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Real-time 3D Terrain Measurement Method and
Experiment in Farmland Leveling

WANG Pei'” FENG Dawen' CHEN Gaolong' HE Jie'> HU Lian'? PENG Jingyi'
(1. Key Laboratory of Key Technology on Agricultural Machine and Equipment, Ministry of Education
South China Agricultural University, Guangzhou 510642, China
2. Maoming Branch Center, Lingnan Modern Agricultural Science and Technology Guangdong Laboratory, Maoming 525000, China)

Abstract; In order to improve the real-time measurement accuracy of field surface topography in the area
behind the leveling in the process of farmland leveling operation, a real-time measurement method of 3D
topography in the process of farmland precision leveling was proposed. Using a supported-wheel dryland
grader installed with GNSS dual antennas and attitude sensors as a terrain measurement platform, the
Kalman filter was firstly used to fuse GNSS and acceleration to improve the positioning accuracy and
frequency, and then the vehicle coordinates of the bottom point of the supported wheel were obtained by
establishing the kinematic model of the grader, and finally the geodetic coordinates of the bottom point of
the supported wheel were solved by combining the information of the position of grader and the
topographic map was generated by using the nearest neighbor interpolation method. The test verification
showed that this method can accurately solve the coordinates of the bottom point of the support wheel, and
the root mean square error of the plane measurement was less than 10 mm, and the root mean square error
of the elevation deviation was not more than 20 mm. The test results of cement pavement showed that the
root mean square error of the elevation difference between the measured value and the true value was less

than 30 mm when the three-dimensional terrain of the same section of cement pavement was measured at
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three different speeds. The field test results showed that the root mean square error of the measured terrain

was 16. 5 mm, flatness was 16 mm, and the elevation difference distribution less than 30 mm was 95. 8% .

Compared with the airborne GNSS measurement method, the root mean square error accuracy was

improved by 29.5% ,

flatness accuracy was improved by 11.1% , and height difference distribution

column accuracy was improved by 9. 5% . The method proposed can obtain the topographic information of

the area behind the leveling in real time and accurately during the leveling operation, and provide a basis

for the research of real-time path planning of unmanned farmland leveling.

Key words: 3D terrain; real-time measurement; farmland leveling; GNSS; Kalman filter
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Abstract: The unmanned farm control platform is of great significance in promoting the supervision
of farm production with less manpower or autonomous operation of farm machinery and the
construction of farm informatization. Addressing the existing control platform for farm location
information acquisition is time-consuming, labor-intensive, and lacks the whole process control of
multiple types of farm machinery. In this paper, we propose an Internet of Things (IoT) control scheme
for intelligent farm machinery operation of unmanned farms and design the access standards for
multiple types of farm machinery, as well as realize the remote control of intelligent farm machinery
operation by constructing a remote control model. A high-precision map construction method is
designed to improve the DeepLabV3+ algorithm to identify fields and roads. The control models of
path planning, remote task, remote control, and safety system are built to achieve the remote control
of intelligent agricultural machinery operation. The proposed technology is implemented in the
platform integration and application tests are carried out. The error of the constructed high-precision
map is less than 3 cm, the completeness rate of the automatic boundary extraction rate is 96.71%, and
the correctness rate is 95.63%, which can be used to obtain the boundary instead of manual labeling
or on-site point picking. The use of the platform for the simultaneous control of three farm machinery
operations reduces the number of people in operation and production and reduces the professional
requirements of the personnel, which will promote the management of the entire farm by one person
or even by no one in the future.

Keywords: high-precision maps; remote management and control; IoT platform

1. Introduction

Industrialization and urbanization continue to accelerate. According to data from
the Seventh National Population Census, in 2020, the proportion of the elderly popula-
tion aged 60 and over, as well as 65 and over, in China’s rural areas relative to the total
rural population was 23.81% and 17.72%, respectively. China’s urbanization rate of the
resident population has risen from 17.92% in 1978 to 64.72% in 2021. Consequently, the
proportion of individuals employed in primary industries has declined from 70.53% to
22.87%. The decline in the rural labor force and the aging of the workforce have raised
concerns regarding “who will farm and how to farm” [1]. The development of smart agri-
culture provides technical support to alleviate labor shortages [2-7]. As a significant facet
of smart agriculture, unmanned farms achieve the integration of information perception,
quantitative decision-making, intelligent control, precise inputs, and personalized services
throughout the agricultural production process [8-15]. The remote control platform of
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unmanned farms realizes remote transmission, with cloud management and intelligent
analysis of online monitoring data, providing crucial data support for fault diagnosis and
real-time early warning, significantly improving the management efficiency of agricultural
machinery while reducing production costs [16].

Presently, several research efforts and practical applications are dedicated to devel-
oping an unmanned farm control platform for comprehensive monitoring and intelligent
scheduling of farm production activities. Kaloxylos et al. [17] proposed an architecture
comprising a cloud management system and a local management system. They found that
88% of respondents believed such a system could reduce their operational costs, and 90%
found it easy to use. Fountas et al. [18] examined farm management information systems
(FMIS) from academic and business perspectives, identifying common issues and solu-
tions. Feng Minkang et al. [19] established an unmanned farm control platform to facilitate
task allocation and remote supervision of farm machinery operations. Lu Bang et al. [20]
designed a platform for online path planning of high-precision maps, remote control of farm
machinery, and operation monitoring for tractor rapeseed sowing, achieving a maximum
map plane accuracy error of 3.23 cm. Chen Huailin et al. [21] developed an FMIS interaction
strategy by considering user, operational, environmental, and equipment contexts, and
aligning them with FMIS tasks. Li Han et al. [22] created a multi-machine navigation service
platform through WEBGIS, offering an efficient solution for multi-machine operation path
planning and task allocation. Liu Zhenyu et al. [23] devised a platform for scheduling and
operating agricultural machines, enabling intelligent scheduling according to supply and
demand, as well as monitoring the entire process. Wang Chunshan et al. [24] proposed a
layered management platform architecture to enhance system scalability. Lv Yacong [25]
crafted a highly cohesive and low-coupling intelligent agricultural vehicle monitoring
system using microservices architecture to improve scalability and responsiveness.

The aforementioned technology research primarily focuses on field data collection
and collation, as well as agricultural machinery geographic location and operation data
collection and collation, and furthermore agricultural machinery scheduling and informa-
tion sharing. However, manual collection of field and road boundary information is both
time-consuming and costly. Moreover, while certain aspects of operations such as plough-
ing, planting, management, and harvesting are often controlled, there is limited research
on unmanned farm control platforms encompassing the entire process of intelligent farm
machinery operation. Given the aforementioned status quo, the objectives of this study are
as follows: (1) To establish an Internet of Things (IoT) platform for the operation and control
of various types of intelligent farm machinery; (2) to employ machine learning algorithms
for comprehensive identification of farm roads and fields and to construct high-precision
maps; and (3) to facilitate real-time data interactions with farm machinery to achieve
remote supervision of the operational processes. The research contents and innovations
of this paper encompass the following: (1) Design of the control platform architecture
for intelligent farm machinery operation; (2) establishment of an efficient, high-precision,
and diversified information fusion digital map of the farm; and (3) development of a
remote control methodology for intelligent farm machinery throughout the entire process
of ploughing, planting, management, and harvesting.

2. Materials and Methods
2.1. Technical Routes

The research technology pathway outlined in Figure 1 encompasses platform design,
high-precision map construction, and remote control of intelligent farm machinery oper-
ations. By acquiring farm images, the construction of a high-precision map for the farm
entails identifying farmland and roads to derive layers and integrate diverse information
into the map. This completed high-precision farm map serves the purpose of information
collection and visualization concerning farm machinery operations. Moreover, access
standards for various types of farm machinery are established to enable remote control of
intelligent farm machinery operations through the development of a remote control model.

102



Agronomy 2024, 14, 804

30f25

Platform Architecture Design

v | v

UAV remote sensing

image acquisition extraction access protocol formulation

Boundary line Agricultural machinery

v

reconstruction

2D map

Communication data is
normal ?

Regional layer N

Accuracy as
required?

Division of agricultural
machinery operation
process

v

Accuracy as
required?

Boundary Multi-Information
segmentation I Map Integration

A

Remote control model

Communication delay
meets the requirements ?

Complete map of the

Multi-agricultural
machinery management
and control

A

farm

v

platform integration

End

Figure 1. Technical route.

2.2. Platform Infrastructure

In this paper, the design of the platform architecture begins with a focus on farm
machinery operation services. Based on the specific requirements of farm operations
and the intelligent control processes involved, the overall architecture of the platform
is delineated, as depicted in Figure 2. This architecture comprises the device layer, the
network layer, the interface protocol layer, the basic platform layer, and the business
application layer.

The equipment layer comprises intelligent farm machinery or equipment, serving as
the primary component throughout the entire agricultural production process in unmanned
farms. It constitutes the central element in production operations within unmanned farms,
encompassing monitoring and sensors as key components.

The network layer serves as the conduit for data transmission between intelligent
farm machinery, devices, and platforms, facilitating communication of data between the
equipment layer and higher-level data.

The interface protocol layer facilitates the structured storage of various types of intelli-
gent farm machinery and orchestrates the collection, control, and attribute binding of data
through the specification of integration protocols for intelligent farm machinery, devices,
and communication data. The use of the MQTT (Message Queuing Telemetry Transport)
protocol enables communication between integrated display and control terminals and

103



Agronomy 2024, 14, 804

4 of 25

the platform. This protocol is particularly suited for scenarios with constrained hardware
storage or limited network bandwidth, offering features such as long connections and
real-time capabilities, making it highly suitable for real-time control environments and
actuators [26,27].

Map . Identifying Route planning Remote tasks Task delivery Map data Task and operational
construction layers data
Business Electronic hangar| Device access Safe operation | g o.iote control Collaborative Angcultural Sensing equipment
Application Layer monitoring control machinery data data
Farm information construction Remote management and control Data management and sharing
Three-tier High-precision GIS Recognition || Message Event Service Data acquisition and
management maps Services algorithms || components driven management processing components
Infrastructure
Layer
Unmanned Farm Intelligent Agricultural Machinery Operation Control Platform
Interface Protocol Standardised cm:nmumcatlon Rrotocols for MOQTT protocol HTTP protocol video streaming Tri-party sensor access
Layer smart agricultural machinery protocol protocol
Network Layer 4G/5G, WIFI wireless transmission CAN, industrial nng network, QNSS antenna and other
wired transmissions
) Agricultural t}mchmery AgrlFultural Agricultural machinery Agncultur.al machmel:y Surveillance/
Device Layer for ploughing and machinery for X for harvesting and grain Farm Sensors
finishi . for field management Camera
inishing planting transport

Figure 2. Overall platform architecture.

The basic platform layer constitutes an unmanned farm intelligent agricultural ma-
chinery operation control platform, which is structurally designed with considerations for
both management and technology aspects. The management aspect involves the design
of a “three-level” management mode for hierarchically overseeing multiple farms. On
the other hand, the technical design encompasses network architecture, map construction,
remote control, data collection and processing, and service management. The platform
adopts the B/S network architecture (Browser/Server) to integrate high-precision maps,
GIS (Geographic Information System) services, and recognition algorithms for farm map
construction. Remote control functionality is achieved through the implementation of
message components and event drivers for diverse command control and module pro-
cessing. Furthermore, the platform is configured with multiple services and facilitates
their discovery.

The business application layer involves the realization of business processes and core
functions as per practical requirements. These functions encompass farm information con-
struction, remote control, data management, and sharing. The focal point of the unmanned
farm intelligent machinery operation control platform is the intelligent farm machinery.
Map construction facilitates accurate visualization of areas and aids in location determina-
tion for the transfer and operation of farm machinery in the field. The electronic hangar
serves as a digital repository for intelligent farm machinery. Equipment management
provides requisite data support to ascertain the operational readiness of farm machinery
and the suitability of prevailing conditions. Remote control functionality enables the remote
execution of tasks, task assignment, safety, and operational monitoring, as well as collab-
orative management and control. Data management and sharing entail the classification
and management of various farm data segments and their sharing over the Internet.
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2.3. High-Precision Map Construction

Farmland maps utilized by drones require enhanced positioning accuracy and reliabil-
ity [28-30]. By employing high-precision maps, key farm information can be identified or
annotated, thereby facilitating efficient and precise marking and data collection for various
elements such as farm fields, roads, equipment positioning, obstacles, hangar areas, and
waypoints for intelligent farm machinery path planning.

2.3.1. Farm Image Acquisition and Original Map Construction

A small multi-rotor high-precision aerial survey UAV is employed for farm image
collection, involving the following steps: (1) Selection of the farm area and formulation of
the flight route; (2) configuration of flight parameters, including flight altitude, sampling
distance, flight speed, heading overlap rate, bypass overlap rate, and the time interval
for capturing images, aimed at enhancing image quality and model training efficacy;
(3) utilization of collected image data for 2D reconstruction; (4) verification of reconstruction
results and rectification of any anomalous outcomes or artifacts; and (5) acquisition of
reconstructed RGB and TIF map images.

Given the typically large size of the output map image files, which can lead to
slow upload speeds and laggy zoom-in and zoom-out displays, a map image raster
pyramid is constructed to enhance user experience. This construction involves loading
lower-resolution layer data from the pyramid when zooming out and higher-resolution
layer data when zooming in, ensuring uninterrupted performance regardless of the dis-
played area size and thereby accelerating map display speed. ArcGIS Server is utilized to
deploy online map service technology, generating image link addresses for cloud-based
retrieval, eliminating the need for direct image file uploads, and further enhancing upload
speeds. The process of map construction and publication entails: (1) Adding map image
files to ArcMap software, selecting the nearest pixel method as the resampling technique,
and constructing the raster pyramid; (2) sharing the completed map image files as an
online service, specifying the server address folder and assigning names to image files;
(3) selecting the WMS (Web Map Service) service and uploading image files to generate
map image link addresses for the WMS service; and (4) employing WEBAPI to call the
map image links for layer fitting and display with aerial imagery, thereby generating farm
maps and enabling online zoom-in operations to extract farm positioning, distance, and
area information.

2.3.2. Identification of Field and Road Boundaries

In the process of unmanned farm development, the accurate and rapid acquisition
of farmland boundary information and machine-tillage road locations is crucial for real-
izing the unmanned and precise operation of intelligent farm machinery, as well as for
accurate farmland management. Presently, handheld RTK (real-time kinematic) methods
are commonly employed to acquire farmland boundary and machine-tillage road informa-
tion. However, with the increase in the number of farm plots, the manual workload has
significantly escalated.

To address the need for accurate and swift acquisition of farm field and machine
track boundary information, this paper proposes an enhanced UAV remote sensing image
segmentation algorithm for field and machine track boundary segmentation utilizing
DeepLabV3+. DeepLabV3+ is a semantic segmentation model that combines Encoder and
Decoder components [31]. The Encoder utilizes the Xception backbone network and deep
features extracted by Atrous Spatial Pyramid Pooling (ASPP) [32]. These features are then
fed into the Decoder through upsampling, where they are fused with the original shallow
feature map. Subsequently, upsampling is employed to restore the fused feature map
to its original size [33]. The original structure of the DeepLabV3+ network is illustrated
in Figure 3.
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Figure 3. DeepLabV3 + network structure.

By enhancing the DeepLabV3+ algorithm, this study aims to mitigate the issues of
incomplete boundary segmentation, adhesion, and breakage commonly observed in the
traditional DeepLabV3+. The improvement of the DeepLabV3+ algorithm involves four
key aspects:

(1) Replacement of the backbone network

The ConvNeXt network is utilized in place of the conventional Res-Net (Residual
Network) backbone network. In the ConvNeXt network, the convolution kernel size is
increased from 3 x 3 to 7 x 7. It is observed that the learning capability of the network
is positively correlated with the size of the convolution kernel, with the 7 x 7 kernel
exhibiting the strongest learning ability. Additionally, the ReLU (Rectified Linear Unit)
activation function in the ConvNeXt network is replaced by the GELU (Gaussian Error
Linear Unit) activation function. This substitution leads to smoother gradients at 0, while
also introducing negative values to the value domain range, thereby accelerating the
convergence speed of the network.

(2) Introduction of the CBAM attention mechanism

The CBAM mechanism is incorporated to mitigate feature loss. This mechanism
involves spatial pooling and maximum pooling of the feature map to obtain two sets of 1 x
1 x C channels. Subsequently, these channels undergo processing by an MLP (Multilayer
Perceptron) neural network. The results of this processing are then subjected to element-
wise addition operation and activation by the sigmoid function to obtain the output results.
The expression for channel attention processing is as follows:

Me(F) = o(MLP(AvgPool(F)) + MLP(MaxPool (F))) = o(Wi (W Esog ) ) + Wi (Wo(Fiex)). 1)

Following the channel attention processing of the feature maps, the results undergo
pooling once for maximum pooling and once for average pooling. Subsequently, these
results are concatenated by channel. The final weight coefficients are obtained after passing
through a 7 x 7 convolutional layer and activation using a sigmoid function. This process
can be expressed as follows:

M;(F) = U'(f7X7([AUgPOOZ<F); MﬂXPOOZ(F)D) = ‘T(f7X7({F;U8; F’%”"D) @)
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where ¢ represents the sigmoid operation, and 7 x 7 denotes the size of the convolution kernel.
(3) Improvement of ASPP

The primary aim of this study is to enhance model performance by modifying the
parallel branch within the ASPP module. An additional branch with an expansion rate of 8
is introduced alongside the original ASPP module. Features extracted from each channel
are fused using cascade operations, allowing for better consideration of subtle small-scale
features and overall features through convolutions with varying expansion rates.

(4) Hybrid Loss Function

The loss function characterizes the degree of disparity between the network’s predicted
values and the actual values. In this paper, a hybrid loss function is proposed, which
combines the Dice Loss and cross-entropy loss functions. This approach aims to address
issues such as positive and negative category imbalance and gradient descent saturation
during training. The expression for the hybrid loss function is as follows:

TP(c)

Loss = Lossgice + AL0SSfocq = C — Zc 0 TP(c) + aFN(c) + BEP(c) Z e 1gn ¢)(1 = Pu(c))*InP,(c) 3)

where N is the total number of samples and C is the total number of labeling categories.
TP 1 $u(OP(0), FNG) = Ty (1~ Pa(0)g, (0), FPO) = T Br(e)(1 30

P, (c) denotes whether category c is predicted at pixel location 1, and g, (¢ ) denotes whether
the true category at pixel location # is category c. TP(c) represents the true positive rate of
category c, FN(c) is the false negative rate of category c, and FP(c) is the false positive rate
of category c. Parameters & and f in this model are both set to 1, and A denotes the weight
between Loss rocq) and Lossice. Different sizes are assigned based on the performance of
the validation set; in this paper, we set A = 1. The network structure of the improved
DeepLabV3+ algorithm is depicted in Figure 4.
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Figure 4. Network architecture diagram of the improved DeepLabV3+.

After performing semantic segmentation using the enhanced DeepLabV3+ segmenta-
tion algorithm, the semantic segmentation results undergo optimization through threshold
segmentation and morphological processing via blob analysis. Subsequently, the Hough
transform is employed to extract the boundary lines of the farmland and the machinery
path. The obtained boundary lines are extended to fit any broken segments, and finally, the
generated boundary layer information is integrated with the high-precision farm map.
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2.3.3. Farm Information Map Integration

To create a clearer and more intuitive representation of farm information, various data
about the farm are integrated into a single map. The farm map information is categorized
into three basic elements: the farm itself, the equipment, and the farm machinery, as
illustrated in Figure 5. The basic element information is integrated with the platform
through layers, while equipment points are obtained online via high-precision maps and
data retrieval through third-party protocols. For intelligent farm machinery, standardized
communication protocols are utilized to access and display information such as machinery
location, online status, and operation trajectory on the map.

Layer H Flatness, Prescription charts, etc

Farm
Fundamentals

Farm Original Map Transducers

oo
e

Hindrance

surveillanc
€ camera

weather
stations

Fork in the
road early
waming
system

{ Farm Machinery

Full link
farm
machinery

Border
identification

boundary layer

Online
labelling

[hree-party access
protocol

GIS Server

{ WEBAPI H

High-precision
farm map

Standardised
communication
protocols

messaging
component

data processing

event driven

Figure 5. Farm information map integration.

2.4. Remote Management and Control
2.4.1. Standardized Access for Smart Farm Machinery

To enable the expandability, convenience, and practicality of accessing intelligent
agricultural machines across different platforms, standardized docking protocols for culti-
vation, planting, management, and harvesting are formulated. A “three-level” protocol
stack is devised for the intelligent farm machine, integrated display and control terminal,
and platform, facilitating standardized access to the platform for information data reporting
and command control of farm machine components and terminal modules. Based on the
structural composition of intelligent agricultural machines and the one-to-one relationship
between the integrated display and control terminal and the agricultural machine, the
standard access relationship is divided into three categories: agricultural machine end and
display/control terminal, agricultural machine end and platform end, and display/control
terminal and platform end. The access protocol is further categorized into communication
protocol and data protocol. The communication protocol determines the communication
mode between different relationships, while the data protocol establishes communica-
tion data integration specifications. The standardized access design of intelligent farm
machinery is depicted in Figure 6.

In Figure 6, concerning the relationship between the agricultural machine end and
the display/control terminal, the NEMA (National Electrical Manufacturers Association)
protocol is utilized to parse satellite signals for obtaining location information. The CAN
bus is employed to receive information from the underlying modules of the agricultural
machine as well as for command and control purposes. Additionally, the UVC (USB
Video Class) protocol facilitates access to video and image data from the vehicle-mounted
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camera. For the relationship between the agricultural machine terminal and the platform
terminal, a standardized integrated camera is directly connected to the platform. Regarding
the relationship between the display/control terminal and the platform terminal, the
HTTP protocol is utilized for file downloads and interface calls. The MQTT protocol is
employed for message subscription and release between the display/control terminal and
the platform terminal. Furthermore, the RTMP (Real-Time Messaging Protocol) is utilized
for accessing video streams. Among the aforementioned protocols, the CAN bus, HTTP
protocol, MQTT protocol, and broadcasting fall under communication protocols, while the
NEMA protocol, UVC protocol, entry rules, remote control command protocol, agricultural
machine data reporting protocol, and video streaming three-way protocol pertain to data
structure protocols.
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Figure 6. Standardized access to smart farm machinery data.

2.4.2. Remote Management and Control Model
(1) Path Planning

The path planning design encompasses map point collection, inputting agricultural
machine information, setting algorithm parameters, calling algorithms, visualizing the
correction of erroneous points, and storing path files. Map point collection is accomplished
through high-precision maps to gather data and establish data collections of boundary
points and transport points:

Up = {PbC/Pmt},leC >0,lp, >0 @)

where P, represents the collection of field boundary points and Py;; represents the collection
of transport points; Ip, denotes the length of the collection of field boundary points; and
Ip,, denotes the length of the collection of transport points. Constructing the input farm
object AM,

AM = {SN, typeOP, widOP, capOP, speedR, 0ilOP, 0ilUOP, turnT, OPT,locM, r,1} (5)

where SN denotes the terminal serial number to which the farm machine is bound, typeOP
denotes the operation type, widOP denotes the operation width, capOP denotes the op-
eration capability, speedR denotes the road speed, 0ilOP denotes the fuel consumption
during operation, 0ilUOP denotes the non-operation fuel consumption, turnT denotes the
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turnaround time, OPT denotes the day during which the farm machine operates, locM de-
notes the position of the farm machine, r denotes the turnaround radius, and ! denotes the
distance from the control point of the farm machine to the end of the machine widOP, r, I,
which is utilized solely for path planning. The path planning algorithm parameter settings
include path type, turning mode, whether to close the loop, and whether to group.

(2) Remote Task

The remote task is devised to transmit the path file to the designated intelligent farm
machine. To ensure the uniqueness of the intelligent farm machine’s ID, the serial number of
the integrated display and control terminal is utilized as a variable to generate the message
subject. The task-sending process design comprises task creation, security confirmation,
path file transmission, downloading and activation of the intelligent farm machine path, and
message feedback. The task object is constructed following the requirements of agricultural
machine operation:

T = {tkID, far, fld, tkTp, AM, route, ctTime,sta} and far — {fld, AM,route}, fld&tkTp — route (6)

where tkID denotes the task sequence number, far denotes the farm, field denotes the
field, tkTp denotes the task type, AM denotes the farm machine object, route denotes the
path file, ctTime denotes the creation time, and sta denotes the task status. Constraints are
imposed on the field, farm machine, and path; the farm determines the selection of the field,
farm machine, and path; and the field and the type of operation determine the selection of
the path. The command message data object Msg and feedback message data object are
constructed according to the task object and farm machine object MsgAck,

Msg = {msgID, SN, tkID, cmdCd, link,ept}, SN € AM, tkID € T (7)

MsgAck = {msgID,resID, SN, tkID,cmdCd, resFlag,ept},resID € Msg, SN € AM, tkID € T,resFlag € {1,2}  (8)

where msgID denotes a message sequence number, cmdCd denotes an instruction code,
link denotes a path link, ept denotes the content of the message description, resID denotes
a feedback message sequence number, and resFlag denotes the result of message execution,
with 1 indicating success and 2 indicating failure.

(3) Remote Control

Remote control is divided into the control of the intelligent agricultural machinery
navigation and the bottom, using the implementation of the control of different modules,
taking the value of the definition of the design of Table 1.

Table 1. Command code definition.

The Value of cmdCd Meaning
1 Self-inspection of operations
2 Execution
3 Emergency stop
4 Stopping the job
5 Setting initial master-slave job parameters
6 Job Delivery
7 Stop navigation
8 Start navigation
9 One-touch ignition
10 One-touch ignition off
11 Master notifies slave of arrival at the designated point
12 The slave notifies the master that it has arrived at the designated point
13 Master notifies slave to return
14 Apparatus start
15 Machine stop
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Table 1. Cont.

The Value of cindCd Meaning
16 Emergency stop cancellation
17 Machine height adjustment

(4) Safety system

Intelligent farm machinery operation safety and operation quality monitoring is an
important part of remote control. The establishment of agricultural machinery reporting
data objects to monitor the status of agricultural machinery:

Sdata = {datalD, SN, cltTime, dvcSta, tkID, chs, GNSS, atc},SN € AM, tkID € T 9)

where datalD denotes the packet sequence number, cltTime denotes the acquisition time,
dvcSta denotes the navigation status of farm machinery, chs denotes the underlying data,
GNSS denotes the GNSS position data, and atc denotes the navigation data. Integration of
farm multi-intelligent devices to monitor the environmental safety and operation quality of
smart farm machine operations and construction of environmental data objects Evt is

Evt = {mtr, AMMC, rdWn, otcScan} (10)

where mtr denotes farm monitoring data; AMMC denotes video data from the onboard
camera of the farm machine to view the forward direction environment, the cockpit envi-
ronment, and the effect of the operation of the farm machine; rdWn denotes turnoff blind
zone warning data, which provides early warning information for the smart farm machine
when it shifts on the road; and otcScan denotes obstacle scanning data of the smart farm
machine, which performs obstacle scanning for the smart farm machine’s forward direction,
at a distance that can be customized.

Through the data model design results of path planning, remote task, remote control,
and safety system, the three-part remote control model comprising the web end, transceiver
end, and intelligent farm machinery terminal is constructed, as illustrated in Figure 7.
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Figure 7. Remote control model.

2.4.3. Multi-Agricultural Machinery Management and Control

There are various types of intelligent farm machines on the farm, and multiple types
of operation tasks occur simultaneously. Additionally, there are constraints on the order of
agricultural tasks and operational conditions between different operation types. Therefore,
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operation types are categorized based on agricultural tasks, and their sequence and interval
times are determined. The fulfillment of operation conditions is assessed using data from
farm sensing equipment. Online tasks are then established for different types of agricultural
tasks, with their starting times set accordingly. Concurrently, the safety and operation
processes are controlled by establishing a collaborative network of multiple farm machines
based on the logical model of remote control. During operations, to oversee various types
or multiple scenarios involving intelligent farm machinery, a multi-agricultural machinery
cooperative network is established based on the remote control logical model. This enables
simultaneous control of agricultural machinery operation safety and processes. Cooperative
control of multiple types of agricultural machines primarily achieves unified control of
operating agricultural machines. It also allows for the display of operation statuses and
distributions of all agricultural machines through a single interface, facilitating monitoring
of safety and operations.

The management and control process is designed as follows: (1) Create a plowing,
planting, management, and harvesting type operation task Ts = {T1, Ty, ..., Ts }. (2) Select
multiple tasks Ty (TxeTs) to join the collaborative group network, acquire task data, and
issue tasks. (3) According to the acquired task data, display the field area, planned path, and
location of farm machinery of all tasks in the high-precision map visualization. (4) Establish
unique farm machine message topics and use different values of cmdCd(cmdCd € Msg)
to achieve remote control of farm machines in the network, and monitor safe operations
based on Sdata and Evt object data.

2.5. Experimental Area and Materials

The test site selected was the Zengcheng Teaching and Research Base of South China
Agricultural University (SCAU), comprising four high-standard farmlands, concrete mech-
anized plowing paths, and agricultural machinery storage facilities, covering an area of
approximately 80 acres, as depicted in Figure 8.

Figure 8. Test zone. Note: 1-5. Field 1-Field 5. 6. Hanger 7. Roads.

(1) High-precision map construction test materials

The high-precision map construction process includes farm image acquisition and
original map construction, boundary recognition of fields and roads, and farm information
map integration. In the construction process, the materials used are shown in Table 2.
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Table 2. Map building materials.

Procedure

Resource Requirement

Parameters/Versions

Function

Farm Image Acquisition and Original

Map Construction

DJI Elf 4-RTK drone
with remote control

Camera lens:
FOV 84°; 8.8 mm/24 mm
image resolution:
4864 x 3648 (4:3)

5472 x 3648 (3:2)
Photo format: JPEG
Maximum flight speed:
50 km/h (positioning mode)
58 km/h (Attitude Mode)
position accuracy:
perpendicularl.5 cm + 1 pp (RMS);
level 1 cm + 1 pp (RMS)

Acquisition of farm image data

Mapping software and map servers

DJI Terra (version: 3.6.6)
ArcGIS Server (version: 10.2)

Image stitching and map services

Farm Map Image Dataset

Small image blocks of 512 x 512 pixels

Provide samples for model training

Dirt, concrete, and road boundary

Label map generated with Labelme

Provide boundary datasets

data sets annotation for model training
Identification of field -
and road boundaries CPU: Intel i9-10980XE
GPU: NVIDIA RTX3090 AERO Provide a test environment for model
Model Training Host RAM:32G trainine and runnin
CUDA: 11.3 & 8
operating system: Ubuntu 20.04
OpenLayers (version:7.4.0)
WEBGIS Service pLeaﬂgt (version:1.9.4) Front-end maps, layers,

Farm Information Map Integration

and function calls

ArcGIS API for js (version:3.17)

Providing visual annotation of
different types of geographic
information on farms

Vector layers in tif, shp,

Farm Elements Layer and ofher formats

Note: 1 ppm indicates that the measurement error increases by 1 mm for every 1 km increase in distance between
the mobile station and the base station.

To verify the accuracy of the map, an accuracy comparison was conducted using RTK
field collection and map collection to validate the point information. For field collection,
the Huasi i70 intelligent RTK was selected, with its main parameters shown in Table 3.

Table 3. i70 Intelligent RTK Technical Parameter Table.

Intelligent RTK i70

1Hz,2Hz,5Hz, 10 Hz

UHF antenna interface/R5232/USB and other interfaces
Horizontal accuracy: 2.5 mm + 1 ppm

High-range accuracy: 5.0 mm + 1 ppm

Horizontal accuracy: 8 mm + 1 ppm

High-range accuracy: 15 mm + 1 ppm

Designation

Data Update Rate
Communication Interface

Static Accuracy

Dynamic Accuracy

Note: 1 ppm indicates that the measurement error increases by 1 mm for every 1 km increase in distance between
the mobile station and the base station.

(2) Remote Control Test Materials

The rice directing machines comprised three sets of Seydal Star2BDXZ-10SCA
(20) self-propelled rice hole directing machines equipped with self-developed unmanned
systems, as depicted in Figure 9. These agricultural machines are equipped with GNSS
(Global Navigation Satellite System) antennas, electronically controlled steering wheels,
wheel angle sensors, electronically controlled chassis, obstacle avoidance systems, on-board
cameras, and integrated display and control terminals. They feature wire-controlled clutch,
implement, throttle, and gear systems, with the steering control equipped with electroni-
cally controlled steering wheels and wheel angle sensors. The unmanned system consists of
an integrated display control terminal and GNSS antenna. The display and control terminal
integrates a high-precision BeiDou positioning module, providing a positioning accuracy of
£1 cm, while the controller’s linear navigation control accuracy is 2.5 cm. Additionally, it
integrates a 4G communication module. Each live broadcasting machine is equipped with
a millimeter-wave obstacle avoidance radar, with a dynamically adjustable scanning range.
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Car Camera

Moreover, it is installed with front and rear onboard cameras, enabling remote monitoring
of cockpit status and operational effects through the wireless network.

Integrated display and
control terminal

Millimeter-wave radar
(MWR)

Figure 9. Unmanned driving rice direct seeding machine.

To enable remote control, a computer, tablet, or mobile phone with network communi-
cation capability is utilized. The platform’s link address is accessed through a web browser,
and the unmanned farm in Zengcheng is selected to remotely control the operation of
agricultural machinery.

2.6. Experimental Design
2.6.1. High-Precision Map Construction Test

For the improved recognition algorithm, performance verification tests and application
tests were designed. The UAV was employed to partition the farm map in clear weather.
The flight parameter settings included a flight altitude set to 100 m, with a ground sampling
distance (GSD) capable of reaching 2.74 cm. The flight speed was set to 8 km/h, with a
heading overlap rate and bypass overlap rate of 70%, and a time interval for taking pictures
of 2 s. The images captured during the flight were imported into DJI Zhitu software to
establish a two-dimensional creation task. The output coordinate system used was the
WGS 84 geodetic coordinate system. The sampled data was spliced to obtain the farm
map, and the reconstructed farm map was employed to crop the remote sensing image
of the farm using OpenCV. Each small image block was set to a size of 512 x 512 pixels
to construct the dataset. The semantic segmentation model was trained with 4000 images
under the same parameters, and the model performance was tested with 1000 images.
Evaluation metrics such as mean intersection over union ratio (mIol), mean pixel accuracy
(MPA), and training loss function were selected to assess the performance of the network.
mlolU represents the ratio of intersection and union of the standard image and the manually
annotated image computed by the network prediction. MPA denotes the number of pixels
correctly discriminated as class I but incorrectly discriminated as class II. The calculation
formulas are as follows:

1 ¢ Pn
mlolU = T T (11)
k+1n:0 Zm:OPmn +Zm:0Pmn - Pmm
1 & py
MPA = P— (12)

k+15 50 o Py

where k denotes the number of categories. Py, denotes the number of false-negative
examples. K + 1 denotes that the number of categories contains a class of background.

114



Agronomy 2024, 14, 804

15 of 25

Py, denotes the number of pixels of true examples. P,; denotes the number of pixels of
false-positive examples. P;; denotes the number of pixels that are accurately discriminated
as class i. P;; denotes the amount of pixels that are correctly discriminated as class i, but
are incorrectly discriminated as class j. Pj; denotes the amount of pixels that are correctly
discriminated as class j, but are incorrectly discriminated as class i. In this study, a hybrid
loss function combining the cross-entropy loss function and the Dice Loss loss function
is chosen.

After verifying the improved recognition algorithm, image data are collected from the
test area according to the aforementioned dataset construction method, and the dataset
is generated. The improved semantic segmentation model is then applied to predict the
small image blocks after cropping. Finally, the small modules are spliced together, and
boundary lines are extracted to generate the farm road and field recognition layer. The
existing equipment and farm machinery in the farm are accessed and integrated on the map.
The accuracy of the completed map is verified by selecting the 5 points shown in Figure 10a.
The coordinate system used for GPS positioning in this paper is the WGS-84 geodetic
coordinate system, and the planar projection used is the “Gauss-Kruger” projection, which
transforms the collected point information into a spatial Cartesian coordinate system for
comparison. Fifteen feature points, such as the vertices of parcels 2—4 and the inflection
points of the ploughing road, were selected for accuracy verification, as shown in Figure 10b.
The manual point information was then compared with the extracted information, and the
extraction results of the experimental area were evaluated using the indicators of bound-
ary extraction completeness (COR) and accuracy (COM). The calculation formulas were
as follows:

TP

COR=7p+¥p 13)
TP

COM = TP+ EN (14)

where FP is the length of the correct linear region (number of pixel points) that was
extracted, FN is the length of the region that was not extracted, and TP is the length of the
correctly extracted road region.

Figure 10. Feature point selection. (a) Map accuracy verification point. (b) Identification accuracy
verification point position.
2.6.2. Remote Control Experiment

Verification tests and application tests were designed for the remote control method.
Communication tests were conducted using the integrated display and control terminal,
and the frequency of data interaction for standardized access to agricultural machinery
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information was verified and tested. The path planning accuracy test involved formulating
paths using a platform and testing the position display accuracy on the machine plowing
path using an unmanned live machine. Additionally, the real-time data interaction of
the remote control and safety system during the operation of agricultural machinery
was verified.

Upon verifying the feasibility of the remote control method, the platform was designed
to control the “3-machine simultaneous operation” application test in the test area. A
large field with an area of 50 acres in plot 1 was selected as the operation field, and
three unmanned broadcasting machines were used as the control objects. Path planning
requirements for three sets of agricultural machinery were established from the hangar
to the road transport to plot 1. The field operation was divided into three non-interfering
pieces with full-coverage paths. Path planning parameters were designed as outlined in
Table 4. Tasks were sent through the platform to achieve the simultaneous operation of the
three sets of agricultural machinery in the remote control test.

Table 4. Route planning data entry.

Categories Data

Field boundary point P,. = {A, B,C, D}
Road transport point Ip,, = 6
Operating width widOP = 2.5m
AM Turning radius ¥ = 1.4 m
Distance from the end of the machine I = 1.32 m
Path type: Full-coverage proctor work
Turning mode: Bulb-shaped
Whether to seal the circle: Yes
Whether grouping: Yes, 3 groups

Up

Algorithmic parameter

3. Results
3.1. High-Precision Map Construction Results

The comparison with other mainstream recognition algorithms is depicted in Figure 11.
In Figure 11a, the algorithm proposed in this paper demonstrates a 4.64% higher mloU
value compared to the PSPNet algorithm, a 3.28% higher mloU value relative to the UNet
algorithm, and a 3.15% higher mloU value compared to the original DeepLabV3+ algorithm.
The training loss curves are illustrated in Figure 11b, where the solid line graph represents
the training loss curve for the model’s training set described in this study, and the dashed
line represents the loss curve for the test set. From the loss function curve in Figure 11b, it can
be observed that during the pre-training period, the loss rate decreases rapidly and exhibits
a continuous oscillation phase. As the number of training iterations increases, the loss rate
gradually decreases and approaches convergence, indicating the stabilization of the model.

A comparison of the recognition results with the original DeepLabV3+ algorithm for
roads, concrete ridges, and earthen field plowing is shown in Table 5. The MPA is improved
by 3.8 percentage points compared to the original DeepLabV3+ model.

Table 5. MPA indices by category.

Algorithmic Model Roads Concrete Ridges Earth Ridges MPA
DeepLabV3+ 96.13 88.62 84.65 91.51
Improvements to DeepLabV3+  98.36 93.71 90.45 95.31

The recognition results of farmland and the mechanic road are depicted in Figure 11,
with the splicing results presented in Figure 12b. For the segmentation outcomes, farmland
and road boundary line information is extracted using blob analysis and Hough transform.
Semantic segmentation results are further optimized through threshold segmentation and
morphological processing to eliminate noise patches caused by interfering field information,
with the optimization results showcased in Figure 12c.
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Figure 11. Comparative test results. (a) mloU index of different image segmentation algorithms.
(b) Improved semantic segmentation model training loss curve.

(b) (c)

Figure 12. Results of the identification of the boundaries of agricultural land and mechanized
tracks. (a) Original image; (b) semantic segmentation results; (c¢) boundary line of farmland
machine-travelled tracks.

The verification of the accuracy of the acquired raw maps is shown in Table 6. The
maximum error of the five points is 3.2 cm, and the average error of the five points is 2.98 cm.
The error of the points of the high-precision map constructed by UAV is less than 3 cm.

Table 6. High-precision map accuracy verification.

Point RTK Coordinates/xy Title 3 High-Precision Map Coordinates/xy Tolerance/cm
1 2571374.215, 462724.598 2571374.192, 462724.618 3.05
2 2571269.245, 462938.651 2571269.221, 462938.668 2.94
3 2571381.101, 462990.638 2571381.081, 462990.656 2.69
4 2571489.807, 462785.193 2571489.785, 462785.214 3.04
5 2571450.663, 462886.902 2571450.638, 462886.922 3.20

The result of accuracy verification of the recognition results after recognition using
the 15 feature points selected above is shown in Figure 13. The error range of the 15 target
points selected for the concrete ridges and roads falls between 4-7 cm, with the maximum
deviation being 6.16 cm and the average absolute error being 5.15 cm.

The recognition results were analyzed using completeness and accuracy rates. The
completeness rate of the boundary line extraction for the concrete ridge and road is 96.71%,
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with a correct extraction rate of 95.63%. These findings indicate that the boundary recogni-
tion algorithm can achieve precise and complete extraction of the boundaries of the farm
machinist’s road and farmland with high accuracy.

7.0

6.5 4

6.0

Inaccuracies(cm)
w
o

3.5 1

3.0

1 2 3 4 s 6 7 8 9 1 1 12 13 1 15
Field Measurement Point

Figure 13. Recognition result accuracy validation.

In conclusion, the accuracy of high-precision maps and the accuracy of recognition
meet the needs of unmanned agricultural machine operations. Utilizing the recognition
algorithm, the field and road area layers are generated, and obstacles are collected in the
high-precision map to generate the area layer for hangar boundary points. These layers
are then released as an online service and integrated into the farm map. Completion of
access for sensing equipment and intelligent farm machinery results in the generation of
the overall farm map. The construction of the platform map is depicted in Figure 14.

Figure 14. Constructed map of unmanned farms. Note: 1. Hangars. 2. Fields. 3. Roads. 4. Obstacles.
5. Farm machinery. 6. Sensors.
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3.2. Remote Management Test Results

Using the amount of data received by the platform to test the frequency of reporting
data from agricultural machines, the terminal connects to the MQTT server and sets the
message publishing level QoS to 0. It then pushes 100 pieces of data to the platform using
reporting frequencies of 0.5 Hz, 1 Hz, and 2 Hz, respectively, and evaluates them according
to the packet loss rate, data correctness rate, and real-time performance. The results are
shown in Table 7.

Table 7. Data reporting frequency test.

Reporting Frequency/Hz

Receive Data Volume/Packet Packet Loss Rate/% Data Correctness/% Real-Time/s

0.5
1
2

100 0 100 2
100 0 100 1
95 5 96 0.5

As shown in Table 7, at reporting frequencies of 0.5 Hz and 1 Hz, the packet loss
rate and data correctness are optimal. However, at 1 Hz frequency, real-time performance
is higher, indicating more intensive data transmission over time. Conversely, using a
2 Hz reporting frequency resulted in packet loss and data correctness issues. The analysis
suggests that packet loss may stem from the QoS level settings. Increasing QoS levels
from low to high improves message reliability but also increases transmission complexity,
making it less suitable for high-frequency scenarios. Additionally, the decrease in data
correctness may be attributed to inconsistencies in terminal information acquisition and
data reporting at different frequencies, leading to inaccurate data readings. Based on this
analysis, it is concluded that a reporting frequency of 1 Hz for agricultural machinery aligns
better with the operational requirements of intelligent agricultural machinery.

The validation of the path planning results is shown in Table 8. The relative error of the
trajectory of agricultural machinery operation on the high-precision map is around 2 cm.

Table 8. Route planning validation.

Agricultural Machinery

Navigation Average Tracking Error/cm Average Trajectory and Path Error/cm Relative Error/cm

Vehicle 1
Vehicle 2
Vehicle 3

3.3 55 2.2
4.0 6.1 2.1
3.1 43 2.2

For the update of farm machinery trajectories, control instructions, and real-time video
validation, the validation results are presented in Table 9. Trajectory updates occur at a
rate of 1 s per point, dependent on the frequency of data reported by the farm machine.
Sending control command messages and receiving feedback takes only 0.28 s.

Table 9. Real-time analysis.

Categories

Data Protocols Communication Protocols Time/s

trajectory updates
control commands
car camera

agricultural machine reporting data protocol MQTT 1
remote control command protocol MQTT 0.28
fluorite EZOPEN protocol HTTP 12

In summary, the communication, path error, and real-time verification of agricultural
machines meet the requirements of remote control of agricultural machines. According to
the platform architecture design, the platform integrates the corresponding functions. The
results of the field operation control test conducted on smart agricultural machines using
the platform are depicted in Figure 15. They are integrated into the platform as described
in the appeal. Following the remote control process, the steps of farm machine access, path
planning, remote task execution, and safety monitoring are carried out sequentially, and
records of completed operations are tallied.
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Figure 15. Application test process. Note: In the Remote operations monitoring page, the Chinese on
the top left indicates the path information, diagnosis and maintenance, speed and system settings of
the navigation interface of the integrated display and control terminal, the Chinese on the top is the
received GNSS signal, and the following is the area that has been operated. The Chinese buttons at
the bottom right indicate the control of the agricultural machine to start and stop operation.

For the completion of operations, path tracking, error calculation, filtering of traps,
and averaging of large data fluctuations, statistical analysis was performed on various
parameters, including the average speed of agricultural machinery during operation and
completion time. The statistical results are presented in Table 10.
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Table 10. Data statistics.

Categories Vehicle 1 Vehicle 2 Vehicle 3
Degree of completion of operations/% 100% 100% 100%
Average navigation error/cm 3.8 4.6 4.8
Average operation speed/m/s 0.65 0.58 0.63
Completion time/h 22h 25h 24h

During the test, one person successfully conducted the control operation of three farm
machinery operations. The entire process, including path planning, remote task assignment,
remote control, and safety system monitoring of intelligent farm machinery operations, was
achieved with high real-time performance and visual supervision through remote access.

4. Discuss
4.1. Analysis of Results

The results of high-precision map construction are analyzed for comparison based
on recognition accuracy and acquisition efficiency. In the performance verification results,
the mean pixel accuracy (MPA) is 95.31% and the mean intersection over union (mloU) is
88.96%. Additionally, the extraction completeness rate is 96.71%, and the extraction cor-
rectness rate is 95.63% in the application experiments. Currently, manual labeling methods
are primarily used for farmland identification, often relying on agricultural experts” accu-
mulated experience and relevant theoretical knowledge. For instance, Wang Yuli et al. [33]
employed software tools like ArcGIS and ENVI to manually decode and analyze multispec-
tral images of cultivated land in the Xinjiang region, generating maps through layer overlay.
Although simpler to operate, manual annotation methods for farmland identification suffer
from lower accuracy and efficiency. Ming Dongping et al. [34] utilized spatial statistics
and threshold segmentation methods to extract farmland from remote sensing images,
achieving an overall accuracy of 84.15% and enhancing the efficiency and automation of
farmland extraction. However, simple machine vision approaches require high-quality
remote sensing images and lack generality and robustness. Ji Xusheng [35] accomplished
the rapid and accurate acquisition of small field boundaries through edge detection and
morphological processing of farmland, achieving a farmland-matching completion rate
of 85%. Meanwhile, Liu Dong et al. [36] proposed a farmland boundary identification
method based on the normalized vegetation index, utilizing threshold segmentation and
the Canny operator edge detection method to achieve effective segmentation of farmland
boundaries. Deng Hong et al. [37] introduced a deep learning-based semantic segmentation
algorithm for UAV water field images, enhancing the segmentation accuracy by improving
the DeepLabV3+ network. After testing, they obtained a mloU of up to 85.90%. Compared
to existing research results, the method proposed in this paper demonstrates high efficiency
and accuracy in farmland and road recognition. It can potentially replace manual parcel
and road annotation methods, leading to reduced labor costs and investment.

In the process of conducting remote control application tests, the effectiveness of
remote control is analyzed based on labor cost considerations. Presently, traditional opera-
tions of intelligent farm machinery entail pre-operation preparations, on-site supervision
during operations, and post-operation data analysis. Pre-operation tasks involve collecting
point information on the farm for path planning and debugging machinery data. During
operations, technicians are required to operate integrated display and control terminals
on-site to issue tasks, initiate operations, and monitor machinery status. After completion,
data is then copied and analyzed. In the “Three rice seeders simultaneous operation” test
scenario, only one person is required to manage machinery operations. In contrast, tradi-
tional supervision methods for intelligent machinery operations require three individuals
to oversee three machines simultaneously, necessitating more personnel with advanced
skills such as field point collection and unmanned system operation. Traditional methods
of acquiring agricultural machinery operation information are limited and less comprehen-
sive, while the concentrated visualization of operation information enhances supervision
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quality and data acquisition efficiency compared to conventional methods. Consequently,
the approach presented in this paper reduces the need for multiple participants, lowers tech-
nical skill requirements for controllers, and enhances the quality of control over intelligent
agricultural machinery operations.

4.2. Platform Comparison

The unmanned farm intelligent farm machinery operation control platform proposed
in this paper aims to provide precise services for intelligent farm machinery operations,
offering three distinct advantages over existing control platforms. Firstly, it offers rapidly
constructed and highly available high-precision maps that facilitate online point collection
and diversified information visualization [19]. Compared to existing high-precision map
geographic information annotation methods, which often rely on manual map annotation
or on-site point collection, the approach presented in this paper leverages machine learn-
ing algorithms to efficiently identify fields and roads utilized in agricultural machinery
operations, generating boundary layers to achieve platform integration. The completeness
and correctness of the recognition results are verified through experiments, enhancing the
efficiency of data collection.

Secondly, it incorporates remote control technology for the entire chain of intelligent
agricultural machinery operations [38—-40]. While current control platforms primarily focus
on specific types of farm machinery or segments of the machinery control process, this
paper establishes protocol unification across the entire machinery chain by developing
communication protocols for farm machinery, terminals, and platforms. This approach
provides users with convenient access to farm machinery and enhances the richness of
operation information supervision. Existing platforms typically offer limited services
for the entire process of intelligent farm machinery operation and lack comprehensive
supervision of operational information. In contrast, this paper comprehensively addresses
the operational services of farm machinery before, during, and after operations, not only
reducing labor costs but also significantly improving supervision quality.

Finally, the platform architecture proposed in this paper can better serve agricul-
tural machinery operations. From a software perspective, the platform presented herein
demonstrates superior performance, addressing the issue of slow uploading and loading
of traditional maps through optimized map uploading methods. The remote control vali-
dation test illustrates the platform’s high real-time communication capability. Moreover, it
exhibits robust security features, leveraging GateWay gateway, SpringSecurity, OAuth2,
and farm unique ID to generate tokens, ensuring data security. From the user’s standpoint,
the platform offers high usability. The construction of high-precision farm maps and remote
control tests verify the platform’s ability to visualize farm information and farm machinery
operations effectively. Additionally, it achieves functional division for the process of farm
machinery operations, thereby reducing users’ technical difficulties in utilization. Regard-
ing application services, the platform has been implemented in 30 unmanned farms since
its inception. Users’ evaluations of map construction and operation control are positive,
with a high level of acceptance for the control functionalities.

5. Conclusions

In this paper, we propose a control platform for intelligent farm machinery operations,
focusing on an unmanned farm as an implementation scenario. This platform enables
remote control of farm machinery equipped with unmanned systems. To simplify im-
plementation complexity and enhance platform scalability, we adopt a layered platform
architecture tailored to the needs and processes of farm machine operations. Our platform
utilizes UAV recognition integration to achieve high-precision and efficient construction of
farm maps. Field tests confirm map construction errors of less than 3 cm and field /road
recognition errors of 5.15 cm, validating the feasibility of the map application. We introduce
a remote control method for intelligent farm machinery operation, alongside a “three-level”
protocol stack for standardized access to multiple farm machinery types, facilitating remote
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control throughout the operational process. Field test results demonstrate that our method
reduces the number of personnel involved in production compared to traditional methods,
while also lowering technical requirements and simplifying operation procedures, thereby
enhancing control quality and positively contributing to unmanned farm realization.

The application of our intelligent farm machinery operation control platform offers
two key benefits to unmanned farms. Firstly, the high-precision map serves as the founda-
tion for smooth operation implementation. Users can leverage the platform to construct
detailed maps reflecting the farm’s actual conditions accurately, including fields, roads,
and integrated sensing information, thereby improving information acquisition efficiency.
Secondly, our platform considers the entire agricultural machinery operation process and
implements functional division, enabling one-button management of farm machinery
within the farm, streamlining operation procedures and reducing labor costs.

Our proposed control method, rooted in the study of agricultural machines equipped
with unmanned systems, offers modularity for access by intelligent robots and drones in
unmanned farms. By analyzing the operation processes of different production equipment,
we develop remote control methods and formulate standardized access protocols to control
other highly intelligent production equipment on the farm. Looking ahead, we envision
the unmanned farm control platform evolving towards smarter functionalities, integrating
the latest technology to cater to personalized and refined agricultural production needs, as
well as managing complex agricultural machinery operation scenarios. Future work will
focus on researching multi-type intelligent equipment control methods and cooperative
operation scheduling methods.
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TABR KBRS IRER T E S IE

AW, YRR, T A&
(Bed R X5 TAFRE, 74 S0 510642)

FEEE: [H 0 DM T 50 0ET0 N 2 A BB b 2R A2 ERER A B, Wb SE BTG N AR NLR I K 5T AE, Wit —Fie A
25 I e AT e A% R B 0 LB AIE 7 ¥, MR — M RN A R85 iR 1UAE N R IERE, SR sE R 24
R R 4 B SE B AR AR AL 07 ELAT ER AR LRI BN, D — R ERIEN R G BT =4
SLAM HiAR, KA 5= 83, SR F M T R0 0GR A5, A4 Bl o & 4% [l AT LA 45 40 R AR WL LA A, it
— PP T ARNLB) ) F LR TEB J=) 3B E% AR RRI 25 7E7 ELU6 UE R 2R G0 A S I K A0 0K R B R e, e it
2 PR IR VR G R o (45 58 Yok R P8 A% R R 2850 X U R e e 4 SR~ 1 30 A U 1 SR 3R
B, TE NRAUAT B AR b ol A R Eh A5 R, A ROBE R BE BN 4.1 mo BRAR PRSI O RAF, FEASYIRE B K
F 5.0 m i, AT FHRZE<0.4305 m, BTRIEZE <0.315 1 m; BRI BIE 4.5~5.0 m i, ATISR EME <
1.3538 m, B HRIRZ<1.6126 m. (4510 1A SCH2 ¥ ek TEB S35 HAT BRI AE NV 5 77 DA R8I AE G
JE, 5 AR AR MU T A T8 e 4 A% SR O L0 IE 1) 75 3R, 2 BV R 0 AN AR HLAE S B A P AR5 17 3 e 4 4 R
Bfe MRS TH 78, AL X & 5 BB R HUS MRS IR AL B THIIF TE SR AT

KBEIR: CN B R BRI 07 FLER A MLA N R G0 R PEAR AR
FEDHS: S24; S237 HRFRASRD: A NEHS: 1001-411X(2024)03-0416-11

Simulation and verification for obstacle avoidance path tracking of
unmanned agricultural machinery

WANG Pei, ZENG Sixiao, HE Jie
(College of Engineering, South China Agricultural University, Guangzhou 510642, China)

Abstract: [Objective] In order to facilitate the verification of the effectiveness of obstacle avoidance path
tracking for unmanned agricultural machinery, reduce the number of actual unmanned agricultural machine tests
and consumables, a simulation verification method for obstacle avoidance path tracking for unmanned
agricultural machinery was designed, and a simulation verification application system was constructed.

[ Method)] Based on unmanned agricultural machinery, an integrated simulation and verification application
system was constructed by integrating real complex terrain environment simulation, actual operation agricultural
machinery simulation, and path planning algorithm implantation. Based on three-dimensional SLAM

technology, environmental point cloud data was collected to achieve simulation modeling of farmland terrain
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environment. A simulation modeling of agricultural machinery was completed using unmanned agricultural
machinery combined with ackermann steering mechanical structure. A TEB local path planning algorithm based
on agricultural machinery dynamics constraints was proposed. Path planning tracking and obstacle avoidance
were implemented in the simulation verification application system, and the effectiveness of the algorithm was
verified through multiple tests. [Result] The comparison test of obstacle avoidance path tracking effectiveness
and the verification test of obstacle avoidance path tracking smoothness showed that the unmanned agricultural
machine could effectively avoid obstacles dynamically during driving, with the shortest effective obstacle
avoidance distance of 4.1 m. The path tracking control effect was good. When the distance between obstacles
was greater than 5.0 m, the controllable average error was within 0.430 5 m, and the root mean square error was
within 0.315 1 m. When the distance between obstacles was 4.5—5.0 m, the controllable average error was within
1.353 8 m, and the root mean square error was within 1.612 6 m. [Conclusion] The improved TEB algorithm
proposed in this article has strong operational capability and high operational accuracy, which meets the needs of
simulation verification for obstacle avoidance path tracking in agricultural machinery navigation. This algorithm
can be applied to obstacle avoidance path tracking of unmanned agricultural machinery in actual farmland
environments in the future. This application system is easy to expand and can provide a foundation for the

optimization design research of agricultural machinery operation status in precision agriculture for various

complex working environments.

Key words: Unmanned agricultural machinery; Path tracking; Simulation modeling; Robot operating

system(ROS); Avoiding obstacle; Path planning
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#1 YR-10D & EHEHLAL 5N 2BDZ-10D(G4)
(YR10D), K. 5. =735 4 3430, 2640, 2330 mm,
YL RN 860 kg, KBNHLAL SN 3TNMT74F-SC,
SERTY AN KA 3 L 4 FE SR R BN, A5 E D)
N 16.0 kW, 5334 3200 r/min; 17 3E 559K sh AL 20A
VU4E IR 3), K HMT & 30 s oA A58 7 =0, A8 d
RHCATHE 208 F0 1), J5IB IxHMT Tt . #%
Pl KON B SR TE T, FEFPIRFE AR I A, P48
ZEH 120 L(12 L/ANX10 ), 47808 10 17, 1788
4 250 mm, BFERER 5~10 KL, F 10 MMoMEER
RCHER 28 10 MR TFA SR 11 DN EKIETT
2%, R AN A 2 P B . % B AL R
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P, e IR (R B R B T A AE S RS Y PR S A
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4159,
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Y

PN E SRR O, WIS T HMURALL R 5 a N7 AL
0 M

P is the coordinate of the measurement point; O, is the coordinate origin
of the radar signal receiving end; ( is the azimuth angle; € is the elevation
angle

1 3D AABENEBFREE
Fig.1 Schematic diagram of 3D LiDAR measurement
target
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Fig. 2 Point cloud map of farmland environment
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Full-coverage Path Planning Algorithm for Dual-helix Driven
Robot in Convex Polygonal Farmlands

WANG Pei' LUO Jialong' XIE Jiasheng' WANG Jiatao' LUO Hao® NING Jintai' HU Lian' HE Jie'

(1. College of Engineering, South China Agricultural University, Guangzhou 510642, China
2. School of International Education, South China Agricultural University, Guangzhou 510642, China)

Abstract; Aiming to address the core challenges faced by agricultural robots in autonomous navigation
and path planning under complex farmland environments—particularly in irregular plots and soft, sticky
paddy fields where common issues included low coverage rate, excessive turning redundancy, and poor
path continuity, a full-coverage path planning algorithm tailored for convex polygonal farmlands and
compatible with dual-helix driven agricultural robots was proposed. The algorithm integrated both the
geometric characteristics of the farmland and the kinematic constraints of the robot. The working area was
initially divided into a central parallel-working zone and a peripheral contour-following zone,
corresponding respectively to strip-based traversal paths and boundary-parallel strip traversal paths. The
complete path was further segmented into working and non-working paths, including center-region
connection paths, inter-region transitions, contour-parallel region transitions, and entry/exit paths. The
methodology for generating each type of path was detailed. An optimal working direction was determined
via the “long-side-first” principle for the central region, and the Warnsdorff rule was applied to optimize
the sequence of strip traversal. Dubins and Reeds — Shepp path models were introduced to enhance
continuity and feasibility during turns. Considering metrics such as path length, computation time, and

coverage rate, the algorithm was implemented on a dual-helix driven robot and tested in simulations and
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field experiments across four typical farmland types: rectangular, trapezoidal, irregular quadrilateral, and

irregular polygonal plots. Experimental results demonstrated that the proposed algorithm achieved a
coverage rate between 96.69% and 97.80% , with a path overlap rate controlled within 1.77% ~

2.30% . The generated paths were continuous and boundary-safe, indicating strong execution stability

and environmental adaptability. The research result can provide a robust and adaptable path planning

solution for agricultural robots operating in complex environments, with promising engineering feasibility

and application potential.

Key words: agricultural robot; path planning; dual-helix drive; full-coverage; irregular farmland
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Tab.2 Simulation results of path planning performance across different field types
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Tab.3 Comparison of path planning metrics between simulation and field experiments

N . FEfEN R ELBERERKE, JRkEiTken, HEmEER HEEERE KRESR/
FH e 4 5 Bk IR
KJE/m m s % % %
15 #. 428.27 9255.94 9.521 90. 83 99. 39 0.23
! 23 442,96 9245.27 88.73 97.53 2.30
5 H 625. 44 10 282. 80 9. 609 88. 04 98.52 0.01
g S 644. 14 10 269. 95 86.37 96. 69 1.77
1 B 261. 83 11 823. 10 9.014 93.43 99. 67 0.37
: Sz 281. 09 11 807. 90 90. 84 97. 80 2.30
fi5 5 737. 60 11 083. 00 9. 041 89. 87 98.75 0.01
N S 765. 17 11 062.55 88.10 96. 84 1.79
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Note: L is the length of the long side of the mobile laser receiver housing, cm; D
is the length of the short side of the mobile laser receiver housing, cm; Lo is the
distance from the photosensitive module of the mobile laser receiver to the short
side of the housing, cm; Dy is the distance from the photosensitive module of the
mobile laser receiver to the long side of the housing, cm; the / is the connection
line between the receiver photosensitive module and the coordinate origin, the /;
is the fitting line of the receiver housing on long side , point P is the intersection
of line /; and line /5, [, is the connection line between the photosensitive module
of the mobile laser receiver and point P, the /3is the fitting line of the receiver
housing on short side, , k1, k» and k3 is the slope of the straight line /, /;, /» and /3,
respectively; b; is the intercept of the straight line /;, b is the intercept of the
straight line /», b3 is the intercept of the straight line /3, the /, is the closest laser
radar scanning ray to the center of the photoelectric conversion module, 6, is the
angle value of the polar coordinate corresponding to the scanning line of the
laser radar ray /,,.
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Fig.2 Schematic diagram of the central coordinate geometric
relationship of the photoelectric conversion module of the laser
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B4 e E AT
Fig.4 Straight trajectory of the tractor

B 5 jefaiu ZATRE
Fig.5 Curve trajectory of the tractor

B 6 A ARATIA AL £ LxTE 25
Fig.6  Absolute value curve of positioning deviation for
straight travel

B 7 W ERATR G AR £ T E W &
Fig.7 Absolute value curve of positioning deviation for
curve travel
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1 24 1.0
2 2.7 1.1
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4 2.8 1.0
5 2.3 1.1
1 32 1.2
HEATH 2 2.7 1.1
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C%r:/tgaq\%el 0.5 3 3.5 1.8
4 39 1.8
5 4.3 1.9
1 52 2.3
2 5.6 2.5
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Agricultural robot positioning system based on laser sensing

HU Lian'?, WANG Zhimin', WANG Pei'**, HE Jie', JIAO Jinkang®, WANG Chenyang®, LI Mingjin*
(1. Key Laboratory of Key Technology on Agricultural Machine and Equipment, Ministry of Education, South China Agricultural University,
Guangzhou 510642, China; 2. Maoming Branch, Guangdong Laboratory for Lingnan Modern Agriculture, Maoming 525000, China)

Abstract: In order to solve the positioning problem of global navigation satellite system (GNSS) based robots and autonomous
agricultural machinery, which is low accuracy or even unable to locate under the environment of weak or no satellite signals
such as hangars and greenhouses. This research proposes an agricultural robot positioning system based on laser sensing. The
system is designed by using two-dimensional laser scanner and laser receiver, which obtains the point cloud of the laser
receiver on the robot through the scanning laser emitted by the two-dimensional laser scanner , and the laser receiver
inductively scans by the laser scanner, the location of mobile laser receiver (i.e. agricultural robot) is obtained by fusing the
time difference of laser scanning induction and the point cloud characteristics of mobile laser receiver. The agricultural robot
positioning system based on laser sensing consists of mobile laser receiver, processor, fixed laser receiver and two-dimensional
laser scanner. The mobile laser receiver and processor are installed on the robot, and the fixed laser receiver and
two-dimensional laser radar are fixed at the known geodetic coordinate position. According to the position relationship
between the laser scanner coordinate system and the known geodetic coordinate system. The laser scanner scanning at a certain
period to obtain a known number of fixed-order point cloud data. The fixed laser receiver senses the periodic irradiation of the
laser scanner to generate the base station laser signal, and the serial number of the fixed laser receiver shell in the point cloud is
known. The mobile laser receiver senses the periodic irradiation of the laser radar to generate the mobile laser signal during the
movement of the robot. According to the trigger time difference between the fixed laser signal and the mobile laser signal, the
angle between the laser rays that are irradiated to the mobile laser receiver and the laser rays that are irradiated to the fixed
laser receiver can be obtained in a scanning period of the laser scanner. And the scattered point set of the mobile laser receiver
in the laser radar point cloud can be found, and the center coordinate of the mobile laser receiver can be obtained by combining
the point cloud feature matching algorithm. The robot positioning can be calculated by combined with the geodetic coordinates
of the laser scanner and the position relationship between the laser scanner coordinate system and the geodetic coordinate
system, the central coordinates of the mobile laser receiver under the geodetic coordinate system. The geodetic coordinates of
the robot are calculated by the positioning algorithm based on laser sensing, and the geodetic coordinates of the robot without
GNSS signal are supplemented without changing the positioning solution and control algorithm of the existing robot
unmanned system. For example, when the robot leaves the hangar, it switches to the GNSS positioning system for positioning
and navigation in the area with both the positioning signals of the robot positioning system based on laser perception and the
GNSS signal. When entering the hangar, switch to the robot positioning system based on laser sensing for positioning and
navigation in the area cover with both the positioning signal of the robot positioning system based on laser perception and the
GNSS signal. The verification test is carried out with the reference of total station which shows that within the scanning range
of laser radar, when the robot is at a speed of 0.8 m/s, the absolute average value of the maximum deviation of the positioning
error in a straight line is 4.1 cm, and the maximum root mean square error is 1.5 cm; when the robot driving on a curve, the
absolute average value of the maximum deviation of positioning error is 6.2 cm , and the maximum root mean square error is
2.6 cm. The result shows that this method can achieve accurate robot positioning and meets the positioning accuracy
requirements for automatic navigation of agricultural robots in agricultural machinery warehouses and other environments.
Keywords: robot; laser radar; laser sensing; positioning; intelligent agricultural machinery equipment

176



177



178



179



Computers and Electronics in Agriculture 239 (2025) 111000

Contents lists available at ScienceDirect

Computers and Electronics in Agriculture
& sl
ELSEVIER

journal homepage: www.elsevier.com/locate/compag

Original papers

Integrated measurement method for field surface topography and tillage
depth in rotary tillage operations

Gaolong Chen , Yuqi Chen, Zhicheng Huang, Jingting Wang, Yufei Deng, Pei Wang ,
Runmao Zhao, Lian Hu
Guangdong Laboratory for Lingnan Modern Agriculture, South China Agricultural University, Guangzhou 510642, China

Key Laboratory of Key Technology On Agricultural Machine and Equipment, Ministry of Education, South China Agricultural University, Guangzhou 510642, China
State Key Laboratory of Agricultural Equipment Technology, Guangzhou 510642, China

ARTICLE INFO ABSTRACT

Keywords:

Field preparation
Rotary tillage
Field topography
Tillage depth

Field surface topography and tillage depth are crucial information for guiding crop production. However, the
separate measurement of field surface topography and tillage depth increases production costs. To address issues,
this study proposes an integrated measurement method for field surface topography and tillage depth in rotary
tillage operations. Based on the operational characteristics of the rotary tiller, a simultaneous measurement
method for field surface and the tillage bottom-layer topography (FS-TBLSM) was proposed. Building on this, a
method was developed to arrange grid points, referred to as the directional adaptive gridding method in plane
topography (DAG-PT), and a sample-approximated Gaussian process regression (SA-GPR) algorithm was used to
estimate the field surface topography height and tillage depth at a given grid point. The accuracy of these
methods was evaluated using verification and field tests. The verification results showed that the FS-TBLSM
method achieved a static root mean square error (RMSE) of less than 15.00 mm along all three axes, with dy-
namic RMSEs below 20.00 mm, confirming the effectiveness of the FS-TBLSM method and its good dynamic
tracking capability. Further field test results indicated that the field surface topography measured using the FS-
TBLSM method aligned with the true topography. The measured field surface topography height exhibited an
average absolute error (AAE) of 18.13 mm and an RMSE of 20.58 mm, validating the accuracy and reliability of
this method for field surface topography measurement. Using true surface topographic height and tillage depth at
20 points as references, an AAE and RMSE of 17.13 and 17.95 mm, respectively, were obtained for surface
topographic height estimation; estimated tillage depth exhibited an AAE and RMSE of 14.52 and 16.49 mm,
respectively. These results demonstrate that the SA-GPR algorithm can accurately estimate the field surface
topography height and tillage depth after rotary tillage operations. The integrated measurement method per-
forms the measurement in a single operation, reducing the number of field operations by 50 %, saving an
estimated 15.57 kg/ha in fuel consumption. Additionally, this study provides key inputs for leveling operations,
including setting the base height, calculating earthwork volume, and planning paths. It also supports active
control of seeding depth and provides references for yield assessment.

1. Introduction structure. In addition, it improves soil aeration and permeability (Zhou

et al., 2016; Huang et al., 2023; Zhu et al., 2024). On the other hand,

1.1. Background

Field preparation plays a critical role in crop production and directly
influences the subsequent planting and growth stages. Specifically, land
tilling ensures the uniform incorporation of surface residues, weeds, and
fertilizers, while contributing to soil loosening and restoring aggregate

* Corresponding author.
E-mail address: wangpei@scau.edu.cn (P. Wang).

https://doi.org/10.1016/j.compag.2025.111000

land leveling increases the effective area available for cultivation and
enhances the efficiency of using irrigation water, crop uniformity, weed
control, and crop yield, while reducing water and fertilizer usage (Jat
et al.,, 2015; Rezaei-Moghaddam and Far, 2019; Miao et al., 2021;
Nadimi et al., 2021; Chen et al., 2024).

Tillage depth substantially influences crop growth, particularly in
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terms of lodging resistance, yield, and quality (Arvidsson et al., 2013; Jia
et al., 2016). Gong et al. (2023) reported that a tillage depth of 17 cm
increased rice lodging resistance by 39.45-72.37 % and improved food
quality by 12.33 %. The rice yield was 9.18 % higher for a tillage depth
of 20 cm than for 14 cm. Topography plays a vital role in determining
leveling heights, soil volumes, and planning pathways (Jing et al., 2021;
Jing et al., 2022), particularly in rice production. Therefore, both tillage
depth and topography are critical factors in crop production.

Currently, field surface topography and tillage depth are measured
independently, as no integrated measurement methods are available. An
integrated measurement approach can reduce the number of field op-
erations by 50 %, saving an estimated 15.57 kg/ha in fuel consumption
(Janulevicius et al., 2019). It can also reduce tractor rut depth by 5-10 %
(Botta et al., 2009), effectively lowering the risk of soil compaction
caused by repeated machinery passes. In land leveling operations for
rice production, the cost and difficulty of independent topography
measurements escalate as the field area expands. Furthermore, surface
topography and tillage depth data provide key inputs for leveling op-
erations, including base height design, earthwork calculation, and path
planning, while also offering crucial inputs for seeding. Specifically, the
seeding depth under varying tillage depth conditions can be actively
controlled to provide an optimal growing environment.

1.2. Related work

Various methods have been developed for measuring tillage depth
and field topography. Tillage-depth measurement methods can pri-
marily be classified into two categories: contact and non-contact
methods. Contact methods estimate tillage depth by relying on the
movement of a vehicle across the ground and tracking the position of the
ground wheels, lifting-arm or rocker angles, and the geometric re-
lationships of these components. For example, Han et al. (2023)
measured the lifting-arm angle using inclination sensors and used it with
the geometric relationship of the suspension mechanism to estimate
tillage depth. Similarly, Jia et al. (2016) measured the rotation angle of a
ground wheel rocker using an encoder and employed it to estimate
tillage depth based on the geometric relationship between the wheel and
frame. By contrast, in non-contact methods, tillage depth is calculated
by monitoring the height of the implement frame relative to the ground
using sensors, such as ultrasonic (Lou et al., 2021) and optical sensors
(Tao et al., 2025). However, factors such as soil moisture content,
temperature, and surface residues can affect the accuracy of non-contact
measurements (Jia et al., 2010). Furthermore, when measuring tillage
depth, the bottom point of the profiling wheel in contact-based esti-
mations and the surface monitoring point in non-contact measurements
do not vertically align with the deepest cutting point where the tillage
tool cuts into the soil, leading to inherent measurement errors. Existing
contact/non-contact tillage depth measurement methods have vertical
alignment errors of up to 500 mm, or even higher. Additionally, the
distribution of tillage depth lacks coordinate information, hindering its
effective integration with subsequent operations. Therefore, further
studies are required to develop tillage-depth measurement methods that
incorporate positioning information.

Field surface topography measurement methods are primarily clas-
sified into remote sensing and vehicle-based methods. Remote sensing
methods estimate field topography using unmanned aerial vehicles
(UAVs) equipped with non-contact sensors. For instance, Du et al.
(2022) and Jin et al. (2021) used UAVs equipped with LiDAR systems to
generate three-dimensional (3D) topographic data by integrating multi-
source sensor data based on laser ranging. To measure field topography,
DJI—a Chinese company—developed the Phantom 4 RTK aerial drone,
which is a small multi-rotor UAV equipped with a 20-MP camera
designed for low-altitude photogrammetry. However, remote sensing
methods require extensive post-processing and frequent data trans-
mission, which escalates time and labor costs. By contrast, vehicle-based
methods use tractors and transplanters fitted with measurement devices
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to examine 3D field topography. For example, Jing et al. (2019) pro-
posed a vehicle-based method for measuring field topography using
dual-antenna global navigation satellite system (GNSS) and attitude and
heading reference system (AHRS), which is suitable for pre- or post-
leveling operations. Wang et al. (2023) developed a kinematic model
for the land-leveling shovel and used coordinate transformation prin-
ciples to calculate the coordinates of the bottom point of the supporting
wheel in accordance with the topography. This method can be used to
update topographic data in real time during leveling operations.
Although both vehicle-based and remote sensing methods are applicable
at different stages of leveling operations, measuring topography before
leveling increases labor and energy costs as it delays or complicates
earth-moving operations. Therefore, it is critical to develop efficient and
cost-effective topographic measurement methods that can be used
before leveling.

1.3. Research objectives

Existing measurement methods are constrained by several limita-
tions, such as, high production costs, accuracy loss, and soil compaction
issues due to the separate measurement of tillage depth and field surface
topography.

This study aims to develop an integrated measurement method for
field topography and tillage depth. To this end, the following objectives
were adopted in this study.

(1) Develop a simultaneous measurement method for field surface
and tillage bottom-layer topography (FS-TBLSM).

(2) Introduce a method that enables the construction of grid points
required for subsequent operations, referred to as directional
adaptive gridding for plane topography (DAG-PT) in this study.

(3) Propose the sample-approximated Gaussian process regression
(SA-GPR) algorithm to estimate topographic height and tillage
depth at a given grid point.

2. Materials and methods
2.1. Approach overview

Fig. 1 shows the operational components of a rotary tiller, which
consists of a frame, rotating blade shaft, rotary blades, cover, and a
tailboard. During the tilling operation, the rotating blades cut the soil
and throw it backward. The soil then strikes the cover and tailboard,
where it is finely broken. The soil eventually falls to the ground, forming
a loose soil layer. The end of the tailboard is in contact with the field
surface and moves along the topography. As shown in Fig. 1b, a dual-
antenna GNSS and AHRS are mounted on the frame and tailboard,
respectively. These systems were selected based on the operational
characteristics of the rotary tiller. By establishing appropriate coordi-
nate systems and performing coordinate transformations, the topog-
raphy of the bottom layer of the tilled soil and field surface is acquired
using FS-TBLSM. Subsequently, the DAG-PT method is employed to
determine the long-edge direction of the field, extract boundary infor-
mation, and perform raster processing of the plane topography. Finally,
the topographic height and tillage depth are estimated at each grid point
using the SA-GPR algorithm, enabling map generation.

2.2. Sensors and mounting

As shown in Fig. 2, a dual-antenna GNSS was installed on the frame
to measure the heading and pitch angles of the implement. An AHRS was
mounted on the tailboard to measure the roll angle of the implement and
the rotation angle of the tailboard relative to the frame.

The technical specifications of the GNSS and AHRS are listed in
Table 1.

An STM32F407ZGT6 development board was connected to the dual-
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Fig. 1. Overview of the integrated measurement approach for field surface topography and tillage depth.

overall workflow.
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Tailboard \

Fig. 2.

Table 1
Technical specifications of sensors.

. (a) Operational characteristics of the rotary tiller; (b)

b —ad

—

E
Secondary GNSS antenna

-

B
Primary GNSS antenna

Sensors and mounting.

Sensor Model Serial number Accuracy Sampling rate Synchronization method
GNSS UNICORECOMM UM982 / Horizontal (RTK): 0.8 cm + 1 ppm; 10 Hz PPS signal

Vertical (RTK): 1.5 cm + 1 ppm;

Heading (RTK): 0.1°/1m
AHRS XSENS MTi-300-2A5G4 0378268E Roll/Pitch: 0.2° 10 Hz Send latest (In)

antenna GNSS receiver and AHRS, which functioned as the data acqui-
sition platform. The UM982 GNSS receiver outputs a 1-PPS signal and
data packets. However, due to serial protocol parsing delays, the data
packets become slightly delayed relative to the PPS signal. To syn-
chronize the signals from the GNSS receiver and AHRS, the
STM32F407ZGT6 development board activates a timer (triggered at 10
Hz) upon receiving the PPS signal, and the trigger source is transmitted
to the “Sync in” synchronization pulse input port of the AHRS. Using
XSENS MT Manager software, the AHRS data communication interface
was configured to the RS232 protocol with a baud rate of 115,200 bps.
The synchronization mode was set to the “Send Latest (In)” mode,
implying that the latest value was sampled on the rising edge.
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The STM32F407ZGT6 development board synchronously acquires
the GNSS data packets and AHRS data, which are output via a serial
channel to the host computer. Additionally, the STM32F407ZGT6
development board, dual-antenna GNSS, and AHRS are powered by a DC
regulated power supply (YSN-12025000, 12 V, 0-10A). In field
deployment, a 12 V battery from a power machine (tractor) can be used
to power the system.

2.3. Coordinate systems and transformation

As shown in Fig. 3, this study used the earth-centered, earth-fixed
(ECEF) coordinate system, the geodetic coordinate system (GCS), the
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Fig. 3. Coordinate systems and transformation. (a) ECEF coordinate system, GCS, and ENU coordinate system; (b) Relationship between VCS and ENU coordinate

system; (c) Sensor coordinate system.

east-north-up (ENU) coordinate system, the vehicle coordinate system
(VCS), and the sensor coordinate system.

As shown in Fig. 3a, the three components of the GCS are geodetic
latitude, geodetic longitude, and geodetic height, which represent the
standard format of the positional information output by GNSS receivers.
The transformation between the ECEF coordinate system and GCS is
achieved using spatial geometric relationships. The X and Y axes of the
ENU coordinate system align with the semi-major (eastward) and semi-
minor (northward) axes of the Earth’s ellipsoid, respectively, whereas
the Z axis is aligned with the normal to the ellipsoid and points upward
(skyward). The transformation between the GCS and ENU coordinate
systems can be accomplished using projection methods (Tu et al., 2023).
As shown in Fig. 3b, in the VCS, the position of the GNSS receiver is the
origin. The X-axis is oriented toward the direction of the movement of
the rotary tiller, the Y-axis points to the left of the travel direction, and
the Z-axis is perpendicular to both the X and Y axes, forming a Cartesian
coordinate system. The VCS can be transformed to the ENU coordinate
system using homogeneous coordinate transformation. As shown in
Fig. 3c, the sensor coordinate system is defined according to the man-
ufacturer’s specifications.

2.4. Algorithmic workflow

2.4.1. FS-TBLSM method

As shown in Fig. 4, the FS-TBLSM method is primarily used to obtain
the field surface and tillage bottom-layer topography, which consists of
four main steps. The angle and positioning data required for this process
are obtained using sensors. This section provides a detailed analysis of
these steps.

Based on the geometric relationships and kinematic analysis of the
rotary tillage implement, the position vectors of the deepest cutting
point B and the profiling point C are defined in the VCS. As shown in
Fig. 5, the position vector of the center point T of the rotating blade shaft
is denoted as YCSP; = [lry, Iy, Irz]", where Iy can represent any length
within the working width. As shown in Fig. 5a, when the rotation radius
of the rotary blade is dg, the position vector of point B in the horizontal

[}
| Angle data
v
Match

Calculate position vector .
rotation angle

Deepest cutting point”“ P, al Gons
ﬁ D HGNSS
Profiling point " P, 70 @oyss

rotation matrix

stateis YoPg = [Ix, Iry, iz + dg]”. However, the position vector of point
B changes as the pitch angle of the implement changes in real-time
during the operation (Fig. 5b).

Therefore, when the pitch angle of the rotary tillage implement is
Ocnss, the position vector of point B is updated as shown in Eq. (1).

Irx — dpsindgnss
VeSpy = Iry (@)
Itz + dpcosfenss

As shown in Fig. 6, the position vector of the rotation center R of the
tailboard is denoted as Py = [Iz, lny, lrz]", where Izy can represent
any length within the working width. During the operation, the tail-
board rotates around point R, causing the position vector of the profiling
point C to change in real-time.

The distance between the profiling point C and the rotation point R is
denoted as dgc When the pitch angle of the implement is Ognss, and the
angle between the tailboard and frame is O4pgs, the position vector of the
profiling point C is given by Eq. (2).

Irx — drccOs(Banrs — Ocnss)
VESpe = Iry 2
lrz — drcsin(@anrs — Oenss)

As shown in Fig. 7a, the vector from the primary antenna to the
secondary antenna is the baseline vector. The angle between the base-
line vector and the horizontal plane is the pitch angle of the implement
(Ognss), with a value in the range of —90° —90°. As shown in Fig. 7b, the
projection of the baseline vector onto the horizontal plane forms an
angle with the north direction, which is the heading angle of the
implement (¢gyss), With a value in the range of 0 —360°. Additionally,
according to the coordinate system of the AHRS, the angle of rotation
around the X-axis is the roll angle of the implement (¢ 4zzs)-

The rotation angles of the VCS relative to the ENU coordinate system
along the X, Y, and Z axes are denoted as a,/, and y, respectively. Based
on the orientation of the installed sensors, the relationship between each
rotation angle and the attitude of the implement is as follows.

1 .
! Positioning data VP,
v

Establish Homogeneous coordinate

transformation

ENU ENU vcs ENU
P,=""R, 0P, +""P,

R =RR'R

ves 2y

ENU ENU vcs ENU
P, R, 0P +*"P,

Fig. 4. Flowchart of FS-TBLSM method.
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Fig. 5. Position vector of the deepest cutting point B. (a) Horizontal state; (b) Non-horizontal state.
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Fig. 6. Position of the profiling point C. (a) Initial state; (b) Operation state.
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Fig. 7. Relationship between the GNSS receiver position and attitude angles. (a) Pitch angle Ognss; (b) Heading angle ¢gyss-
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Based on the angle matching relationship, the rotation matrix is
established as follow.

*NURycs = RIRIRS

cosy —siny O cosp 0 sing| |1 0 0
= |siny cosy O 0 1 0 0 cosa —sina
0 0 1| |-sing O cosp| |0 sina cosa

€]

The coordinates of the VCS origin in the ENU coordinate system are
denoted as ENUP,, as measured using the GNSS receiver. Based on this
information, the coordinates of the deepest cutting point B and the
profiling point C in the ENU coordinate system are calculated using the
homogeneous coordinate transformation method, as follows.

The point cloud density of the deepest cutting point and the profiling
point can be adjusted according to the requirements of subsequent op-
erations. These point clouds serve as critical input for grid arrangement
and the estimation of field surface topography and tillage depth.

ENUp, _ ENUR ...VCSp, | ENUp
ENUp  _ ENUR . VCSp_ 4 ENUp.

)

2.4.2. DAG-PT method

Tillage depth refers to the vertical distance between the deepest
cutting point and the field surface. However, at any given moment
during the operations, the deepest cutting point and the profiling point
are not vertically aligned, which prevents the direct calculation of the
tillage depth. Therefore, a dataset consisting of the deepest cutting
points and the profiling points was used as an input to construct a
gridded field topography model. Subsequently, the surface height and
the height of the tillage bottom layer were estimated at each grid point,
thereby calculating the value of tillage depth without vertical alignment
errors.

The gridding format is closely related to the direction and type of
operation, as well as the width covered during the operation. The di-
rection is typically aligned with the long side of the field. The interval
between adjacent grid points in the direction of the short side and is
determined by the width covered during the operation, whereas the
interval along the long side is adjusted according to the operation type.
Therefore, the field is gridded by identifying the direction of its long
side. Grid points are distributed along both the long and short sides of
the field, without exceeding the field boundaries. The specific imple-
mentation method is detailed below.

(1) Identifying the direction of the field’s long side.

The plane point set obtained using the FS-TBLSM method is used as
the input. Principal component analysis is used to analyze the correla-
tion between the X and Y variables and identify the direction of
maximum correlation. This direction corresponds to the largest eigen-
value of the covariance matrix (Gewers et al., 2022), which represents
the long side of the field. The covariance matrix is calculated as shown
below:

o

The singular value decomposition algorithm (Kiihl et al., 2024) is
used to calculate the eigenvalues and eigenvectors of the covariance
matrix, as shown in Eq. (7).

cov(X,X)
cov(Y,X)

cov(X,Y)

cov(Y,Y) ®)

c=uzv" )
where U represents the eigenvectors of the covariance matrix, arranged
in the order of decreasing magnitude of their corresponding eigenvalues;
Y is a diagonal matrix, with its diagonal elements being the square roots
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of the eigenvalues of the covariance matrix; and V is an orthogonal
matrix.

(2) Grid point arrangement.

The point set is rotated to align the long and short sides of the field
with the ENU coordinate axes. The field boundary is established by
calculating the maximum and minimum values (X8, XR YR andYR_ )
along the X and Y axes of the rotated point set. The spacing between
adjacent grid points along the X and Y axes is set as Ax and Ay,
respectively, and the grid points are arranged as shown below.

AR = {(XR YE)XE = XE,, +TAX YR = YR+ Ay

Jr=on [Fg™]}

Grid points are arranged along the local boundary of the field:

=0,1,.., |:X§1ax 7Xﬁin Ygax — Yﬁlin (8)

N YR, = Y5,
B = {(Xﬁm YE)IYE = YR, 45 Ay =01, [H} } ©)
Xﬁ)ax 7X§1in

ck = {(xgs, YK = X5 i Ax =01, ... {

)} o

an

Grid points are merged as shown below.
R _ AR |BR (| CR
Gy =A"UB"UC

Subsequently, the grid point set is rotated to restore the long and
short sides of the field to their original orientation.

Gyi= Gy U 12)
2.4.3. SA-GPR algorithm

As shown in Fig. 8, this study proposes the SA-GPR algorithm to
estimate the field topographic height and tillage depth for any grid
point. Taking the profiling point cloud as an example, the first step is to
define the region of interest (ROI) for each grid point. The ROI point set
is then approximated to the grid points without any loss of accuracy. The
optimized ROI point set is subsequently used as observation samples to
estimate the surface topographic height and tillage depth for the grid
points using GPR. This sub-section provides a details introduction to the
SA-GPR algorithm.

According to the first law of geography, there is a strong correlation
between the topographic height of a grid point and that of its neigh-
boring region (Westlund, 2013). Rotary tillage operations can shape
both the field surface and the tillage bottom-layer topography. For each
grid point, the data within a circular region, with the machinery’s
working width as the radius, significantly influences the topographic
height estimation. Therefore, this circular region is defined as the Re-
gion of Interest (ROI). Since both collinear and non-collinear points may
exist within the ROI, a time variable is introduced to assess collinearity
and eliminate non-collinear points. For collinear points, the closest point
to the grid point is identified based on the collinearity relationship. If
this point lies between collinear points, only the closest point is retained,
and the corresponding collinear points are deleted. This method opti-
mizes the point set within the ROI without compromising estimation
accuracy.

Subsequently, the optimized ROI point set (Pg,) is used as the
training sample, with the topographic height as the corresponding
output. Assume that the topographic height Z,;» can be modeled using
a Gaussian process f (Pdc,_lw) and Gaussian noise.

Zaoy =f(Paoir) + e’ =1,2,3-n a3

Where, f(Pqoy) is the Gaussian process model, representing the true
topographic height at the input point Py 5 & ~ N(0, 62) epsilon is the
independent and identically distributed Gaussian noise, with o2 as the
noise variance.
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Fig. 8. SA-GPR algorithm flowchart.

From Eq. (13), it can be inferred that the output values Z, follow a
multivariate Gaussian distribution.

cha ~ N(OyK(Pcloypclo) + 0—2,,1) (14)
where, K(P,, P.,) is the covariance matrix of the training samples, with
its elements computed using the kernel function k(P , Paoj); 621 is
the covariance matrix of the observation noise.

The radial basis function is well-suited for characterizing smooth and
continuous topography (Hillier et al., 2014), which is consistent with the
characteristics of the tillage bottom layer and field surface topography.
The kernel function is defined as shown below.

2
Yo,
cloj ) > (15)

where, af is the signal variance, and [ is the length scale parameter.

This study optimizes the model parameters o7,0;

- Xcloj")z + (Yclo,i” -
22

(Xclo i

k(PClo.i”7PC10j”) = O'fzeXp< —

and [ using
maximum likelihood estimation.

For each grid point Ggr; (Xgris, Yri¢), the function value f(Ggr,) and
the topographic height of the training samples Z,, follow a joint
Gaussian distribution.

K(Pclmpclo) + 5,211 k(Pclav Ggri.t)
k(Ggic, Pao) k(Ggit, Gyriv)

Z clo

e ] NN(O’ )

where, k(Pcpo, Ggri¢) and k(Ggri¢, Pao) are the covariance matrices be-

(16)

tween the training data and grid points; k(Ggri¢, Ggri¢) is the covariance
scalar of the grid points.

According to the properties of the joint Gaussian distribution, the
conditional distribution of the grid points is as shown below.

f(ngt) |Pcloa Zzlm ng',t ~ N(ﬂ (Ggri,t) 3 62 (Ggﬁx‘) ) (17)

ﬂ(ng’,t) = k(ng',L:Pclo) [K(Pclmpclo) + O’ﬁl] 71cho (18)

- k(Ggri,uPclo) [K(Pclavpclo) + Uﬁl] 71k(Pclm Ggri,t)
(19)

0'2 (ngt) = k(Gg,-i_’,;7 Ggri,t)

Similarly, using the deepest tillage point from the optimized ROI as
the observation sample, the SA-GPR algorithm estimates the topo-
graphic height (Z)) of the tillage-bottom layer at each grid point. Let the
estimated topographic height of the field surface be ZS,. The tillage
depth is then given by the following equation.

Hydraulic valve

Hydraulic cylinder

. _af

|
GNSS receiver

Reflector prism

Reflector prism

Fig. 9. Test platform.
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da = ngt - Zfst (20)

2.5. Accuracy verification test of the FS-TBLSM method

2.5.1. Test material

As shown in Fig. 9, the rotary tillage implement (Henan Haofeng
Agricultural Equipment 230H) is powered by a tractor (Kubota
M704KQ) and connected to the tractor via a three-point hitch. To adjust
the pitch angle of the implement, a hydraulic cylinder is used instead of
the traditional rigid upper link, and the cylinder is operated by con-
trolling an electromagnetic valve using a display terminal. To install
reflector prisms, two threaded rods are welded at the deepest tillage
point and profiling point locations.

As shown in Fig. 10d, this study used a total station (Leica MS60,
accuracy: 1 mm + 1.5 ppm) to measure the true coordinates of the
deepest cutting point and profiling points (prism locations in Fig. 9) in
the ENU. Prior to measurement, the total station was set up using proper
procedures, including installation, atmospheric calibration, leveling,
and stationing. During stationing, at least two high-precision control
points are required.

2.5.2. Test method

As shown in Fig. 10, a validation test was conducted on a cement
road at the Teaching and Research Base of South China Agricultural
University. Five control points were placed within the test area
(Fig. 10b). The coordinates of each control point were measured stati-
cally using a GNSS receiver (with 1-mi observation), and their average
values were calculated (Fig. 10e). Notably, the height differences be-
tween the control points were rigorously calibrated. The coordinates of
the control points are provided in Table 2. As shown in Fig. 10d, the total
station sequentially targets the prisms, records the coordinates of each
control point, and performs positioning based on the principle of rear
intersection (position intersection), thereby completing the stationing.

Computers and Electronics in Agriculture 239 (2025) 111000

Table 2
Coordinates of each control point.

Control point Coordinate

East (m) North (m) Height (m)

1 462986.7870 2571566.4891 25.1936

2 462976.4451 2571563.9702 25.1826

3 462944.9028 2571580.2009 25.3177

4 462934.6232 2571585.5347 25.3083

5 462926.3196 2571596.0860 25.3462
Table 3

The position vectors of the key points of the implement in the VCS.

Key point Position vector
X (m) Y (m) Z (m)

Primary antenna 0 0 0
Secondary antenna 1.1932 0.0000 —0.0008
Center point of rotating blade shaft 0.6735 \ —0.5754
Rotation point of tailboard 0.3953 \ —0.3755
Right deepest cutting point \ —0.0202 \

Left deepest cutting point 1.9237 \

Right profiling point \ —0.0051 \

Left profiling point \ 1.9948 \

Before the test, based on the geometric relationship of the rotary
tillage implement, the motion radius dp of the deepest cutting point was
measured as 0.252 m, and the motion radius dg¢ of the profiling point as
0.415 m. Table 3 lists the position vectors of the key points of the

implement in the VCS.

The Y-axis value of the center point matches that of the deepest
cutting point, and the Y-axis value of the rotation point matches that of

the profiling point.

The tests were divided into two categories: static and dynamic.

(1) Static test.

4 .
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Fig. 10. Verification test site and method. (a) Test site; (b) Test area;(c) Test scenario; (d) Station; (e) Control point and its coordinate measurement method.
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Angle adjustment
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Fig. 11. Static test method. (a) Deepest cutting point; (b) profiling point.

As shown in Fig. 11, the measurement accuracy of the FS-TBLSM
method was validated under different implement pitch angles and
varying angles between the tailboard and frame. First, the pitch angle of
the implement was adjusted by controlling the hydraulic cylinder via the
display terminal, and the rotating blades were manually adjusted such
that the threaded rod holding the prism was vertical (Fig. 11a). Simi-
larly, the angle between the tailboard and frame was adjusted, and the
prism was placed vertically at the profiling point (Fig. 11b). Subse-
quently, when the implement was completely stationary, its position and
attitude information were collected. Finally, the coordinates of the
prism were measured using a total station, representing the true co-
ordinates of the deepest cutting point and the profiling point. During the
test, five sets of implement pitch angles and tailboard-frame angles were
used.

(2) Dynamic Test.

As shown in Fig. 12, the dynamic measurement accuracy of the FS-
TBLSM method was validated. The prism was installed at either the
deepest cutting point or the profiling point on the right side, and the true
coordinates were obtained by dynamically tracking the prism using the
total station. As the total station cannot track two prisms simulta-
neously, the true coordinates of only one point (either the deepest cut-
ting point or the profiling point) were measured at a time. During the
test, it was crucial to ensure that the line of sight between the prism and
total station remained unobstructed by any objects.

Fig. 12. Dynamic test method.
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2.6. Field test

2.6.1. Test material
The same test and data-acquisition platforms as those used in the
validation test (Section 2.5.1) were employed for the field test.

2.6.2. Test method

As shown in Fig. 13c, according to the International System of Soil
Texture Classification (ISSC), the soil in the test field is classified as
sandy loam (Du et al., 2019). This is a rice soil formed by long-term
seasonal rice cultivation. The test field is located in the subtropical
monsoon climate zone, with an average annual temperature of 24 °C and
average annual precipitation of 1891.9 mm. The field is heavily mech-
anized and typically subjected to rototilling rather than plowing. After
several agricultural operations and wet-dry cycles, the soil became
compacted. Prior to the test, the soil compaction was 1639.9 kPa, and
the moisture content was 8.3 %. During the test, the rotary tiller oper-
ated at a speed of 1 m/s, and the position and attitude information of the
implement was collected in real time.

After the operation, the true field surface topography height and
tillage depth were measured. The method used for measuring the true
topography is shown in Fig. 13d. The total station measured the true
topography of the test area from two different positions, and the data
from both measurements were combined. The method used for
measuring the true tillage depth is shown in Fig. 13d and Fig. 13e. First,
20 measurement points were set up in the test area, and the field surface
topography at each point was measured using the total station. Next, soil
compaction at each measurement point was measured using a soil
compaction meter (Spectrum Technologies SC 900), and the tillage
depth at each point was roughly calculated using the Mann—Kendall test
algorithm. Based on the calculated tillage depth, the tilled soil was
removed until the untilled layer was reached, ensuring that the untilled
layer remained undisturbed. Finally, the topographic height of the
tillage bottom layer was measured using the total station, and the true
tillage depth was calculated.

3. Results
3.1. Measurement accuracy of the FS-TBLSM method

3.1.1. Static measurement accuracy

The Wilcoxon signed-rank test was initially employed to analyze the
errors in each axis and determine whether the measured values signif-
icantly deviate from the true values. Next, box plots of the errors in the
X, Y, and Z axes were constructed to illustrate their distribution char-
acteristics and reveal skewness and potential outliers. Finally, the
maximum absolute error (MAE), average absolute error (AAE), and root
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Fig. 13. Field test site and method. (a) Test site; (b) Test field;(c) Test scenario; (d) Topography measurement method and station setup; (e) Tillage depth mea-

surement steps.

Table 4
Wilcoxon test results for static measurement.
Position Axis p-values
Right side of the deepest cutting point X 1.000
Y 0.125
z 0.313
Left side of the deepest cutting point X 0.062
Y 0.062
Z 1.000
Right side of the profiling point X 1.000
Y 1.000
VA 0.313
Left side of the profiling point X 0.125
Y 0.125
Z 0.438

mean square error (RMSE) were used as precision evaluation metrics,
and 95 % confidence intervals (CIs) were calculated for AAE and RMSE
to quantify the variability of the measurement errors.

The results of the Wilcoxon test for the static measurement are pre-
sented in Table 4. The p-values in the X, Y, and Z axes exceed the 0.05
threshold for both the deepest cutting points and profiling points,
indicating no significant differences between the measured and true
values and that the measurement errors are within an acceptable range.

The distribution of measurement errors on the left and right sides of
the deepest cutting points and profiling points is shown in Fig. 14. In the
X-axis direction, the error distribution on the left is more concentrated
and stable but exhibits a negative shift, with the median around —15
mm. On the right side, the error distribution is more symmetric, with
most values concentrated between —10 and 10 mm. Additionally, the
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median is close to 0 mm, indicating higher measurement accuracy. In
the Y-axis direction, the median error on the left is close to 10 mm,
whereas the median on the right is slightly smaller. Errors on both sides
are concentrated in the positive range, with no significant outliers. The
error distribution along the Z axis has a broader range and exhibits more
pronounced fluctuations than those along the X and Y axes. Overall, the
errors on the left are significantly higher than those on the right, and the
fluctuations in the Z-axis errors are slightly greater than those in the X
and Y axes. This is primarily due to the misalignment between the X and
Y axes of the VCS and the transverse and longitudinal directions of the
equipment. The higher fluctuations are also attributed to the gaps be-
tween the components of the tillage equipment, which cause deviations
in the mapping positions of the measurement points in the X-Z plane.
Specifically, the left-side measurement points are farther from the VCS
origin, making them more susceptible to error amplification during
spatial transformation, resulting in larger errors on the left side. Addi-
tionally, the vertical accuracy of the GNSS receiver (1.5 cm + 1 ppm) is
lower than its horizontal accuracy (0.8 cm + 1 ppm), which leads to
higher measurement errors along the Z axis than along the X and Y axes.

Table 5 lists the measurement errors on both sides of the deepest
cutting points and profiling points. For different positions and coordi-
nate axes, the MAE for static measurements ranges from 6.3 mm to 25.6
mm, the AAE from 3.7 mm to 14.5 mm, and the RMSE from 4.1 mm to
15 mm. Due to differences in measurement accuracy between the ver-
tical and horizontal directions of the GNSS sensor, the errors are slightly
higher in the Z-axis direction than in the X- and Y-axis directions.
Overall, the errors exhibit a narrow CI, indicating good measurement
stability. In conclusion, the FS-TBLSM method demonstrates small
measurement errors under static conditions, with reasonable ClIs,
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Fig. 14. Error distribution of static measurement. (a) Left side of the deepest cutting point; (b) Right side of the deepest cutting point; (c) Left side of the profiling

point; (d) Right side of the profiling point.

Table 5
Static measurement error.
Position Axis MAE AAE (mm, 95 RMSE (mm,
(mm) %CI) 95 %CI)
Right side of the deepest X 15.5 7.7 (2.7,12.7) 9.6 (3.7,13.3)
cutting point Y 10.5 6.8 (3.5,9.7) 7.8 (5.1,9.8)
Z 24.1 10.7 (4.4, 13.2 (5.2,
18.1) 19.7)
Left side of the deepest X 18.7 14.5 (11.3, 15.0 (11.8,
cutting point 17.7) 17.7)
Y 25.6 8.9(2.0,17.2) 12.7 (3.8,
20.2)
z 25.3 9.9(2.5,18.5) 13.5(3.5,
20.4)
Right side of the profiling X 6.3 3.7 (1.9, 5.2) 4.1 (2.4,5.6)
point Y 14.7 7.1(2.4,11.7) 8.9 (4.1,12.2)
z 14.6 7.1(3.4,10.9) 8.4(4.1,11.9)
Left side of the profiling X 13.6 8.8(4.0,12.8) 10.1 (6.0,
point 12.8)
Y 19.4 11.7 (6.6, 13.2 (6.6,
16.8) 17.6)
Z 22.7 10.5 (5.5, 12.4 (5.8,
16.8) 18.4)

confirming its high measurement accuracy and reliability.

3.1.2. Dynamic measurement accuracy
Owing to the large sample size of the dynamic measurement data,
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hypothesis testing may amplify minor differences because of higher
statistical power, potentially leading to conclusions that deviate from
the actual situation. To accurately assess the deviation between the
measured and true values, we plotted their trajectories across three
dimensions—spatial, plane, and height—to analyze their trends. Next,
box plots were constructed to illustrate the distribution characteristics of
the errors. Finally, MAE, AAE, and RMSE were used as evaluation
metrics for accuracy, and the 95 % Cls for AAE and RMSE were calcu-
lated to further quantify the stability and reliability of the measurement
errors.

The collected data were processed using MATLAB R2023a. To
enhance the readability of the results, the origin of the ENU coordinate
system was shifted 462,900 m eastward and 2,571,500 m northward.
The trajectories of the measured and true values for the deepest cutting
points and profiling points in the spatial, plane, and height dimensions
are shown in Fig. 15 and Fig. 16. The measured values of both the
deepest cutting and profiling points are generally consistent with the
true values in terms of the spatial motion trajectory. The measured
values closely match the true values in terms of the plane trajectory,
with their height trajectories also exhibiting consistent trends. However,
the measured values of the deepest cutting points are consistently
slightly higher than the true values, primarily due to centimeter-level
fluctuations in the height data output by the GNSS receiver at
different times.

The error distribution of the deepest cutting and profiling points
along the X, Y, and Z coordinate axes is shown in Fig. 17. The error
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Fig. 16. Dynamic measurement results of the profiling point. (a) Spatial trajectory; (b) Plane trajectory; (c) Height trajectory.
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Fig. 17. Error distribution of dynamic measurement error. (a) Deepest cutting point; (b) Profiling point.

distribution in the X and Y directions is more symmetric and concen-
trated for the deepest cutting points than for the profiling points.
Additionally, the errors primarily range from —10 mm to 0 mm, indi-
cating minimal deviation between the measured and true values and
high measurement accuracy. A narrow data-fluctuation range is
observed in the Z direction, with the error distribution skewed toward
positive values. The median is approximately + 15 mm, suggesting a
systematic bias in the Z direction, though the overall measurement ac-
curacy remains satisfactory. Compared to the deepest cutting points, the
profiling points exhibit larger fluctuations in the X direction, with a
negative error distribution and a wider range. However, most of the data
points fall within the +£30 mm range. In the Y direction, the error dis-
tribution is more symmetric, with the median close to zero, and the box
plot primarily concentrated between 0 and 15 mm. In the Z direction,

1

the error distribution patterns are similar to that of the deepest cutting
points, with both showing a positive bias and the median centered
around +10 mm. Overall, the measurement accuracy meets the re-
quirements for dynamic measurements. In summary, the error distri-
bution for both the deepest cutting and profiling points is generally
concentrated within the +30 mm range, with medians below 20 mm.
The medians for the X and Y directions are close to 0, while the median
for the Z direction is approximately +15 mm, indicating good overall
measurement accuracy.

To further quantify measurement accuracy, Table 6 provides a sta-
tistical analysis of the dynamic measurement errors for both points.
Across different positions and coordinate axes, the AAE ranges from 6.1
mm to 14.5 mm, whereas the RMSE spans from 8.4 mm to 19.5 mm. As
observed, all error values are below 20 mm. Moreover, the difference
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Table 6
Dynamic measurement error.

Position Axis MAE AAE (mm, 95 % RMSE (mm, 95 %
(mm) CD CI)
The deepest cutting X 50.9 9.3 (8.09, 12.8 (10.88,
point 10.58) 14.63)
Y 33.7 6.1 (5.24, 6.96) 8.4 (7.04,9.74)
Z 21.1 13.3(12.87, 13.7 (13.28,
13.84) 14.23)
The profiling point X 57.1 14.5 (12.72, 19.5 (17.72,
16.12) 21.01)
Y 22.6 7.2 (6.49, 8.02) 9.3 (8.55, 10.10)
Z 25.0 10.0 (9.25, 11.7 (10.88,
10.79) 12.39)

between the upper and lower limits of the CIs remains within approxi-
mately 2 mm. Therefore, the RMSEs for all measurement points in the X,
Y, and Z directions remain low, with small fluctuations, indicating that
the FS-TBLSM method ensures high dynamic tracking accuracy and
provides reliable input for subsequent field topography and tillage-
depth estimation.

3.1.3. Comparison of dynamic and static measurement errors

As shown in Fig. 18, an effect size analysis was performed to compare
the differences between dynamic and static measurement errors and
thereby assess the extent of the error differences under both measure-
ment conditions.

The effect sizes of the errors in the X and Y axes are generally low for
both dynamic and static measurements, indicating that accuracy values
are consistent in the horizontal plane. However, at the deepest cutting
point, a significantly larger negative effect size is observed in the Y-axis
direction (Cohen’s d = —1.89), suggesting that dynamic measurement
errors are lower than the static errors. This phenomenon may be due to
the specific operational procedures performed during static measure-
ments: after measuring the coordinates of the deepest tillage point using
the FS-TBLSM method, a prism was installed at the same position for
true-value measurement. Due to the time gap between the two opera-
tions, the implement may experience slight lateral sway, introducing
additional errors in the Y-axis direction. By contrast, during dynamic
measurements, the positional changes of the implement are recorded
during lateral swaying, with the measured and true values collected
simultaneously. This approach ensures that a more accurate represen-
tation of lateral displacement is provided during actual operations,
thereby demonstrating higher measurement stability and accuracy.

2 Small (0.2) 1.73 (a)
----- Medium (0.5)
----- Large (0.8)

10— Negative (-0.2) 1

Cohen's d
o

-2 -1.89 1

X Y 4
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In addition, along the Z axis, both the deepest cutting and profiling
points exhibited significant positive effect sizes (Cohen’s d = 1.73 and
2.05, respectively), indicating that vertical dynamic measurement errors
were considerably greater than static errors. This result aligns with the
intrinsic limitations of the GNSS system, particularly its reduced vertical
positioning accuracy under motion. Other possible contributing factors
include multipath effects and signal instability.

3.2. Field test results

3.2.1. Field surface topography measurement accuracy

The true topography was compared with the FS-TBLSM-generated
topography to evaluate their agreement. Next, the height of the
profiling points predicted by FS-TBLSM was compared with the height of
the nearest true points (reference points). Finally, the accuracy and
stability of the FS-TBLSM-predicted topographic heights were assessed
in terms of AAE and RMSE, along with their corresponding 95 % Cls.

As shown in Fig. 19, the origin of the ENU coordinate system was
shifted 462,900 m eastward and 2,571,400 m northward. Subsequently,
the true and measured topographic point clouds were color-rendered
based on height and then merged for visual comparison. The topo-
graphic heights measured using the FS-TBLSM method are slightly lower
than the true values. According to the color distribution, the variation
patterns of the measured topographic height are consistent with those of
the true values, with the areas of variation closely aligning with those of
the true values.

The accurate measurement of topographic height is a primary
concern in agricultural operations. As shown in Fig. 20, the topographic
height of the measured points is compared with that of their nearest true
points (reference points), with a horizontal distance of no more than 2
mm between them. The height variation trends in the two datasets are
highly consistent, and most measurement errors are within 30 mm.
Statistical analysis shows an AAE of 18.13 mm (95 % CI: 16.81-19.33
mm) and an RMSE of 20.58 mm (95 % CI: 19.41-21.60 mm), demon-
strating that the FS-TBLSM method provides reliable measurement
accuracy.

3.2.2. The impact of grid spacing on the accuracy of the SA-GPR algorithm

As the test site was a small-scale farmland and the main agricultural
machinery used had an operational width of 2 m, a grid spacing of 2 m x
2 m was selected to provide more representative input data for subse-
quent processing. Subsequently, the grid-point heights estimated using
the SA-GPR algorithm were compared with those of the nearest true

Fig. 18. Effect size of dynamic and static errors. (a) Deepest cutting point; (b) Profiling point.
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Fig. 19. Comparison of true and measured topography. (a) True topography; (b) Measured topography; (c) Merged topography.
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Fig. 20. Measurement accuracy of surface topographic height. (a) Measured and reference values; (b) Height measurement error.
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points (reference points). Finally, three grid spacings—1 m x 1 m, 2 m
x 2m, and 3 m x 3 m—were used, and the corresponding AAE and
RMSE were measured, along with their 95 % ClIs, to evaluate the effect of
grid resolution on the estimation accuracy of the SA-GPR algorithm.

As shown in Fig. 21, using the measured topographic points, the
long-side direction of the field is determined, the field boundary
extracted, and the field rasterized. Grid points are distributed along the
long and short sides of the field, with the spacing between adjacent
points (excluding boundary points) set to 2 m.

As shown in Fig. 22, with the known planar coordinates of the grid
points, the SA-GPR algorithm was used to estimate their topographic
heights. The estimated values were then compared with the topographic
heights of their nearest true counterparts (reference points). As shown in
Fig. 22a, the estimated height closely follows the trends of the reference
curve, indicating a high degree of agreement. However, the horizontal
distance between the grid and reference points can affect estimation
accuracy. As illustrated in Area A of Fig. 22b, the estimation error de-
creases as this distance decreases, providing preliminary evidence sup-
porting the accuracy of the SA-GPR algorithm in topographic height
estimation.

As shown in Table 7, the estimation accuracy was statistically
analyzed across different grid spacings. Although the error metrics (AAE
and RMSE) exhibited slight variations acrossthe 1 m x 1 m, 2m x 2 m,
and 3 m x 3 m grids, the overall differences were minimal, with sub-
stantial overlap in their 95 % CIs. For example, the maximum AAE was
22.71 mm (2 m x 2 m), whereas the minimum was 20.99 mm (1 m x 1
m), yielding a difference of approximately 1.7 mm. Similarly, the
maximum difference in RMSE did not exceed 1.5 mm, and the CI ranges
were also comparable for all grid spacings. These findings indicate that
the estimation performance of the SA-GPR algorithm is largely insensi-
tive to grid spacing. Even at a larger grid size (e.g., 3 m x 3 m), the SA-
GPR algorithm exhibited consistent estimation accuracy and stability.
Therefore, the SA-GPR method demonstrates strong adaptability for
practical applications and allows the flexible adjustment of grid spacing
based on operational requirements.

3.2.3. The estimation accuracy of topographic height and tillage depth

To further evaluate the accuracy of the SA-GPR algorithm, the known
planar coordinates of 20 sampling points were used as inputs to estimate
topographic height and tillage depth. First, the measured and true values
of topographic height and tillage depth were visualized, along with their
corresponding error variation curves. Subsequently, MAE, AAE, and
RMSE were used as evaluation metrics. Additionally, the 95 % CIs of
AAE and RMSE were calculated to quantify the accuracy and stability of
the estimates under field conditions.

As shown in Fig. 23a, the estimated topographic height closely fol-
lows the trends of the true curve, with errors remaining within 30 mm.
Similarly, as shown in Fig. 23b, the estimated tillage depth closely fol-
lows the trends of the true curve, with most errors within 20 mm.

Table 8 lists the estimation accuracy obtained for topographic height
and tillage depth.

The results indicate that both the AAE and RMSE values are below
20 mm, confirming the high accuracy of the SA-GPR algorithm. The
accuracy of topographic height and tillage depth is collectively affected
by GNSS measurement errors, the FS-TBLSM method, and the SA-GPR
algorithm. Notably, the estimation error is slightly lower for tillage
depth than for topographic height, perhaps because tillage depth rep-
resents the relative vertical distance between the bottom of the tillage

Table 7
Estimation accuracy under different grid spacings.

Grid spacing AAE (mm, 95 %CI) RMSE (mm, 95 %CI)
Imx1lm 20.99 (19.75, 22.20) 22.73 (21.54, 23.89)
2mx2m 22.71 (20.84, 24.84) 24.13 (22.31, 26.18)
3mx3m 21.14 (17.57, 25.21) 23.33 (19.74, 27.02)
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layer and the field surface, thereby mitigating the influence of GNSS
errors. Moreover, the 95 % CIs of AAE and RMSE largely overlap for both
variables, further confirming the applicability and stability of the al-
gorithm across diverse surface parameters. Overall, the SA-GPR algo-
rithm delivers reliable accuracy and robustness in estimating
topographic height and tillage depth.

4. Discussion
4.1. Comparison of measurement methods

Table 9 lists the main methods for field surface topography and
tillage depth measurement are listed.

Field surface topography measurement methods are primarily clas-
sified into remote sensing and vehicle-based types. In terms of accuracy,
remote sensing methods are susceptible to factors such as light, wind
speed, and flight altitude, which typically result in lower measurement
accuracy compared to vehicle-mounted methods. The RMSE of existing
vehicle-mounted measurement methods is generally below 20 mm,
while the RMSE of the method proposed in this study is 17.95 mm,
demonstrating comparable accuracy. This method can be used to accu-
rately calculate the base height and earthwork before leveling opera-
tions and to develop a reasonable leveling path, satisfying the
requirement for leveling accuracy of less than 30 mm. Regarding cost,
remote sensing methods typically require multiple sensors to be moun-
ted on drone platforms, leading to higher hardware costs. High opera-
tional efficiency is achieved with such systems, making them suitable for
large-scale farmland and contributing to a reduction in overall opera-
tional costs. In contrast, vehicle-mounted measurement methods are
mostly integrated into land leveling machinery, with lower hardware
costs but lower operational efficiency. Before leveling operations, it is
necessary to traverse the entire field, increasing labor, energy, and time
costs. By comparison, the method proposed in this study uses a rotary
tiller as the platform, enabling topographic measurement to be per-
formed simultaneously with tillage, incurring virtually no additional
operational cost.

Tillage depth measurement methods are primarily divided into
contact and non-contact types. In terms of accuracy, non-contact
methods are influenced by factors such as soil moisture, temperature,
field residue, and uneven field surface (Zhu et al., 2024), leading to
lower and unstable measurement accuracy. In contrast, contact methods
offer more stable and accurate results. However, tillage depth is defined
as the vertical distance between the deepest cutting point and the field
surface. Existing tillage depth measurement methods have vertical
alignment errors. For instance, Lou et al. (2021) reported errors of up to
500 mm, with other methods potentially showing even larger errors. The
tillage depth measurement accuracy based on the rotary tiller platform
can reach 10.80 mm (Ma et al., 2024). This method uses GNSS receivers
to measure the same location before and after tillage to obtain the true
tillage depth. However, the measurement accuracy of GNSS equipment
is limited, and changes in the field surface topography after tillage can
also introduce measurement errors. Additionally, this method requires
multiple sensors and adds a contour structure, making the operation
complex and costly. The tillage depth measurement method proposed in
this study has an RMSE of 16.49 mm, with no vertical alignment errors,
and the true tillage depth is measured by a total station, ensuring the
reliability of accuracy quantification. Furthermore, it is simple to
operate and cost-effective. Supported by topographic height and tillage
depth measurement accuracy, this method can provide guidance for
active control of crop sowing depth. Traditional depth control relies on
contour structures, but after tillage, the soil becomes loose, and the
contour structure produces varying compression depths under different
soil depths, preventing the sowing depth from reaching the expected
value.

The method proposed in this study allows for the measurement of
field surface topography and tillage depth in a single operation, while
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Fig. 23. Topographic height and tillage depth estimation results for 20 points;

Table 8
Estimation accuracy of topographic height and tillage depth.

AAE (mm, 95 %CI) RMSE (mm, 95 %CI)

Topographic height
Tillage depth

17.13 (15.12, 19.35)
14.52 (11.27, 17.99)

17.95 (15.91, 20.11)
16.49 (12.26, 20.37)

existing measurement methods require separate operations. Completing
mapping in one operation can reduce the number of field operations by
50 %, and save an estimated 15.57 kg/ha in fuel consumption. Addi-
tionally, it can reduce the depth of wheel tracks by 5-10 % (Botta et al.,
2009), effectively reducing the risk of soil compaction caused by
repeated machinery passes. Overall, the integrated measurement
method proposed in this study offers accuracy comparable to existing
methods, reduces redundant sensors and operational complexity, and
maximizes data acquisition efficiency, providing good economic po-
tential and prospects for wider application.

4.2. Advantages of integrated measurement method

4.2.1. Advantages of the FS-TBLSM method

The FS-TBLSM method uses GNSS and AHRS sensors, which are
mounted on the frame and tailboard, respectively. Neither sensor comes
into contact with the soil, ensuring that the devices remain unaffected by
different soil textures and field conditions with residue cover. Addi-
tionally, this method considers the kinematic behaviors, such as sinking
and posture changes, that may occur with rotary tillage machinery
under varying soil conditions. Furthermore, the effects of the machi-
nery’s pitch angle and the angle between the frame and tailboard on the
measurement of the deepest cutting point and profiling point are spe-
cifically analyzed. Static validation tests were conducted with varying
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pitch angles (-10.1° — 12.5°) and angles between the tailboard and
frame (20.5° — 55.2°). The results show that this method offers good
accuracy and is applicable to field environments with varying slopes. In
summary, this method is theoretically suitable for field environments
with different soil textures, moisture levels, and slopes.

4.2.2. Advantages of the DAG-PT method

Grid-based field operations, as the primary approach, enhance
operational efficiency and quality, optimize resource utilization, and
facilitate precision field management (Karunathilake et al., 2023).
Compared to uniform gridding, the DAG-PTM method proposed in this
study offers the following advantages:

(1) The grid distribution aligns with the long side of the field,
ensuring consistency with the travel direction of the machinery.
For instance, in leveling operations, after estimating the topo-
graphic height at grid points, the excavation and filling volumes
for each grid can be calculated. During leveling, the cumulative
volume of soil moved can be estimated to determine whether the
implement is in an empty or full load state, providing precise
information for intelligent planning of subsequent operations.

(2) The grid interval can be adjusted according to the type of sub-
sequent operation. Specifically, the interval along the short side
of the field is set based on the working width, while the interval
along the long side is adjusted according to the operation type.
For example, in leveling operations, the interval along the long
side can be set according to the working width, as leveling op-
erations often involve movement along the short side of the field.
This facilitates the accurate calculation of the soil moved. For
planting operations, the interval along the long side can be set

Table 9
Field surface topography and tillage depth measurement methods.

Object method Platform Sensors Height accuracy References
Field surface vehicle-based Dry-land leveling machinery GNSS, AHRS Flatness improved by an average of Jing et al.
topography 12.811 % (2019)
Dry-land leveling machinery GNSS, IMU, displacement RMSE = 16.5 mm Wang et al.

sensor (2023)

Rice transplanter
remote DJI M600 PRO UAV
sensing

Six-rotor UAV
Non-contact Subsoiling shovel
type
Contact type

Tillage depth

Subsoiling shovel with parallelogram and
ground wheel

Rotary tiller with copying mechanism
Subsoiling shovel

with swing arm and ground wheel

GNSS, AHRS
LiDAR, GNSS, IMU

LiDAR, GNSS, MEMS
Ultrasonic sensor

Ultrasonic sensor

Tilt sensors (4 units), GNSS
Optical encoder

RMSE = 14.9 mm

The average value of the flatness
accuracy is 91.73 %

Average RMSE = 38.5 mm
Standard deviation = 31.82 mm

Tu et al. (2023)
Jin et al. (2021)

Du et al. (2022)
Lou et al. (2021)
Average RMSE = 7.7 mm Niu et al. (2016)

Average RMSE = 10.8 mm
RMSE = 10.38 mm

Ma et al. (2024)
Jia et al. (2016)
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based on plant spacing, enabling active control of sowing depth
based on topographic height and tillage depth information.

In summary, the grid direction and interval settings are tailored to
the operational characteristics, enabling more precise work. Compared
to conventional grid methods, the DAG-PTM method provides greater
flexibility and accuracy.

4.2.3. Advantages of the SA-GPR algorithm

Tillage operations can shape both field surface and tillage bottom-
layer topography, with the topography exhibiting both linear and
nonlinear characteristics. Kriging interpolation typically relies on large
datasets, but its estimation accuracy decreases when the data is sparse or
irregular. While the FS-TBLSM method can generate large datasets, it
also increases computational load and complexity. Gaussian Process
Regression (GPR), a non-parametric regression method based on
Bayesian probability theory, is well-suited for handling complex data
distributions. GPR offers significant advantages in addressing nonlinear
relationships and small datasets (Zhang et al., 2024). This study pro-
poses the SA-GPR algorithm, which defines a Region of Interest (ROI)
and, based on spatial collinearity principles, approximates the point
cloud within the ROI to the grid points to be estimated. This approach
maximizes data reduction within the ROI while maintaining accuracy.
By leveraging GPR’s characteristics, the algorithm estimates the heights
of grid points with high precision using minimal data. In summary, the
SA-GPR algorithm reduces computational complexity while ensuring
estimation accuracy.

4.3. Limitations and future work

This study has several limitations that need to be clearly defined,
along with corresponding future research directions, as detailed below.

(1) The integrated measurement method proposed in this study relies
on positioning information from GNSS receivers. The inherent
characteristics of GNSS result in centimeter-level errors in height
output. Additionally, GNSS signals may experience reduced ac-
curacy due to interference from obstructions or multipath re-
flections, affecting measurement precision. Therefore, future
research could incorporate V2X correction or local RTK differ-
ential stations and explore multi-sensor fusion methods in weak
signal environments to ensure the stability and accuracy of the
method in various scenarios.
This study obtains the positioning and attitude information of the
machinery by installing GNSS and AHRS sensors. However,
sensor installation may involve deviations, and the coordinates of
key points on the implement in the VCS must be manually
measured, which could lead to a loss of measurement accuracy.
Moreover, this study is based on a single model of rotary tillage
implement and does not account for the differences in key point
positions across different types of rotary tillage machines,
limiting its reproducibility. Therefore, during agricultural ma-
chinery manufacturing, sensor installation positions should be
precisely designed, and precision machining technologies should
be used to provide high-accuracy coordinate information for key
points, further improving measurement accuracy and
applicability.

(3) Although the SA-GPR algorithm can reduce computational load
and complexity to some extent, the computational requirements
during its integrated deployment have not been quantified.
Future research could clarify the hardware requirements neces-
sary to support this algorithm.

(4) This method is theoretically suitable for different soil types and
slope scenarios, but its applicability needs further validation in
practical applications.

(2
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5. Conclusion

This study proposed the FS-TBLSM method, combined with the DAG-
PT method and the SA-GPR algorithm, to achieve integrated measure-
ment of field surface topography and tillage depth. The accuracy of these
methods was evaluated through verification and field tests. The verifi-
cation results showed that the FS-TBLSM method achieved static RMSEs
of less than 15.00 mm along all three axes, with dynamic RMSEs below
20.00 mm, confirming the effectiveness of the FS-TBLSM method and its
good dynamic tracking capability. Further field test results indicated
that the field surface topography measured using the FS-TBLSM method
aligned with the true topography. Using true surface topographic height
and tillage depth at 20 points as references, an AAE and RMSE of 17.13
and 17.95 mm, respectively, were obtained for surface topographic
height estimation; estimated tillage depth exhibited an AAE and RMSE
of 14.52 and 16.49 mm, respectively. These results demonstrate that the
SA-GPR algorithm can accurately estimate the field surface topography
height and tillage depth after rotary tillage operations. The measure-
ment accuracy of field surface topography and tillage depth in this study
is comparable to existing methods, while reducing the number of field
operations by 50 %, and saving an estimated 15.57 kg/ha in fuel con-
sumption. This study provides key inputs for leveling operations,
including setting the base height, calculating earthwork volume, and
planning paths. It also offers inputs for the active control of seeding
depth and references for yield assessment. In the future, GNSS posi-
tioning accuracy can be improved through signal enhancement and
multisensor fusion technologies. Additionally, further testing of appli-
cability under different rotary tillage machines, soil textures, and slope
conditions can be conducted during implementation.
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Abstract

To address the issue of agricultural robot loss of control caused by GNSS signal degra-
dation or loss in complex agricultural environments such as farmland and orchards, this
study proposes a neural network-based SLAM/GNSS fusion localization algorithm aiming
to enhance the robot’s localization accuracy and stability in weak or GNSS-denied envi-
ronments. It achieves multi-sensor observed pose coordinate system unification through
coordinate system alignment preprocessing, optimizes SLAM poses via outlier filtering
and drift correction, and dynamically adjusts the weights of poses from distinct coordinate
systems via a neural network according to the GDOP. Experimental results on the robotic
platform demonstrate that, compared to the SLAM algorithm without pose optimization,
the proposed SLAM/GNSS fusion localization algorithm reduced the whole process aver-
age position deviation by 37%. Compared to the fixed-weight fusion localization algorithm,
the proposed SLAM/GNSS fusion localization algorithm achieved a 74% reduction in
average position deviation during transitional segments with GNSS signal degradation
or recovery. These results validate the superior positioning accuracy and stability of the
proposed SLAM/GNSS fusion localization algorithm in weak or GNSS-denied environ-
ments. Orchard experimental results demonstrate that, at an average speed of 0.55 m/s, the
proposed SLAM/GNSS fusion localization algorithm achieves an overall average position
deviation of 0.12 m, with average position deviation of 0.06 m in high GNSS signal quality
zones, 0.11 m in transitional sections under signal degradation or recovery, and 0.14 m in
fully GNSS-denied environments. These results validate that the proposed SLAM /GNSS
fusion localization algorithm maintains high localization accuracy and stability even under
conditions of low and highly fluctuating GNSS signal quality, meeting the operational
requirements of most agricultural robots.

Keywords: agricultural robots; GNSS-degraded or denied environments; fusion localization;
neural networks

1. Introduction

In recent years, China has faced intensifying population ageing, with rural labor
shortages emerging as a critical constraint on rural revitalization. Agricultural automation
and intelligentization represent an irreversible trend for the future of farming [1-3]. With
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continuous advancements in technology, agricultural robots have emerged as a viable
solution to replace human labor in repetitive agricultural tasks. These robots not only
significantly enhance operational efficiency and quality but also inject new momentum into
sustainable agricultural development. Their immense potential and promising prospects
have garnered significant attention within the global agriculture technology sector [4-6].
Among the core technologies for agricultural robots, positioning systems play a pivotal
role, serving as the fundamental enabler for autonomous navigation operations [7-9].

In open-field environments, RTK (Real-Time Kinematic)-enabled GNSSs (Global Navi-
gation Satellite Systems) provide centimeter-level positioning accuracy, which has become
the primary technical dependency for current agricultural robot navigation systems [10-15].
These works collectively demonstrate the critical role of high-precision GNSSs in enabling
key functionalities such as autonomous navigation of agricultural vehicles, precise path
management, and trajectory tracking. However, in occluded environments, GNSS sig-
nals suffer from degradation or even loss of fixed solutions, leading to drastic declines in
positioning accuracy that severely compromise the reliability of autonomous navigation.
Lidar (Light Detection and Ranging) systems, whether 2D or 3D configurations, provide
autonomous machines with comprehensive environmental perception capabilities through
active laser scanning. This environmental awareness compensates for GNSS limitations
by enabling real-time ego-motion estimation during signal outages, thereby enhancing
operational safety in agricultural scenarios. Given the critical need for reliable positioning
in weak or GNSS-denied environments, achieving continuous and precise robot localization
has emerged as a key research focus in agricultural robotics [16-22]. Cao et al. [23] proposed
a neural network-based predictive MEMS-SINS error feedback correction method. This
approach trains the neural network during GPS (Global Positioning System) availability
and utilizes the trained model to predict MEMS-SINS errors during GPS outages. In four
50 s simulated GPS-denied experiments, the method achieved an average position error
of 3.8 m. Shen et al. [24] proposed a Radial Basis Function-based Multilayer Perceptron-
assisted Cubature Kalman Filter to compensate for position and velocity errors during GPS
outages. In a 500 s GPS signal interruption test, the algorithm’s mean square error was
below 23.11 m. Liu et al. [25] addressed the challenge of cumulative errors in MEMS-INS
during GPS signal loss by developing a neural network-aided GPS/MEMS-INS integrated
navigation system. Experimental simulations under GPS-denied conditions demonstrated
that this approach outperformed traditional frameworks using a Standard Kalman Filter
and Unscented Kalman Filter, achieving approximately 65% improvement in velocity and
positional accuracy. Zhang et al. [26] proposed a BDS (BeiDou Navigation Satellite Sys-
tem) outage endurance method for agricultural machinery navigation. By designing a
Self-Calibrating Variable-Structure Kalman Filter for BDS/INS data fusion, this approach
maintains straight-line tracking accuracy within limited durations. In robotic platform
trials, during 20 s simulated BDS outages, the method achieved an average lateral deviation
of 0.31 m on linear paths and an average positioning discrepancy of 0.77 m between the INS
(Inertial Navigation System) and BDS on rectangular paths. However, cumulative errors
inherent to the INS system limit its long-term operational viability. Wei et al. [27] addressed
the challenge of GNSS signal occlusion in orchard environments by implementing a Kalman
Filter-based fusion framework integrating GNSS and LiDAR data. To mitigate motion-
induced distortion in LiDAR scans, an odometry-aided correction method was applied,
enabling autonomous navigation for agricultural robots. Experimental results demon-
strated a mean lateral deviation of less than 11 cm between actual and planned trajectories.
However, the validity of GNSS signal availability during trials remains unverified, as the
experiments did not isolate GNSS signals to quantify environmental signal degradation lev-
els. Hu et al. [28] proposed a laser-based localization method for agricultural robots, which
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achieves robot positioning by fusing ToF (time-of-flight) measurements from laser scanning
with point cloud features acquired by a LIDAR receiver. Experimental results demonstrated
that the average maximum deviations during straight-line and curvilinear motion were
4.1 cm and 6.2 cm, respectively. This method is primarily applicable to GNSS-denied indoor
environments such as hangars and greenhouses, requiring unobstructed visibility between
the LiDAR and receiver. However, its effectiveness is limited in outdoor scenarios due to
potential occlusions. The aforementioned research studies provide valuable insights into
achieving continuous and precise robot localization in weak or GNSS-denied environments.
However, they still face limitations such as relatively low localization accuracy and sub-
optimal stability, which may cause trajectory deviations during autonomous navigation,
operational failures in precision farming tasks, and potential safety hazards in complex
agricultural environments.

To address the aforementioned issues, this study proposes a neural network-based
SLAM/GNSS fusion localization algorithm. The algorithm integrates the local accuracy
of LiDAR-inertial odometry with the global stability of a GNSS. It achieves multi-sensor
observed pose coordinate system unification through coordinate system alignment pre-
processing, optimizes SLAM (Simultaneous Localization and Mapping) poses via outlier
filtering and drift correction, and dynamically adjusts the weights of poses from distinct
coordinate systems via a neural network according to the GDOP (Geometric Dilution of
Precision). These mechanisms collectively enhance the robot’s localization accuracy and sta-
bility in weak or GNSS-denied environments. A wheeled differential-drive robotic platform
was developed to preliminarily validate the algorithm’s performance. Furthermore, field
experiments were conducted in actual orchard environments to investigate the algorithm’s
effectiveness under orchard terrain conditions and tree-obstructed scenarios.

2. Materials and Methods
2.1. Algorithm Framework

The SLAM/GNSS fusion localization algorithm proposed in this study achieves con-
tinuous and precise positioning for robots in weak or GNSS-denied environments by
integrating LIO-SAM (tightly-coupled lidar inertial odometry via smoothing and map-
ping) [29] and dual-antenna RTK-measured positioning and orientation data. This study
adopts a loosely coupled approach where the SLAM and GNSS subsystems operate in-
dependently. A neural network-based dynamic weight adjustment fusion localization
algorithm was designed to perform data integration. The overall framework is illustrated
in Figure 1, with the corresponding nomenclature provided in Table 1. First, the point
cloud data from LiDAR and the acceleration and angular velocity from the IMU (Inertial
Measurement Unit) are coupled into LIO-SAM to obtain the observed pose of the center
point of the drive wheel axis in the SLAM coordinate system. Subsequently, the real-time
dynamically measured positioning orientation data from the dual antennas are subjected
to Gauss—-Kruger projection and coordinate transformation to obtain the observed pose
of the center point of the drive wheel axis in the GNSS coordinate system. Then, coordi-
nate system alignment preprocessing is implemented to unify the coordinate system of
multi-sensor observed poses, followed by outlier filtering and drift correction to optimize
the SLAM poses. Finally, the observed poses from two distinct coordinate systems and
the GDOP are fed into the neural network model to dynamically adjust the optimization
weights of each observed pose, thereby outputting the fused pose.
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Figure 1. Framework of the SLAM/GNSS fusion localization algorithm.
Table 1. Nomenclature corresponding to Figure 1.
Symbol Meaning
F; The point cloud data from LiDAR
Aj The acceleration from IMU
w; The angular velocity from IMU
Zy The positioning orientation data from the dual antennas
0 The initial RTK heading angle
PE“SS The observed pose in the GNSS coordinate system
P]-SZ”’” The observed pose in the SLAM coordinate system
P].Sl”m' The SLAM pose after preprocessing of coordinate system alignment
P/.S’ﬂm” The optimized SLAM pose
pjf used The fused pose
ijk The time-series markers of the LiDAR, IMU, and RTK

2.2. SLAM/GNSS Fusion Localization Algorithm
2.2.1. LiDAR-Inertial Odometry

This research employs the LIO-SAM algorithm for state estimation. This algorithm
constructs a factor graph optimization framework, as shown in Figure 2, incorporating
four key factors: the IMU pre-integration factor, LIDAR odometry factor, GPS factor, and
loop closure factor. By applying nonlinear optimization methods to optimize the factor
graph, the system achieves globally consistent robot poses, enabling high-precision state

estimation and map construction.

[T il L o L
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X, L 4 X;
{
F, £

Fy A Fy Fy froes Fu
| | | | | | IMU Measurements D LiDAR Frame O Robot State Node —>.<— Scan Matching
IMU preintegration ~ —g@—  LiDAR odometry /‘\ GPS factor /k\ Loop closure
factor factor factor

Figure 2. Factor graph optimization framework of LIO-SAM.
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The IMU pre-integration factor efficiently computes the relative motion increments
between consecutive LiDAR keyframes i and i + 1 by pre-integrating IMU data. These
increments include positional increment AP, ;, 1, velocity increment AV; ;. ;, and rotational
increment AR; ; 11, which are incorporated as constraints into the factor graph for optimiza-
tion. The IMU pre-integration formulation is expressed as follows:

AVii1=RI(Vig1 =V, — gAti111)
AP;;y1 =RT (Pi+1 — P = ViAti i1 — %gAf?,iH) 1)
AR; i1 = Rl Riq

where g is the acceleration of gravity; At; ;1 is the time interval between two neighboring
keyframes; V; and V;, 1 are the velocities at the moments i and i + 1; P; and P;; are the
positions at the moments i and i + 1; R is the rotation matrix transpose at the moment i;
and R;, 1 is the rotation matrix at the moment i + 1.

The LiDAR odometry factor first extracts features from preprocessed point cloud data
using a curvature-based method, categorizing them into edge features and planar features,
while introducing the concept of LIDAR keyframes. A sliding window approach is then
employed to construct a point cloud map containing a fixed number of recent LiDAR
scans. Finally, the point-to-edge distance d,, and point-to-plane distance d), are utilized to
formulate pose estimation equations.

dy = LG Ph) < (Pl i, )|
k e
P p
Pitie— pi,u) )
p p p p
d = pi,u - pi,v) X (pi,u - pi,w)
Pk |(pﬁl,7p;v)x(p€u7p£w)‘

where k, u, v, and w are feature indices in the corresponding set; p; , , p,, and pf  are
points on edge features; and pf_H o pf w pf o and pfw are points on planar features.
The Gauss-Newton method is used to solve for the optimal transformation by minimizing:

min Z de, + Z dp, 3)

Tita e 1e r P
Piik€ Ea Pi1x€ Fi

where T; 1 is the pose at moment i + 1; 'Ff, , is the edge feature transformed to the world co-
ordinate system; and ’ F}:l is the planar feature transformed to the world coordinate system.

The relative pose transformation between two adjacent keyframes is computed:
ATy =T/ T 4)

where T; is the pose at moment i.

The GPS factor provides global positional constraints to the system by integrating
GPS measurement data. Upon receiving GPS observations, the data are transformed into
a local Cartesian coordinate system. When new nodes are added to the factor graph, the
corresponding GPS factor is associated with these nodes to establish spatial constraints.

The loop closure factor employs a simple yet effective Euclidean distance-based
detection method. The algorithm first searches historical keyframes to identify candidate
loop closure frames that are temporally distant but spatially proximate. Subsequently, scan-
to-map optimization is performed to estimate the relative pose transformation between the
current keyframe and the candidate frame. This transformation is then incorporated as a
loop closure factor into the factor graph for global trajectory optimization.
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2.2.2. Coordinate System Alignment

The SLAM coordinate system is defined with its origin at the initial position of the
center point of the drive wheel axis. Its positive X-axis aligns with the robot’s forward
direction, while the positive Y-axis is oriented towards the robot’s left side, following
the right-hand rule. The GNSS coordinate system shares the same origin but adopts an
ENU (East-North-Up) frame convention, with the positive X-axis pointing to geodetic east
and the positive Y-axis to geodetic north. The arbitrary initial orientation of the robot
typically results in a fixed angular deviation 6 about the Z-axis between the SLAM and
GNSS coordinate systems, as shown in Figure 3. To enable fusion of observed poses from
these two distinct coordinate systems, coordinate system alignment is required.

[l GNSS coordinate system
I SLAM coordinate system

Z6(Up)

Y, (North)

X (East)

Figure 3. Coordinate system framework.

During the system initialization phase, the initial heading angle 6 is obtained through
dual-antenna RTK measurements. The SLAM coordinate system is then rotated about
the Z-axis by —6 to align with the GNSS coordinate system, resulting in an intermediate
coordinate system MID that serves as the base coordinate system for SLAM. By establishing
the coordinate transformation relationship from the SLAM coordinate system to the MID
coordinate system, positional coordinates in the SLAM coordinate system can be trans-
formed into the MID coordinate system, thereby achieving unification of the coordinate
system for multi-sensor observed poses. The transformation is formulated as follows:

Xmid Xslam COS(_G) - sin(—@) 0 Xslam
Ymid = RIS\%IADM Ysiam = Sin(_g) COS(_G) 0 Yslam ®)
Zmid Zslam 0 0 1 Zslam

where Xgam, Ysiam, and Zgy,,, are the position coordinates under the SLAM coordinate
system; X,,ig, Ymid, and z,,;; are the position coordinates under the MID coordinate sys-
tem; and RQ{IEM is the rotation matrix from the SLAM coordinate system to the MID

coordinate system.

2.2.3. SLAM Pose Optimization

During the implementation of the LIO-SAM algorithm for simultaneous localization
and mapping, sporadic localization outliers may emerge in the LiDAR-inertial odometry.
These localization outliers, characterized by abrupt pose jumps at specific timestamps, often
result from dynamic object interference, sensor noise, or feature matching errors. These
localization outliers must be filtered out to enhance the system’s temporal continuity and
operational stability. The pose outlier detection proceeds by first computing the Euclidean
displacement between the current and previous poses in the SLAM coordinate frame. If
this displacement exceeds a predefined threshold, the current pose is identified as an outlier.
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The system then substitutes the outlier with a linearly extrapolated pose derived from the
previous pose data, as formalized below:

Xt = Xp—1 + k;ﬁlAt
Ye=VYi—1+ k]tflAt (6)
0 =61+ kéﬁlAf

where x4, yt, and 6; are the x, y coordinates and heading angle at the current moment; x;_1,
y;_1, and 6;_; are the x, y coordinates and heading angle at the previous moment; k: 1,
kty_l, and kgﬁl are the rate of change of x, y coordinates and heading angle at the previous
moment; and At is the time interval between the current moment and the previous moment.

GNSS data are not entered into the LIO-SAM framework because LIO-SAM does not
fully utilize GNSS information [30]. The radar inertial odometers may have accumulated
errors due to drift during long time operation of the system. When the quality of the
GNSS signal is high, the drift of the radar inertial odometer can be suppressed by using the
coordinate data under the GNSS coordinate system as a global position constraint, thus
reducing the cumulative error and improving the stability of the system. When RTK has a
fixed solution and the GNSS signal quality is high, the difference between the pose in the
GNSS coordinate system and the pose in the SLAM coordinate system is calculated. When
the difference exceeds the set distance threshold or angle threshold, the position coordinates
are corrected in the SLAM coordinate system. Since this is designed for wheeled robots
moving on a plane, we only consider distance deviations in the X and Y directions and
heading angle deviation. The correction formula is as follows:

Xmiv = X + Ax

Ymix =Y + Ay (7)
O,y = 0 + AO

where x,ix, Ymix, and 6,,;, are the x, y coordinates and heading angles after correction; x, y,
and 6 are the x, y coordinates and heading angles before correction; and Ax, Ay, and A6 are
the x, y coordinates and heading angle differences.

2.2.4. Neural Network-Based Dynamic Weight Adjustment

LIO-SAM assigns fixed observation weights to both GNSS and LiDAR odometry [30].
However, in practical scenarios, the signal quality of GNSS significantly differs between
open and obstructed environments. The fixed-weight strategy fails to adequately account
for the environmental sensitivity of GNSS signal quality, resulting in high-quality obser-
vations not being fully leveraged. Given the powerful adaptive and nonlinear mapping
capabilities of neural networks, this study proposes a neural network model with dynamic
weight adjustment. It adaptively adjusts the weights of poses from two distinct coordinate
systems based on the magnitude of GDOP through end-to-end training, aiming to achieve
the fusion of SLAM and GNSS poses.

The structure of the neural network model is shown in Figure 4. The input layer
contains 5-dimensional features: the 2D SLAM position coordinates after preprocessing of
coordinate system alignment, 2D GNSS position coordinates, and the GDOP. The first and
second hidden layers are fully connected layers with 128 neurons each, using the ReLU
(Rectified Linear Unit) as the activation function for feature extraction. The third hidden
layer is also a fully connected layer with 64 neurons and ReLU activation, designed to fur-
ther compress features. The fourth weight generation layer is a fully connected layer with
2 neurons, employing the Softmax function as the activation function to output normalized
weights for GNSS and SLAM poses. The fifth fusion layer is a parameter-free mathe-
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matical operation layer that performs weighted summation of SLAM and GNSS position
coordinates to output the fused position coordinates. The fusion formula is as follows:

X fused = WenssXgnss + WslamXslam
Yfused = WgnssYgnss + WsiamYsiam 8)
Wenss + Wslam = 1

where wgpss is the weight of the GNSS position; wgy,,, is the weight of the SLAM position;
Xgnss and Ygnss are the position coordinates in the GNSS coordinate system; x4, and Yy
are the position coordinates in the SLAM coordinate system; and x f,scq and ¢4 are the
fused position coordinates.
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Figure 4. Architecture diagram of the neural network-based model.

The pseudocode for the neural network-based dynamic weight adjustment algorithm
is shown in Algorithm 1. The raw GPS and SLAM coordinates as well as GDOP undergo
normalization processing and then pass through three fully-connected layers with ReLU
activation for feature extraction. A subsequent weight generation layer generates Softmax-
normalized outputs that ensure weights sum to unity. The final fused position combines
GPS and SLAM coordinates using these dynamically predicted weights. This architecture
dynamically adjusts sensor contributions based on real-time GNSS signal quality while
maintaining computational efficiency through compact design choices. The complete
system operates within embedded platform constraints for dynamic sensor fusion in
agricultural robotics.

This study adopts the MAE (mean absolute error) as the loss function, which computes
the mean absolute error Lj;4r between the fused position coordinates and the ground truth
position coordinates. The mathematical formulation is defined as follows:

1N, .
Lyae = Nz‘p}used - pirue )
i=1

where p;} e 18 the fusion position coordinate of the i-th sample; pi,,, is the ground truth
position coordinate of the i-th sample; and N is the total number of samples.
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Algorithm 1. The pseudocode for the neural network-based dynamic weight
adjustment algorithm.

Input: M, u, 0, gpsx, gpsy, slamy, slam,, GDOP

Output: Weps, Wi, fusedy, fused,

function PREDICTWEIGHTS (M, u, 0, gpsx, §psy, slamy, slam,, GDOP)
x < [gpsx, gpsy, slamy, slam,,, GDOP]

if y # I Ao # J then

x+—(x—p oo

end if

X ¢+ tensor(x)

(vapS/ Waiam) < M(X)

return Weps, Wy

WO DD RN

end function

function FUSEPOSITION (gpsx, §psy, slamy, slamy, Weps, Wsiam)
fusedy <= Weps X gpsx + Wy, X slamy

fusedy < Weps X gpsy + Wiiay X slamy

return fusedy, fused,

end function

I e
el S sl =

The training dataset was collected in real-world environments by controlling the
robot to maneuver repeatedly between open and obstructed areas. During this process,
5-dimensional input data were continuously recorded, while 2-dimensional ground truth
output data were acquired using a total station. After temporal synchronization, the raw
data were processed to create a custom dataset, which was then split into 70% for training,
20% for validation, and 10% for testing.

Finally, the fused heading angle is obtained by performing a weighted summation of
the SLAM and GNSS heading angles. The fusion formula is defined as follows:

efused = wgnssggnss + WstamYstam (10

where 0gss is the heading angle in the GNSS coordinate system; 6., is the heading angle
in the SLAM coordinate system; and 6, is the fused heading angle.

2.3. Robotic Platform Experiments
2.3.1. Experimental Platform

To preliminarily validate the performance of the SLAM/GNSS fusion localization
algorithm, a robotic platform was developed based on the wheeled differential chassis
(AgileX TRACER MINI, Dongguan, China), with its physical prototype shown in Figure 5.
The hardware components of the platform include a Yentek G3750F-P4 embedded industrial
computer (Intel i9-13900 processor, 32GB RAM, Shenzhen, China); Unicorecomm UM982
satellite receiver (10 Hz output frequency, horizontal positioning accuracy: 0.8 cm + 1 ppm,
heading accuracy: 0.1° per 1 m baseline, Yantai, China); WHEELTEC N100 IMU (400 Hz
output frequency, accelerometer/gyroscope/magnetometer linearity < 0.1%, Dongguan,
China); Ouster OS1 3D LiDAR (10 Hz point cloud output, 128 scan lines, San Francisco,
CA, USA); display screen; and 24 V power supply. The software component consists of a
localization system based on the SLAM /GNSS fusion localization algorithm. This system is
developed within the ROS (Robot Operating System) framework using C++ and deployed
on the embedded industrial computer. The satellite receiver’s positioning and heading data,
along with the IMU’s inertial attitude data, are input to the localization system via serial
port, while the LIDAR'’s point cloud data are streamed via ethernet. The localization system
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employs neural networks to perform multi-sensor data fusion, continuously outputting the
robot’s fused pose.

Figure 5. Physical prototype of robotic platform. 1. RTK dual antenna; 2. display screen; 3. embedded
industrial computer; 4. IMU 5. wheeled differential chassis; 6. power supply; 7. satellite receiver;
8. LiDAR; 9. prism.

2.3.2. Experimental Protocol

The robotic platform experiments were conducted at the College of Engineering, South
China Agricultural University, with the experimental scenario shown in Figure 6. A Leica
MS60 total station in automated tracking mode was utilized to record the robot’s ground
truth position coordinates in real-time by tracking a prism mounted on the robot. The
total station operates at a 10 Hz measurement frequency, achieving a positioning error of
1 mm within a 100 m range. A rectangular path was planned with the starting point set in
an area of high GNSS signal quality to facilitate coordinate system alignment during the
system initialization phase. The robot was remotely controlled to approximately follow
the predefined path, transitioning from GNSS-available zones to GNSS-denied zones, then
back to GNSS-available zones. During the robot’s walking process, the position coordinates
in the GNSS coordinate system, position coordinates in the SLAM coordinate system, and
fused position coordinates output from the localization system were recorded in real-time.
Three repeated trials were conducted under identical experimental conditions. Following
temporal synchronization and uniform time sampling of the data, the following metrics
were calculated: the average position deviation d throughout the whole process, the average
position deviation d; in areas of high GNSS signal quality, the average position deviation
d, in transitional zones experiencing signal degradation or recovery, the average position
deviation d3 in GNSS-denied environments, and the average velocity 7. These metrics
were used to evaluate the localization accuracy and stability of the SLAM/GNSS fusion
localization algorithm.

Figure 6. Experimental scenario of robotic platform.
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2.4. Orchard Experiments
2.4.1. Experimental Platform

To investigate the operational performance of the SLAM/GNSS fusion localization
algorithm in actual orchard terrains and tree-obstructed environments, the aforementioned
software and hardware systems were ported to a tracked differential chassis (AgileX
BUNKER, Dongguan, China). Its key technical specifications are summarized in Table 2,
and the physical prototype is shown in Figure 7.

Table 2. Key technical specifications of tracked differential chassis.

Parameters Value
Length xWidth xHeight/(mm x mm x mm) 1023 x 778 x 400
Total Mass/kg 130
Max Speed/ (m -s™1) 1.5
Min Turning Radius/mm 0
Max Gradeability /° 30
Ground Clearance/mm 560

Figure 7. Physical prototype of orchard platform. 1. RTK dual antenna; 2. embedded industrial
computer; 3. display screen; 4. tracked differential chassis; 5. IMU; 6. power supply; 7. satellite
receiver; 8. LIDAR; 9. prism.

2.4.2. Experimental Protocol

The orchard experiments were conducted at the Horticultural Teaching and Research
Base of South China Agricultural University, with the experimental scenario depicted in
Figure 8. A rectangular path was planned with the starting point positioned in a GNSS
high signal quality area to facilitate coordinate system alignment during initialization. The
robot was remotely controlled to approximately follow the predefined path. Throughout
the traversal, both the fused position coordinates from the localization system and the
ground truth position coordinates from the total station were recorded in real-time. Three
repeated trials were conducted under identical experimental conditions. Following tem-
poral synchronization and uniform time sampling of the data, the following metrics were
calculated: the average position deviation d throughout the whole process, the average
position deviation d; in areas of high GNSS signal quality, the average position deviation
d, in transitional zones experiencing signal degradation or recovery, the average position
deviation d3 in GNSS-denied environments, and the average velocity 7. These metrics
were utilized to evaluate the localization accuracy and stability of the SLAM/GNSS fusion
localization algorithm in actual orchard terrains and tree-obstructed environments.
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Figure 8. Orchard experimental scenario.

3. Results and Discussion
3.1. Analysis of Neural Network Model Training Results

The training and validation loss curves of the neural network model are shown in
Figure 9. The model was trained using the Adam optimizer with a learning rate of 0.001,
with a batch size of 32, and for 300 epochs. The curves demonstrate robust convergence
characteristics: both losses decrease rapidly within the first 50 epochs, then plateau along
near-parallel trajectories beyond epoch 50, indicating low overfitting risk. This efficient
convergence is attributable to the optimized hyperparameter configuration, where the
Adam optimizer coupled with ReduceLROnPlateau decay effectively balances convergence
speed and stability.

0.041
——Training Loss

Validation Loss

0.035

0.03

Loss

0.025

0.02

0.015 L . .
0 50 100 150 200 250 300

Epoch

Figure 9. Training and validation loss curves of the neural network model.

3.2. Analysis of Robotic Platform Experimental Results

The fused trajectory versus the ground truth trajectory from the robotic platform
experiment 1 is shown in Figure 10a. The position deviation over time for the local-
ization system employing the SLAM/GNSS fusion localization algorithm is shown in
Figure 10b. The position deviation over time for the SLAM localization subsystem without
pose optimization is shown in Figure 10c. The position deviation over time for the fixed-
weight fusion localization system is shown in Figure 10d. The GDOP over time is shown in
Figure 10e, while the time-varying weights assigned to SLAM and GNSS poses are shown in
Figure 10f.
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Figure 10. (a) Trajectory comparison from robotic platform experiment 1. (b) Position deviation
variation curves of the positioning system using the SLAM/GNSS fusion localization algorithm
from robotic platform experiment 1. (c) Position deviation variation curves of the SLAM localization
subsystem without pose optimization from robotic platform experiment 1. (d) Position deviation
variation curves of the fixed-weight fusion localization system from robotic platform experiment 1.
(e) GDOP variation curve from robotic platform experiment 1. (f) Weight Variation Curve from
robotic platform experiment 1.

During the intervals of 0-19.8 s and 65-80 s, the GDOP remained low, indicating high
GNSS signal quality. The SLAM/GNSS fusion localization algorithm optimized the SLAM
pose through outlier filtering and drift correction. The weights assigned to GNSS and
SLAM poses showed not much difference and remained stable, resulting in an average
positional deviation of 0.03 m in these segments. During the 19.9-23.5 s interval, the
GDOP gradually increased, indicating a progressive degradation in GNSS signal quality.
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The SLAM/GNSS fusion localization algorithm dynamically adjusted the weights via the
neural network, with the GNSS pose weight continuously decreasing while the SLAM
pose weight correspondingly increased. This resulted in an average positional deviation of
0.06 m for this segment. During the 60.7-64.9 s interval, the GDOP gradually decreased,
indicating a progressive improvement in GNSS signal quality. The SLAM/GNSS fusion
localization algorithm dynamically adjusted the weights via the neural network, with the
SLAM pose weight continuously decreasing while the GNSS pose weight correspondingly
increased. This resulted in an average positional deviation of 0.08 m for this segment.
During the 23.8-60.5 s interval, the GDOP exceeded 4, indicating virtually no GNSS signals.
The RTK fixed solution was lost and the GNSS pose weight was set to 0, while the SLAM
pose weight was assigned a value of 1. The system thus relied solely on LIDAR odometry
for localization. This segment exhibited an average positional deviation of 0.11 m with
no significant dispersion in localization error, demonstrating stable performance over
extended durations.

The results from three repeated trials are summarized in Table 3. The SLAM/GNSS
fusion localization algorithm achieved the following metrics: d = 0.07 m, d; = 0.04 m,
dy = 0.06 m, d3 = 0.10 m, and ¥ = 0.57 m/s. Compared to the SLAM algorithm without
pose optimization, the proposed SLAM/GNSS fusion localization algorithm reduced
the whole process’s average position deviation by 37%. Compared to the fixed-weight
fusion localization algorithm, the proposed SLAM/GNSS fusion localization algorithm
achieved a 74% reduction in average position deviation during transitional segments
with GNSS signal degradation or recovery. Experimental results on the robotic platform
demonstrate the superior positioning accuracy and stability of the proposed SLAM/GNSS
fusion localization algorithm in weak or GNSS-denied environments.

Table 3. Experimental results of robotic platform.

Experiment - - - - -
PO, dim dy/m dy/m dyfm  ol(ms7)
1 007 003 0.07 011 0.60
2 0.07 0.04 0.07 0.10 0.54
3 0.06 0.04 0.0 0.08 0.58
Average 0.07 0.04 0.06 010 0.57

3.3. Analysis of Orchard Experimental Results

The fused trajectory versus the ground truth trajectory from the orchard experiments
1 is shown in Figure 11a. The deviation d between the fused positions and ground truth
positions over time is shown in Figure 11b. The GDOP over time is shown in Figure 11c,
while the time-varying weights assigned to SLAM and GNSS poses are shown in Figure 11d.

During the 0-9.5 s interval, the robot transitioned from an open area to a tree-
obstructed zone. The GDOP gradually increased, indicating a progressive degradation in
GNSS signal quality. The SLAM/GNSS fusion localization algorithm dynamically adjusted
the weights via the neural network, resulting in a continuous decrease in the GNSS pose
weight and a corresponding increase in the SLAM pose weight. During the 9.8-107.3 s
interval, the robot operated entirely within a tree-obstructed environment. The GDOP
fluctuated between 2.8552 and 4.1664, indicating low and highly fluctuating GNSS signal
quality. The SLAM/GNSS fusion localization algorithm dynamically adjusted the pose
weights via the neural network, with both GNSS and SLAM weights continuously adapting
to real-time GNSS signal quality variations.
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Figure 11. (a) Trajectory comparison from orchard experiment 1. (b) Position deviation variation
curve from orchard experiment 1. (c) GDOP variation curve from orchard experiment 1. (d) Weight
Variation Curve from orchard experiment 1.

The results from three repeated trials are summarized in Table 4. The SLAM/GNSS
fusion localization algorithm achieved the following metrics: d =012 m, El = 0.06 m,
dy=0.11m,d3=0.14m, and 7 = 0.55 m/s. Experimental results in the orchard demonstrate
that the proposed SLAM/GNSS fusion localization algorithm maintains high localization
accuracy and stability even under conditions of low and highly fluctuating GNSS signal
quality, meeting the operational requirements of most agricultural robots.

Table 4. Orchard experimental results.

Experiment - - - - - _1
NO. d/m d1/m dy/m d3/m v/(m-s™")
1 0.12 0.06 0.12 0.13 0.67
2 0.11 0.05 0.10 0.15 0.53
3 0.12 0.07 0.11 0.14 0.46
Average 0.12 0.06 0.11 0.14 0.55

3.4. Discussion

The requirement to position the robot’s starting point in high GNSS signal quality
areas for coordinate system alignment during initialization imposes limitations on the
applicability of the proposed SLAM/GNSS fusion localization algorithm across diverse
operational scenarios.

While this study achieved robust localization in GNSS-degraded or denied environ-
ments, atmospheric effects (particularly ionospheric delays) were not addressed. Future

213



Agriculture 2025, 15, 1612

16 of 18

work will characterize these impacts using the receiver’s raw multi-frequency signals for
real-time atmospheric error correction.

Since the total station cannot directly provide ground truth heading angles for tracked
mobile devices, this study omitted heading angle deviation as an experimental metric.
Future research could focus on acquiring accurate ground truth heading angles for robots in
GNSS-denied environments to further analyze the heading angle accuracy of the proposed
SLAM/GNSS fusion localization algorithm.

Typical agricultural machines operate at a speed of 1 to 1.5 m/s, but the experimental
average speed described above was only about 0.5 m/s. At velocities exceeding 1 m/s, the
algorithm may sacrifice positional precision to maintain real-time performance. Subsequent
studies can add high-speed testing scenarios to verify the accuracy and stability of the
algorithm at typical farm machine operating speeds.

In real agricultural scenarios, the dust generated during robotic operations and fre-
quent precipitation during the rainy season can have an impact on the point cloud quality
of the LiDAR. Suspended particulate matter in the dust scatters the laser light, resulting
in noticeable noise. Raindrops reflect and absorb the laser light, resulting in anomalous
increases or disappearances in the point cloud. The distortion of LiDAR point cloud data
will affect the effectiveness of the algorithm to a certain extent, so in subsequent research
we need to consider how to eliminate these effects as much as possible to improve the
stability of the algorithm in harsh environments. For example, a waveform recognition
algorithm could be used to analyze the reflectivity size and orientation of the noise and set
an appropriate threshold to filter the noise, or a deep learning-based denoising method
could be used to develop a noise filtering network based on semantic information.

Looking forward, the XAl-based SLAM and deep learning-based localization ap-
proaches will drive the development of next-generation agricultural positioning technolo-
gies [31]. For example, Tateno et al. [32] propose a method in which CNN-predicted dense
depth maps are fused with depth measurements from direct monocular SLAM, resulting in
semantically coherent scene reconstruction from a single view. Feng et al. [33] propose the
2D3D-MatchNet, an end-to-end deep network architecture that jointly learns descriptors
for 2D and 3D keypoints from images and point clouds for visual pose estimation. While
current computational constraints limit their real-time deployment on embedded platforms,
emerging edge-compatible architectures and lightweight explainable Al models are rapidly
closing this gap. Artificial intelligence-driven multi-modal perception will advance envi-
ronmental adaptability, promising to further enhance the positioning accuracy and stability
of agricultural robots in weak or GNSS-denied environments.

4. Conclusions

To address the issue of agricultural robot loss of control caused by GNSS signal
degradation or loss in complex agricultural environments such as farmland and orchards,
this study proposes a neural network-based SLAM /GNSS fusion localization algorithm.
It achieves multi-sensor observed pose coordinate system unification through coordinate
system alignment preprocessing, optimizes SLAM poses via outlier filtering and drift
correction, and dynamically adjusts the weights of poses from distinct coordinate systems
via a neural network according to the GDOP. These mechanisms collectively enhance the
robot’s localization accuracy and stability in weak or GNSS-denied environments.

To preliminarily validate the performance of the SLAM/GNSS fusion localization
algorithm, robotic platform experiments were conducted. The experimental results demon-
strate that, at an average speed of 0.57 m/s, the proposed SLAM/GNSS fusion localization
algorithm achieves an overall average position deviation of 0.07 m, with average position
deviation of 0.04 m in areas of high GNSS signal quality, 0.06 m in transitional zones expe-

214



Agriculture 2025, 15, 1612 17 of 18

riencing signal degradation or recovery, and 0.10 m in fully GNSS-denied environments.
Compared to the SLAM algorithm without pose optimization, the proposed SLAM/GNSS
fusion localization algorithm reduced the whole process average position deviation by 37%.
Compared to the fixed-weight fusion localization algorithm, the proposed SLAM/GNSS
fusion localization algorithm achieved a 74% reduction in average position deviation
during transitional segments with GNSS signal degradation or recovery. These results
validate the superior positioning accuracy and stability of the proposed SLAM/GNSS
fusion localization algorithm in weak or GNSS-denied environments.

To investigate the operational performance of the SLAM/GNSS fusion localization
algorithm in actual orchard terrains and tree-obstructed environments, orchard field exper-
iments were conducted. The experimental results demonstrate that, at an average speed
of 0.55 m/s, the proposed SLAM/GNSS fusion localization algorithm achieves an overall
average position deviation of 0.12 m, with average position deviation of 0.06 m in high
GNSS signal quality zones, 0.11 m in transitional sections under signal degradation or
recovery, and 0.14 m in fully GNSS-denied environments. These results validate that the
proposed SLAM /GNSS fusion localization algorithm maintains high localization accuracy
and stability, even under conditions of low and highly fluctuating GNSS signal quality,
meeting the operational requirements of most agricultural robots.
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Effects of loose soil layer thickness and compaction on
soil subsidence after irrigation

CHEN Gaolong , CHEN Yugi , HU Lian , WANG Pei™ , LUO Xiwen , ZHAO Runmao ,
HUANG Zhicheng , WANG Jingting , HE Zihao , DENG Yufei

(1. Key Laboratory of Key Technology on Agricultural Machine and Equipment, Ministry of Education, South China Agricultural University,
Guangzhou 510642, China; 2. National Key Laboratory of Agricultural Equipment Technology, Guangzhou 510642, China)

Abstract: Soil preparation is one of the most critical steps in rice production. The dry-land leveling operations have also been
continuously expanding in paddy fields. However, the differential soil subsidence can often occur during irrigation after dry
tillage. Field levelness can be significantly reduced on the efficiency of the rice growth and yield. In this study, a systematic
investigation was implemented on the influencing factors on the differential soil subsidence. A series of the field tests were
carried out to determine the effects of the loos soil layer thickness and compaction on the soil subsidence after irrigation. The
relationship was then established between these factors and soil subsidence. The soil subsidence was controlled using moderate
compaction (defined as compaction thickness). A nonlinear regression model was constructed between loose soil layer
thickness, compaction thickness, and soil subsidence (or expansion). A container test was finally conducted to validate the
feasibility. Field tests revealed that there was the significant differential soil subsidence that caused by dry tillage and
subsequent irrigation. In terms of the terrain changes, the rotary tillage increased the average terrain height of the field by 47
mm, whereas, the post-irrigation decreased 14 mm. Additionally, the areas with the greater height after rotary tillage also
exhibited the significantly higher subsidence after irrigation. In the soil physical properties, the Mann-Kendall test was used to
locate the abrupt variations in the soil penetration resistance, indicating the thickness of the loose soil layer. The field tests
showed that the loose soil layer was typically 0-50 mm thick before rotary tillage, thus increasing to 125—175 mm afterward.
There was the negligible subsidence after irrigation before tillage. But there was the significant subsidence after tillage and
irrigation. As such, the thickness of the loose soil layer was the primary factor on the differential soil subsidence. The thickness
of the loose soil layer was taken as the key variable with the real-world needs from the perspective of the practical production.
Furthermore, the agricultural machinery that equipped with sensors was utilized to real-time measure the thickness of the loose
soil layer for the soil subsidence. The container tests show that there was the relationship between loose soil layer thickness and
soil subsidence. There was the significant positive linear correlation between them, with a determination coefficient of 0.970.
Once the loose soil layer thickness was 50 mm, the subsidence was nearly negligible; When the thickness increased to 300 mm,
the soil subsidence reached 36.15 mm, thus exceeding the requirement of the high-standard farmland leveling (+30 mm).
Additionally, the soil subsidence was controlled after moderate compaction, defined as the compaction thickness. Container test
results showed that the post-irrigation subsidence of the loose soil layer decreased gradually, as the compaction thickness
increased. Once the compaction thickness exceeded the critical value, the soil expansion began to occur. A nonlinear regression
analysis was conducted for the relationship between loose soil layer thickness, compaction thickness, and soil subsidence (or
expansion). A determination coefficient of 0.964 and a root mean square error of 2.4 mm were achieved for the excellent
accuracy. According to the principle of subsidence uniformity, the model validation tests demonstrated that there were the
absolute errors between calculated and measured subsidence of 0.64 and 0.25 mm, respectively, with the root mean square
errors of 1.43 and 0.39 mm, respectively, indicating the high precision and reliability. The findings can provide a scientific
basis to develop and apply the soil preparation using intelligent technologies. The precise control of the post-irrigation soil
subsidence and field levelness can be expected to enhance the production efficiency and profitability. Moreover, the
quantification of the soil subsidence can also offer the spatial and temporal guidance for the precision field of the ridge-planted
crops.

Keywords: dry-land leveling; loose soil layer; irrigation; soil subsidence; compacted thickness
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