvesting operations. Meanwhile, path planning and operational
scheduling have been investigated through simulation. Although
the results provide an excellent theoretical foundation and valu-
able insights for solving practical problems, they cannot be directly
applied to practical applications. Therefore, to achieve fully auton-
omous harvesting and enhance operational efficiency, it is crucial
to integrate path planning and operation scheduling, path-
tracking control, inter-vehicle communication, collaborative oper-
ation control, and implementing control based on actual produc-
tion demands and operational scenarios. This approach will help
develop the HUT collaborative operation strategy suitable for
actual production and operation.
1.2. Research objectives

This study aimed to design a HUT method and strategy that
combined path planning, path-tracking control, inter-vehicle com-
munication, collaborative operation control, and implementing
control in the spatial and temporal sequences of the collaborative
harvesting operation. This combined strategy aimed to achieve
the entire process of autonomous HUT operation and provide sup-
port—from theoretical models to technical implementation—for
master–slave collaborative harvesting.

In this study, a full process autonomous HUT mode that combi-
nes two different grain-unloading methods, harvester waiting for
unloading (HWU) and transporter following for unloading (TFU),
was first proposed. Then, based on the concept and method of
the finite-state machine (FSM), a HUT collaborative operation logic
framework suitable for embedded navigation controllers was
designed by breaking the main stages of the collaborative opera-
tion, designing module-state machines (MSMs), and constructing
state-transition chains. Finally, simulations and field harvest
experiments were conducted to validate the HUT collaborative
operation strategy.

2. Materials and methods

2.1. Experimental equipment and materials

2.1.1. Experimental vehicles
In this study, an RG60V4G-036 tracked harvester and an

RG60V4G-037 tracked transporter (WEICHAI LOVOL, China) were
used as the experimental vehicles. Both the harvester and trans-
porter were equipped with electrically controlled chassis, enabling
electric control of hydraulic steering, hydraulic stepless transmis-
sion, engine, header, threshing drum, grain-unloading cylinder,
and other actuators. The main technical parameters of the har-
vester and transporter are listed in Table 1.
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Table 1
Technical parameters of harvester and transporter.

Equipment Parameter Technical specification

Harvester Model number WEICHAI LOVOL
RG60V4G-036

Overall dimensions
(mm × mm × mm)

5930 × 2500 × 2945

Overall weight (kg) 3900
Matching power (kW) 88
Feed quantity (kg∙s−1) 6
Volume of granary (m3) 1.3
Grain-unloading mode Hydraulic high-level

unloading

Transporter Model number WEICHAI LOVOL
RG60V4G-037

Overall dimensions
(mm × mm × mm)

3086 × 2080 × 2738

Overall weight (kg) 2500
Matching power (kW) 88
Volume of granary (m3) 2.5
Grain-unloading mode Hydraulic high-level

unloading
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2.1.2. Overall design of the cotransporter system
The designed cotransporter system mainly comprised a har-

vester, a transporter, positioning and attitude measurement mod-
ules, inter-vehicle communication modules, and navigation and
autonomous operation control modules. Both vehicles used a
dual-antenna global navigation satellite system (SinoGNSS K726;
ComNav Technology Ltd., China) at a positioning information
acquisition frequency of 10 Hz. The horizontal positioning accuracy
of the system was ± (10 + 1 × 10−6 × D) mm, where D is the dis-
tance from the base station to the mobile station (km). Inter-
vehicle communication was developed using a 4G-cat1 data trans-
mission terminal (USR-DR152; Jinan USR IOT Technology Ltd.,
China) and a 2.4 GHz full-duplex wireless data transmission radio
modem (AS69-DTU20; Chengdu Ashining Technology Ltd., China),
and their corresponding data transmission frequencies were 2
and 5 Hz, respectively. STM32F407ZGT6 minimum system boards
(ALIENTEK-STM32F407ZGT6 minimum system boards; Guangzhou
Xingyi Electronic Technology Co., Ltd., China) were used for data
processing and the fusion module. The navigation and autonomous
operation control terminal comprised a STM32H743IGT6 as the
core processor, which communicated with the chassis electronic
control unit of the vehicles through a controller area network
(CAN) bus. The software for the control terminal was developed
and debugged using Metrowerks Code Warrior for ARM Developer
Suite v1.2. The hardware composition and structural diagram of
the tracked cotransporter system are shown in Fig. 1.

2.2. Definition of HUT collaborative operation

2.2.1. Dual-unloading mode of collaborative unloading
Noguchi et al. [21] from Hokkaido University first proposed the

‘‘GOTO” and ‘‘FOLLOW” algorithms. These algorithms are widely
applicable to agricultural machinery operations. Based on the
actual production demands and operation environment of
unmanned farms, in this study, two types of collaborative unload-
ing methods were proposed: HWU and TFU.

In the HWU system, the harvester stops and summons the
transporter when its granary of the harvester reaches a designated
threshold, and unloading occurs after the transporter is situated in
its intended location. In the TFU system, the transporter is sum-
moned to follow in the straight section of the harvest operation
when the granary of the harvester reaches a designated threshold,
and two vehicles collaborate to accurately complete the unloading
operation. Both HWU and TFU can achieve complete autonomous
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unloading and transportation. The operational scenario is illus-
trated in Fig. 2.

TFU allows the harvester to unload without stopping, thereby
significantly improving the efficiency of the operation. However,
it is not applicable to all scenarios. When the first unloading is
required after harvest begins, if the transporter lacks sufficient
space to follow the harvester, then HWU must be performed first.
Once sufficient space has been cleared in the field, then TFU can
be conducted. After the entire field has been harvested, the har-
vester must unload all grains into the transporter, making HWU
more suitable. Therefore, the combination of HWU and TFU was
used in this study to achieve autonomous HUT in the entire
process.

2.2.2. Primary stages of collaborative operation
The collaborative harvesting mode combining HWU and TFU

can be divided into eight primary stages based on the characteris-
tics of collaborative operation and control:

In stage 1 (S1), the harvester automatically navigates and har-
vests, tracking the planned path and activating the relevant imple-
mentation for autonomous harvesting.

In stage 2 (S2), the transporter waits for summoning. It drives to
the starting point of the collaborative path section of HWU based
on the planned path, stops, and waits for the harvester to be sum-
moned to HWU or switch to the TFU mode.

In stage 3 (S3), the transporter waits for TFU. When it receives
the summoning instruction from the harvester, it navigates based
on the planned path to the starting point of the collaborative path
section of TFU, stops, and waits for TFU.

In stage 4 (S4), the harvester and transporter execute HWU.
When the granary of the harvester reaches a designated threshold
and the unloading position, the harvester stops and sends the sum-
moning instruction to the transporter. After receiving the sum-
mons, the transporter vertically aligns with the harvester along
the planned collaborative HWU path. After the transporter is posi-
tioned in its intended location, the harvester begins unloading,
achieving HWU.

In stage 5 (S5), the harvester and transporter execute TFU. When
the harvester reaches the collaborative TFU path, it continues to
harvest and then sends instructions to the transporter to begin
driving. The transporter adjusts its speed in real time and longitu-
dinally aligns with the harvester. After the position is aligned, the
harvester begins to unload, achieving TFU. Based on the sensor
information of the harvester’s granary, or if the harvester is about
to turn, it stops unloading, and then the transporter stops.

In stage 6 (S6), after the transporter completes HWU. S6-1: if the
next unloading mode is TFU or the granary reaches the threshold,
then stage 8 (S8) is executed for unloading; S6-2: if the next unload-
ing mode is HWU and the granary does not reach the threshold,
then S2 is executed to wait for the next HWU.

In stage 7 (S7), after the transporter completes TFU. S7-1: if the
next unloading mode is HWU or the granary reaches the threshold,
then S8 is executed for unloading; S7-2: if the next unloading mode
is TFU and the granary does not reach the threshold, then the
transporter waits for summoning. When the transporter receives
the summoning instruction from the harvester, it plans the path
and drives to the starting point of the collaborative TFU path. After
the transporter is situated in its intended location, S3 is executed to
wait for TFU.

In S8, the unloading stage of the transporter, the transporter
plans the unloading path and drives to the designated location
for unloading. After unloading, the transporter replans the path
and enters S2 or plans the return path to the garage and returns
to the garage.

S1, S2, S3, S6, S7, and S8 are weak coupling stages. The harvester
and transporter are only required to maintain inter-vehicle
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Fig. 1. Hardware composition and structural diagram of cotransporter operation system. RS232: recommeded standard 232; RTK-GNSS: real-time kinematic-global
navigation satellite system.
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communication and complete their own independent planning and
operational tasks. S4 and S5 are strong coupling stages that require
real-time communication and collaboration between the harvester
and transporter to control the relative longitudinal distance and
ensure a collaborative operation and accurate unloading.

2.2.3. Process of collaborative operation
The HUT collaborative operation was designed based on the

proposed primary stages. The harvester first departs from the
garage and drives to the field based on the planned path, execut-
ing S1 for harvesting. Then, the transporter departs from the gar-
age, executes S2, and waits for a summons. The harvester
summons the transporter based on the unloading method and
granary information. After receiving the summons, the trans-
porter executes S4, S6, S8, and S2 to complete HWU and trans-
portation or executes S3, S5, S7, S8, and S2 to complete TFU and
transportation. After harvesting is completed, the harvester sum-
mons the transporter to execute S4 and unloads all grains into the
transporter. The harvester first returns to the garage and then
executes S8 for unloading and returns to the garage. The two
vehicles collaborate to complete the HUT collaborative operation.
The primary stages and the process of collaborative operation are
illustrated in Fig. 3.
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2.3. Modeling of HUT collaborative operation

The HUT collaborative operation features multiple stages and
nonsequential and complex processes. Adopting conventional con-
trol logic and structures leads to complex logic and convoluted
designs, thus complicating maintenance and upgrades. The FSM
is the research object of automata theory and represents the math-
ematical model of finite states and behaviors, such as transitions
and actions between states [26]. The FSM features the following
three characteristics: ① the total number of states is finite, ② at
any moment, the state machine is in only one state, and ③ it tran-
sitions from one state to another when a specific condition is trig-
gered [27–29]. FSM has been applied to achieve complex
agricultural scenarios, such as autonomous driving of tractors on
farmland roads [30] and collaborative control of the cotton picking
robot [31]. The advantages of FSM are as follows: ① It can make
the framework of control logic concrete and easy to implement;
② the characteristics of the state actuator enable errors to be accu-
rately located; ③ modular design is easy to maintain and upgrade.

According to the concepts and methods of FSM, the actions of
the harvester and transporter during the primary stages of the
HUT collaborative operation (in Section 2.2.2) can be described
as a finite number of states. State transfers can be realized by
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Fig. 2. Operation scenario of (a) HWU and (b) TFU.

Fig. 3. The primary stages (S1–S8) and process of HUT operation. (a) Schematic
diagram of collaborative unloading. (b) Five parking states of transporter.
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describing and defining the transfer conditions for each state.
Finally, by constructing the state-transition chain and logical
framework, the corresponding actions of the harvester and trans-
porter are realized and changed to complete the entire complex
HUT collaborative operation.

2.3.1. MSM and state-information matrix
MSMs were established for the harvester and transporter. An

MSM contains a state-information matrix and state-function mod-
ules. The state-function modules mainly include a state actuator
(A), a state evaluator (E), a state trigger (T), and state verification
(V). The MSM for the harvester and transporter is denoted as Mh

and Mt, respectively. The relationship between them is expressed
as follows:

Mh ¼ fQh;Ah; Eh; Th;Vhg
Mt ¼ fQ t;At; Et; Tt;V tg

�
ð1Þ

where Qh and Qt are the state-information matrices of the harvester
and transporter, respectively.

The state-information matrix of the harvester can be expressed
as

Qh ¼ ½Qh1;Qh2;Qh3; :::;Qh13� ð2Þ
where Qh1 is the path-planning state, Qh2 is the driving-speed state,
Qh3 is the engine-speed state, Qh4 is the height state of the cutting
table, Qh5 is the main-clutch state, Qh6 is the cutting-table clutch
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state, Qh7 is the unloading-clutch state, Qh8 is the position state of
the grain-unloading barrel, Qh9 is the granary-monitoring state,
Qh10 is the state of straight-line tracking or turning, Qh11 is the eval-
uation state of real-time heading and lateral deviation, Qh12 is the
evaluation state of unloading routes and methods, and Qh13 is the
real-time distance from the transporter.

The state-information matrix of the transporter can be
expressed as

Q t ¼ ½Q t1;Q t2;Q t3; :::;Q t13� ð3Þ

where Qt1 is the path-planning state, Qt2 is the driving-speed state,
Qt3 is the engine-speed state, Qt4 is the unloading-clutch state, Qt5 is
the position state of grain-unloading barrel, Qt6 is the granary-
monitoring state, Qt7 is the evaluation state of longitudinal align-
ment in HWU (for calculating the longitudinal deviation), Qt8 is
the evaluation state of longitudinal alignment in TFU (for calculat-
ing the longitudinal deviation), Qt10 is the state of straight-line
tracking or turning, Qt11 is the evaluation state of real-time heading
and lateral deviation, Qt12 is the evaluation state of unloading routes
and methods, and Qt13 is the real-time distance from the harvester.

2.3.2. Definition of state-function modules
2.3.2.1. State actuator. The state actuator is used to describe and
represent the states of various actuators of the harvester and trans-
porter in the current state. As presented in Section 2.2, all execu-
tion actions of the harvester and transporter can be categorized
into several fixed basic execution states. Analyzing and modeling
these states enable the division and description of the actions of
the harvester and transporter at each stage of the HUT collabora-
tive operation. The definitions of state actuators and the state-
information matrices in state actuators are listed in Table 2. The
corresponding actions of the harvester and transporter can be
achieved and changed by sequentially changing the corresponding
state-information matrices.
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Table 2
Definitions of state actuators.

State actuator Description State-information matrices in state actuator

Ah1 The harvester harvests autonomously Qh2, Qh3, Qh4, Qh5, Qh6

Ah2 The harvester stops for HWU Qh2, Qh3, Qh4, Qh5, Qh6

Ah3-1 The actuator for unloading when the harvester is stopped (begin unloading and stop unloading) Qh3, Qh7, Qh8

Ah3-2 The actuator for unloading when the harvester is stopped (begin unloading and stop unloading) Qh3, Qh7, Qh8

Ah4 The harvester enters TFU mode from autonomous harvesting Qh2, Qh3, Qh4, Qh5, Qh6

Ah5-1 The harvester unloads while harvesting (begin unloading and stop unloading) Qh7, Qh8

Ah5-2 The harvester unloads while harvesting (begin unloading and stop unloading) Qh7, Qh8

Ah6 The harvester stops to wait for the transporter Qh2, Qh3, Qh4, Qh5, Qh6

At1-1 The transporter drives autonomously without aligning with the harvester Qt2, Qt3

At1-2 The transporter drives autonomously for parking alignment in HWU mode Qt2, Qt3

At1-3 The transporter drives autonomously for following alignment in TFU mode Qt2, Qt3

At2-1 The transporter parks and waits for summons Qt2, Qt3

At2-2 The transporter parks and waits for TFU Qt2, Qt3

At2-3 The transporter parks when unloading during HWU Qt2, Qt3

At2-4 The transporter parks after TFU Qt2, Qt3

At3-1 The transporter parks and unloads grains to the truck (begin unloading and stop unloading) Qt2, Qt3, Qt4, Qt5

At3-2 The transporter parks and unloads grains to the truck (begin unloading and stop unloading) Qt3, Qt4, Qt5
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2.3.2.2. State evaluator. The state evaluator describes the evalua-
tion metrics from the internal sources and uses them to determine
whether the state actuators initiate state transfer. The definitions
of state evaluators and the state-information matrices in state
evaluators are listed in Table 3.

2.3.2.3. State verification. State verification is performed to calcu-
late and validate the results of the current state and to determine
whether the state actuators initiate state transfer. The definitions
of state verifications and the state-information matrices in state
verifications are listed in Table 4.
Table 3
Definitions of state evaluators.

State evaluator Description

Eh1 Evaluator for the harvester’s granary reaching
Eh2 Evaluator for the harvester’s granary reaching
Eh3 Evaluator for the quality of harvester path-trac
Eh4 Evaluator for the unloading routes and method
Et1 Evaluator for the transporter’s granary reachin
Et2 Evaluator for the transporter’s granary reachin
Et3 Evaluator for the quality of transporter path-tr
Et4 Evaluator for the unloading routes and method

Table 4
Definitions of state verifications.

State
Verification

Description

Vh1-1 Verification that the harvester is in place and beginning HWU
Vh1-2 Verification that the harvester is in place and beginning TFU
Vh2 Verification that the harvester has completed the unloading opera
Vh3 Verification that the harvester summons a transporter to wait for
Vh4 Verification for the next unloading method of a harvester
Vh5 Verification that the harvester drove away from the transporter
Vt1-1 Verification for completing alignment between the transporter an
Vt1-2 Verification for completing alignment between the transporter an
Vt2 Verification that the transporter has arrived at the unloading poin
Vt3-1 Verification that the transporter has arrived at the waiting TFU po

unloads
Vt3-2 Verification that the transporter has arrived at the waiting TFU po
Vt4-1 Verification that a transporter can continue to receive grain after
Vt4-2 Verification that a transporter can continue to receive grain after
Vt5 Verification that the harvester departs from the transporter
Vt6 Verification that the transporter has completed the unloading ope
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2.3.2.4. State trigger. State trigger describes the external trigger
signal. It combines with the internal-state information to trig-
ger state actuators to perform state transfer. The definitions of
state triggers and the state verifications associated with the
state triggers through inter-vehicle communication are listed
in Table 5.

2.3.3. Construction of state-transition chain and logical framework
Based on the definition of state-function modules, the state

actuators represent the execution actions of the harvester and
transporter at each stage of the HUT collaborative operation. The
State-information matrices in state evaluator

threshold Qh9

empty Qh9

king Qh10, Qh11

s Qh12

g threshold Qt6

g empty Qt6

acking Qt10, Qt11

s Qt12

State-information matrices in state
verification

Qh9, Qh10, Qh11, Qh12

Qh10, Qh11, Qh12

tion Qh7, Qh8

TFU position in TFU mode Qh9, Qh12

Qh12

Qh13

d the harvester in HWU mode Qt7, Qt10, Qt11

d the harvester in TFU mode Qt8, Qt10, Qt11

t Qt10, Qt11

sition after the transporter Qt10, Qt11, Qt12

sition after the final TFU Qt10, Qt11

HWU Qt6, Tt4
TFU Qt6, Tt4

Qt13

ration Qt4, Qt5
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Table 5
Definitions of state triggers.

State trigger Description State verification associated with state trigger

Th1-1 Trigger indicating that the transporter has completed alignment in HWU and TFU modes Vt1-1

Th1-2 Trigger indicating that the transporter has completed alignment in HWU and TFU modes Vt1-2

Th2 Trigger indicating that the transporter is waiting for TFU Vt2

Tt1-1 Trigger indicating that the harvester is in place in HWU and TFU modes Vh1-1

Tt1-2 Trigger indicating that the harvester is in place in HWU and TFU modes Vh1-2

Tt2 Trigger indicating that the harvester has completed unloading Vh2

Tt3 Trigger indicating that the harvester has summoned the transporter to wait for TFU position Vh3

Tt4 Trigger for the next unloading method of the harvester Vh4
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entire HUT collaborative operation can be described as the state
transfer among the various state actuators. State transfer is
determined by three functional modules: the state evaluator, state
trigger, and state verification. The state-transition chain for the
HUT collaborative operation can be designed based on the collab-
orative operation of HUT described in Section 2.2 (Fig. 4). In Mh:
Ah1→Ah2→Ah3-1→Ah3-2→Ah1 are HWU stages; Ah1→Ah4→Ah5-1→Ah5-2→
Ah1 are TFU stages; and Ah1→Ah6→Ah1 are temporary parking
stages of the harvester waiting for the transporter. In Mt, the state
transition chain of the transporter is designed around five parking
states, as shown in Fig. 3(b). Qt1 stands for calling path plan.
At2-1→At1-2→At2-3 are HWU stages, At2-1→Qt1→At1-1→At2-2 represent
the transporter driving to the location waiting for TFU, and At2-2→
Qt1→At1-3→At2-4 are TFU stages. At At2-3 and At2-4, based on the gra-
nary information and the next unloading method of the harvester,
At2-3→Qt1→At1-1→At3-1 or At2-4→Qt1→At1-1→At3-1 are executed for
unloading, or At2-3→At2-1 or At2-4→Qt1→At1-1→At2-2 are executed
to continue receiving grain. After the transporter unloads grain,
At3-1→At3-2→Qt1→At1-1→At2-1 are executed to wait for summoning,
or At3-1→At3-2→Qt1→At1-1 are executed to return to the garage. E
and V are internal conditions for evaluating whether A performs
a state transition; T are external conditions implemented by
inter-vehicle communication. Therefore, the HUT collaborative
operation described in Section 2.2.3 of this study can be expressed
and modeled by the state-transition chain, and it has good module
independence and scalability.

The logical framework design of the HUT collaborative opera-
tion is crucial for collaborative harvesting, beginning from theoret-
ical modeling to technical implementation. It integrates and
effectively matches key aspects, such as path planning, path track-
ing, inter-vehicle communication, longitudinal position control,
and implementation control, thus enabling the cotransporter
system to complete the entire process of autonomous HUT opera-
tion, which combines HWU and TFU. Based on the state-transition
chain of the HUT collaborative operation and the embedded navi-
gation controller of the cotransporter system, a logical framework
was designed in the form of repeated retrieval of the main cycle.
The logical flow diagrams of the harvester and transporter are
shown in Figs. S1 and S2 in Appendix A, respectively. The transmis-
sion of trigger signals between two vehicles was achieved through
inter-vehicle communication, thus enabling the two vehicles to
collaborate and complete HUT operations together.

2.4. Algorithm evaluation and validation

2.4.1. Simulation method
To verify the state-transition chain and logical framework

established in Section 2.3, MATLAB Simulink and Stateflow mod-
ules were used for simulation and analysis. The logical framework
was simplified by replacing the time relationship with the step
size; the established collaborative harvesting logical simulation
model is shown in Fig. 5, where ‘‘harvester” and ‘‘transporter”
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represent the Stateflowmodules for each respective system. Delays
1 and 2 represent the durations for executing the current action.
Delays 3–7 represent the inter-vehicle communication delays.
The collaborative unloading method information provided by har-
vester path planning (ULM). Two instances of HWU and three
instances of TFU were designed in the simulation. HWU was set
at the beginning and end of the simulation to simulate the actual
harvest scenario.

2.4.2. Field-harvesting experiment method
To verify the effectiveness of the HUT collaborative operation

strategy, a field-harvesting experiment was conducted at an
unmanned rice farm at the Zengcheng Experimental Teaching Base
of South China Agricultural University, Guangzhou, Guangdong,
China.

To facilitate the unloading according to the estimated yield, the
field to be harvested was chosen (Fig. 6). The longitude and latitude
coordinates (WGS-84) of points A, B, C, and D were obtained
according to the actual experimental requirements using DJI
TERRA to form the boundary of the field to be harvested. The lon-
gitude and latitude coordinates of point U were obtained as the
unloading points of the transporter to the truck. An east–north–
up navigation plane coordinate system was used in this study
[32]. Using point A as the origin of the navigation plane coordinate
system, the longitude and latitude coordinates of points A, B, C, D,
and U were converted into Gaussian projection plane coordinates
and then into the navigation plane coordinate system. The coordi-
nates of the key points are listed in Table 6. As shown in Table 6,
the experimental field measured 5162.81 m2.

The harvesting width was set to 1.9 m, and the path planning of
the harvester was achieved using the parallel circling method. The
final path plan included 1 round of a large-circle operation path
and 14 rounds of nested operation paths (Fig. 7). The transporter
paths included the HWU collaborative path H1H2, the TFU collabo-
rative path T1T2, and guidance paths (Figs. 8(a) and (b)). Paths H1H2

and T1T2 were obtained using a translation method according to
the path planning of the harvester and the required lateral spacing
(set to 2.3 m) for collaborative unloading between two vehicles.
Paths H1H2 and MU can be reused multiple times. However, path
T1T2 must be planned and adjusted based on the real-time position
of the harvester. The limited accuracy of the granary position sen-
sors of the harvester and transporter led to inaccurate measure-
ments and predictions of the overall granary information. As
shown in Fig. 8(c), based on the yield estimation of the grain and
the logical framework proposed in this study, paths for the trans-
porter were designed. Invoking these paths and driving the trans-
porter forward and backward allows collaborative grain unloading
and transportation to be achieved. Each path of the harvester and
transporter contains both location and status information related
to the path, thus providing a reference for control. The definitions
of the status-code information for the harvester and transporter
are listed in Table 7, and the planning results are shown in Fig. 9.
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Fig. 4. State-transition chain of HUT collaborative operation.
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The harvester and transporter speeds were set to 0.8 and
1.0 m∙s−1, respectively. The path tracking of the harvester and
transporter was performed using a preview-tracking control
method [33]. The average absolute deviation and standard devia-
tion of path tracking were 0.054 and 0.064 m, respectively. Com-
munication between the harvester and transporter was achieved
through radio and 4G technologies [34]. The data update frequency
227
was stabilized at 10 Hz. The compensated predictor longitudinal
control method was applied during the HWU collaborative opera-
tion for parking alignment [35], and the longitudinal accuracy and
lateral alignment accuracy were less than 0.2 and 0.1 m, respec-
tively. The gain self-adjusting single-neuron PID control method
was used during the TFU collaborative operation to accurately
align two vehicles [25], and the longitudinal alignment accuracy



Fig. 5. Simulation model of HUT collaborative harvesting logic. ULM: the collaborative unloading method information provided by harvester path planning.

Fig. 6. Aerial photograph of field-harvesting experimental field.
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was less than 0.25 m. During the experiment, a communication
link was maintained between the two vehicles, and the experimen-
tal data were monitored and recorded in real time.
Table 6
Coordinates of key boundary points and grain-unloading points.

Coordinate point WGS-84 coordinate system

Longitude

A 113.63702746
B 113.63609120
C 113.63638088
D 113.63730490
U 113.63718596
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2.4.3. Calculation of harvesting efficiency gains
The formula for calculating harvesting efficiency gains of the

dual-unloading method compared with the single-harvester
method and the only HWU mode is as follows:

g1 ¼ t3
t1þt2þt3

g2 ¼ t04
t1þt2þt4

8<
: ð4Þ

where t1 is the time spent on harvesting, t2 is the time spent on the
harvester temporary parking, t3 is the time spent on the harvester
traverse to the edge of the field to unload, t4 is the time spent on
HWU, t4′ is the parking time of HWU that TFU can save, g1 is the
harvesting efficiency gains compared with the single-harvester
method, and g2 is the harvesting efficiency gains compared with
the only HWU mode.

3. Results

3.1. Simulation test

The simulation results are presented in Fig. 10. ‘‘State” indicates
the status of the state actuator. Harvester states 1–7 represent Ah1,
Ah2, Ah3-1, Ah3-2, Ah4, Ah5-1, and Ah5-2, respectively, whereas trans-
porter states 1–9 represent At1-1, At1-2, At1-3, At2-1, At2-2, At2-3,
At2-4, At3-1, and At3-2, respectively. The initial values of the states
were set to 1, whereas the initial values of Th1, Th2, Tt1, Tt2, and
Navigation plane coordinate system

Latitude x (m) y (m)

23.24198041 0 0
23.24241818 −75.37 38.14
23.24293080 −46.87 92.81
23.24250320 27.16 55.38
23.24256636 16.22 64.90
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Fig. 7. Schematic diagram of path planning for harvester.

Fig. 8. Schematic diagram of path planning for transporter. (a) HWU and guidance
paths. (b) TFU and guidance paths. (c) Paths of transporter.

Table 7
Definitions of status information of path planning.

Status
information

Description

Harvester
‘‘1” Non-harvesting operation path (only driving)
‘‘2” Harvesting operation path (all harvesting-related

implements are turned on)
‘‘3” HWU collaborative unloading path
‘‘4” TFU collaborative unloading path

Transporter
‘‘1” Normal driving path
‘‘2” Unloading path
‘‘3” HWU collaborative unloading path
‘‘4” TFU collaborative unloading path
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Tt3 were set to 0. As shown in Fig. 10(a), the state actuators of the
harvester and transporter can perform effective state transfers
under the actions of the state evaluators, state verifications, and
state triggers, thus accomplishing the HUT collaborative operation.
Steps 2–5 and 43–46 relate to HWU collaborative unloading
processes. Steps 12–15, 23–26, and 34–37 relate to TFU collabora-
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tive unloading processes. The triggering states are shown in Fig. 10
(b). In summary, the state-transition chain and logical framework
designed in this study are effective.

3.2. Field-harvesting experiment

During the harvesting period, TFU and HWUwere performed six
times and once, respectively, and the transporter unloaded grains
into the truck four times. The harvester only stopped during
HWU but continued to harvest at other times. The operational tra-
jectories of the harvester and transporter are shown in Fig. 11 and
Fig. 12 shows the experimental scenario of the HUT collaborative
operation. During the collaborative grain-unloading process, the
unloading barrel and harvester clutch effectively operated, and
the grains were accurately unloaded into the granary of the trans-
porter. The state actuators of the harvester and transporter were
triggered through inter-vehicle communication. The triggering
conditions for Th1, Th2, Tt1, Tt2, and Tt3 in the experiment are shown
in Fig. 13, where ‘‘0” indicates an untriggered state, and ‘‘1” indi-
cates that triggered state. The proposed logical framework of the
HUT collaborative operation is effective and can be effectively
combined with path planning, path-tracking control, inter-
vehicle communication, collaborative operation control, and
implementing control to realize independent harvesting, unload-
ing, and transportation.

The duration of the field-harvesting application experiment was
73 min in total, which included 2 min for HWU performed once,
and the harvest efficiency was 0.42 hm2∙h−1. If the HUT collabora-
tive operation is not adopted, then the harvester must traverse to
the edge of the field to unload. Unloading was performed five
times, and each unloading required 5 min, making the total
unloading time 25 min. If only the HWU mode is adopted, then
the collaborative unloading would require 10 min. Compared with
the single-harvester unloading and only HWU, the HUT collabora-
tive operation strategy combining both HWU and TFU increased
the efficiency by 26.0% and 9.9%, respectively, according to Eq.
(4). As the field area increased, the distance to the truck and the
harvesting speed increased. The advantages of the HUT collabora-
tive operation strategy are more prominent.

4. Discussion

Harvesting is an integral part of unmanned farms. Achieving
autonomous harvesting, unloading, and transportation further
improves harvesting efficiency for unmanned farms. In recent
years, a number of researchers have studied collaborative opera-
tion methods and strategies. Most researchers are currently work-
ing on the design and optimization of path planning, scheduling
methods, and task assignments for agricultural vehicles. Most
studies have only performed simulation tests and given less
consideration to practical applications. However, in the process
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Fig. 9. Schematic diagram of path-planning status-code information of harvester and transporter.

Fig. 10. Simulation results of HUT collaborative harvesting logic. (a) State transfer
results of state actuators. (b) State trigger results.

Fig. 11. Schematic diagram showing operation trajectory of harvester and
transporter.
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of collaborative harvesting, there are strongly coupled stages
between the harvester and transporter due to the precise collabo-
rative unloading, making it insufficient to focus solely on path
planning and scheduling methods. Therefore, this study proposed
a HUT collaborative operation strategy using a dual-unloading
mode by combining practical application scenarios with careful
consideration of path planning, path-tracking control, inter-
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vehicle communication, collaborative operation control, imple-
mentation control, and other factors. Field-harvesting experiment
revealed that the HUT collaborative operation strategy and
cotransporter operation system proposed and designed in this
study were able to achieve the full process of autonomous harvest-
ing, unloading, and transportation, and its harvesting efficiency
was improved by 26.0% compared with that of single-harvester.
As shown in Table 8 [21,36–39], the HUT collaborative operation
strategy has better practicability and adaptability than the collab-
orative operation method of agricultural machinery in harvesting
application scenarios. It provides a new solution for collaborative
operation.

Furthermore, the proposed HUT collaborative operation strat-
egy must be combined with real-time and accurate path planning
so that the transporter can further improve the efficiency of grain
unloading and transportation. Real-time granary detection for the
harvester and transporter is important for optimizing path plan-
ning, improving the efficiency of the transporter, and reducing fuel
consumption. Because path planning needs to be predictive and
collaborative, unloading cannot take place in unharvested areas.
As a result, more information is needed from granary detection
sensors. Therefore, the measurement range, accuracy, and stability
of granary sensors must be improved, and models for granary and
harvest quantities need to be developed. Future research should
focus on combining accurate granary information to enable
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Fig. 12. Experimental scenario of HUT collaborative operation in Zengcheng Experimental Base. (a, b) TFU. (c) HWU after harvesting is completed. (d) Unloading of
transporter.

Fig. 13. Schematic diagram of Th1, Th2, Tt1, Tt2, and Tt3 triggering in experiment.
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real-time dynamic path planning for the transporter, enhancing its
efficiency and applicability.

5. Conclusions

This study provides a solution for autonomous HUT in the har-
vesting process of unmanned farms and evaluates the proposed
HUT collaborative operation strategy through simulations and field
experiments. The results and conclusions obtained are summa-
rized as follows:
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(1) The HUT strategy was developed by combining the two
proposed unloading and transportation modes, HWU and TFU.
The HUT collaborative operational logic framework was
established by breaking down the primary stages of the collabora-
tive operation, designing MSMs, and constructing state-transition
chains. Subsequently, it was simulated and validated using
MATLAB Simulink Stateflow. Simulation results showed that the
designed state-transition chain and logical framework could effec-
tively describe the entire process of HUT collaborative operation
and achieve the state transfer of state actuators.

(2) Field-harvesting experiments were conducted. The field
operation entailed a harvesting width of 1.9 m, a speed of
0.8 m∙s−1, and a harvesting area of 5162.81 m2. The collaborative
harvesting system successfully completed the entire HUT opera-
tion. During the harvesting period, TFU was performed six times,
HWU was performed once, and the transporter unloaded grains
into the truck four times. The harvest efficiency was
0.42 hm2∙h−1. The experimental results showed that the HUT col-
laborative operation strategy effectively integrated path planning,
path-tracking control, inter-vehicle communication, collaborative
operation control, and implementation control. Due to the signifi-
cant reduction in parking time for unloading, harvesting efficiency
increased by 26.0% and 9.9% compared with the single-harvester
unloading and only HWU, respectively.

Hence, the HUT collaborative operation strategy and cotrans-
porter system designed in this study can provide support for col-
laborative harvesting, beginning from theoretical models to
technical implementation, and offer new solutions for the harvest-
ing process of unmanned farms.



Table 8
Comparative table for collaborative operation method in harvesting.

Study Proposed methods Advantages Disadvantages

Ref. [21] ‘‘GOTO” and ‘‘FOLLOW” algorithms Provides solution and future research direction for
collaborative operations

Simulation experiments only, less
consideration of practical scenarios for
harvesting

Ref. [36] Centralized scheduling and motion planning for
multiple transporters and a group of harvesters

Increased efficiency in scheduling of transporters and
reduced unproductive waiting time of harvesters

Automatic harvesting was not
considered; simulation and experiments
only

Ref. [37] Multi-trip vehicle routing algorithm with
dynamic satellites for crop harvesting and
transportation

Provided a reference for agricultural production to
implement optimal harvesting operations

Calculation and simulation verification
only

Ref. [38] Collaborative operation strategy using fixed-
point parking for unloading

Realized whole-process autonomous harvesting The single mode of unloading and
harvesting efficiency needs to be
improved

Ref. [39] NSGA-III and improved ant colony algorithm Achieved intelligent scheduling for multimachine,
reduced unproductive waiting time of harvester

Simulation experiments only

This study Proposed HWU and TFU, HUT collaborative
operation strategy using HWU and TFU mix

Realized whole-process autonomous harvesting based
on a dual-unloading mode mix. Realized no-parking
unloading

The efficiency of the transporter needs
to be improved

NSGA: nondominated sorting genetic algorithm.
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