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学位中心函〔2024〕8号

2023

华南农业大学：

2023年 12月，教育部学位与研究生教育发展中心面向

全国研究生培养单位开展主题案例征集工作，扎根中国大地，

聚焦时代热点，汇聚各方力量，开发具有时代性、引领性、

学理性、创新性的高质量案例。经过“单位审核推荐”“专

家分组评议”“案例专家委审核”三级评议审核及结果公示，

你校共有 3项选题入围，其中“大国智造”主题 2项，“区

域协调发展”主题 1项，详细清单附后。

项目将于 2024 年 7 月开展中期交流，10月启动结项验

收，具体安排另行通知。请组织并支持各首席专家团队推动

项目实施，产出高质量案例成果。

感谢对中国专业学位案例建设事业的支持！

附件：2023年度主题案例立项结果清单

教育部学位与研究生教育发展中心

2024年 3月 25日
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附件

2023
（按主题方向及首席专家姓氏笔画排序）

单位名称：华南农业大学

序号 项目编号 首席专家 主题方向 选题名称

1 ZT-231056410 胡炼 大国智造
智能农机实现无人化智慧农场的探索与实践——以广东万

绿智慧无人农场为例

2 ZT-231056407 谭成全 大国智造 高产母猪精准营养与智慧养殖

3 ZT-231056408 陈灿 区域协调发展 农业集群品牌价值共创研究——以“万绿河源”为例

2



项目类别： 中国专业学位案例中心 2023 年度主题案例
项目编号： ZT-231056410
项目名称： 智能农机实现无人化智慧农场的探索与实践——以广东万

绿智慧无人农场为例
首席专家： 胡炼
团队成员： 何杰,汪沛,黄培奎,赵润茂,高锐涛

本项目经审核准予结项，特发此证。

教育部学位与研究生教育发展中心

2025 年 08 月
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华 南 农 业 大 学 文 件
华南农教〔2025〕57号

关于公布华南农业大学 2025年度校级本科
教学质量与教学改革工程项目

立项名单的通知

各学院、部处、各单位：

根据《关于开展 2025年度校级本科教学质量与教学改革工

程项目申报工作的通知》精神,经项目负责人申请、所在单位推

荐、本科生院审核、学校组织专家评审和公示(无异议）等程序，

决定立项“善境伦理学与风景园林专业实践教学深度融合的探索

与实践”等 127个项目为 2025年度校级本科教学改革项目，立

项“筑基・焕新・赋能：食品质量与安全专业‘新工科’建设暨

工程教育认证提质创新工程”等 52个项目为 2025年度校级本

科质量工程项目。具体名单见附件。

请各项目负责人按照项目建设任务及要求，及时开展各项改
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革工作；各单位要切实履行项目建设主体责任，加强对项目建设

的督促、指导，以确保项目建设任务高质量完成。

特此通知。

附件：1. 2025年度校级本科教学改革项目立项名单

2. 2025年度校级本科质量工程项目立项名单

  华南农业大学

2025年 10月 14日

（联系人：孙齐胜；电  话：85288020）

公开方式：主动公开

 华南农业大学党政办公室 2025年 10月 15日印发

5



序号 项目编号 项目名称 级别 所在单位
项目负

责人
项目组成员

1 JG2025001 善境伦理学与风景园林专业实践教学深度融合的探索与实践 重点 林学与风景园林学院 翁殊斐 高伟、李自若、李剑、冼丽铧

2 JG2025002 基于“AI赋能·科创融合”《中药鉴定学》教学改革探索与实践 重点 林学与风景园林学院 李雁群 白玫、谭建文、何韩军、李镇魁

3 JG2025003
基于OBE理念的“数字赋能、思政融合、产教协同”的《制药设备与

工艺设计》课程育人模式研究与实践
重点 材料与能源学院 林雅铃 宋高鹏，聂燕芳，霍理坚

4 JG2025004 面向智慧国土空间规划的《区域规划》  数智化教学改革 重点 公共管理学院 李玮 高艳梅、孙传谆、武侠、刘卓君

5 JG2025005
基于批判性思维培养的公共管理类专业课“GenAI+”教学模式探索—

—以投资学课程为例
重点 公共管理学院 李韵婷 贾海薇、段 静、周丽云、杨明旭

6 JG2025006 “AI赋能-人机协同”课堂互动重构研究—以C语言课程为例 重点
数学与信息学院、软件学

院
彭利民 李双娟，杨磊，吴理华，司国东

7 JG2025007 思政引领和业财融合导向的《中级财务会计》智慧教学改革与实践 重点 经济管理学院 陈晓敏 陈艳艳，牟小容，何艳玲

8 JG2025008 基于智能设备与线上平台的HIIT混合式体育教学创新设计与实践 重点 体育教学研究部 单宇 麦粤徽、张波、吕立、张晓萍

9 JG2025009
“AI+专业知识库”驱动的生态学实验创新设计教学：批判思维培养

与实践范式应用
重点 资源环境学院 赵本良 章家恩、余光伟、危晖、李荣华

10 JG2025010
数字孪生与AI融合的《动物组织学与胚胎学》课程体系数智化升级与

实践
重点 兽医学院 梁晓欢 马勇江、张媛、叶亚琼、李冰心

11 JG2025011
融合科学家精神与科研思维的《细胞生物学》“双核育人”改革与实

践
重点 动物科学学院 冯敏 邓小娟、杨婉莹、胡豆豆、易辉玉

12 JG2025012 《食品标准与法规》创新能力培养体系的构建与应用研究 重点 食品学院 林晓蓉 郑倩望、李梦婷

13 JG2025013 轻量化AI驱动大学英语听说教改：POA-SOLO双轨分级训练模式 重点 外国语学院 王莹 钟志英、苏君、黄净、王世龙

14 JG2025014
基于深度学习的大学生高阶思维能力培养的教学模式改革与实践研究

—以《作物育种学》为例
重点 农学院 陈婷婷 马启彬、张雷、黄君、夏辉

15 JG2025015 数智AI赋能高校形象设计教学“三化五全”育人模式的探索 重点 艺术学院 郑丽娜 王羊羊、郝丽、米平平、李若衡

16 JG2025016
《车用电机及控制技术》课程“仿真驱动-问题探究”教学模式改革

与实践
重点 工程学院 吴双龙

李庆、林彩霞、

肖博一

17 JG2025017
数智化转型中《无机及分析化学》课程思政与 AI 赋能教学融合路径

探索
重点 材料与能源学院 高琼芝

高琼芝，刘英菊，刘海峰，张声森，

杨思源

18 JG2025018 校地协同视域下环境工程本科人才实践能力培养路径优化 重点 资源环境学院 林云琴 陈杨梅  梁瑜海  郑芊  赖文威

19 JG2025019 “产教+科教”双融合下设计类专业创新型复合人才培养模式探索 重点 艺术学院 陈薇薇 黄鑫、冯悦、杨翠钰、李春阳

20 JG2025020 AI赋能高校精准化学业指导路径研究 重点 本科生院 倪妙珊 吴银宝、王金凤、李晨光、张佳琛

21 JG2025021 智慧教学背景下OBE导向的英语专业实践类课程的转型与重构 重点 外国语学院 朱婕 严晓蓉、苏君、林绿、杨敏

22 JG2025022 与极飞科技产教融合的人工智能人才培养探索 重点
电子工程学院（人工

智能学院）
熊万杰 邓小玲、徐海涛、刘景峰、董昕

2025年度校级本科教学改革项目立项名单
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23 JG2025023
聚焦机器视觉课程改革—基于产教融合、科教融汇的卓越应用型人才

培养路径探索
重点

电子工程学院（人工

智能学院）
杨意 刘金龙，马稚昱，刘勇，牟英辉

24 JG2025024 AI赋能学生论文写作的教学改革与实践——基于学生认知视角 重点 经济管理学院 石敏 贺梅英、谭莹

25 JG2025025 英国文学史课程的AI知识图谱构建及数智化教学实践研究 重点 外国语学院 李良博 吕靖、张丁元、侯金萍、袁庆锋

26 JG2025026 AI赋能《数学分析》一流课程建设的改革与实践研究 重点
数学与信息学院、软件学

院
金玲玉

金玲玉、房少梅、杨德贵、雷春林、

危苏婷

27 JG2025027
AI背景下面向农经专业本科生的《大数据 分析与挖掘》课程体系建

设与教学模式优化
重点 经济管理学院 文乐 李琴、陈有华、谭莹、伍敬文

28 JG2025028 基于大模型辅助的软件体系结构课程生成式编程教学改革与实践 重点
数学与信息学院、软件学

院
林毅申 林毅申、曹维、周运华、梁早清

29 JG2025029
《种子加工与贮藏学》“理论-实践-实习”三位一体教学的探索和实

践
重点 农学院 张亚锋 徐振江、邓婧、江院、张慧

30 JG2025030
中华优秀传统文化融入高校思政课程的路径研究——聚焦《马克思主

义基本原理》课程
重点 马克思主义学院 禹规娥 何艳玲、王竹波、蒋正峰、谢翾

31 JG2025031
新时代应用型人才培养模式创新改革与实践研究——以环境工程专业

为例
重点 资源环境学院 陈烁娜 方秋中、卫泽斌、黄柱坚、钟媛卿

32 JG2025032
产教融合视域下《家具定制技术》课程“三融四阶五维”教学模式创

新与实践
重点 材料与能源学院 郭琼 宋杰、欧荣贤、涂登云，徐宁

33 JG2025033 面向AI赋能的《机械设计基础》“1+1+1+N”混合式教学方法 重点 工程学院 王慰祖 夏红梅、甄文斌、卢家欢、程碧懿

34 JG2025034 “科研-竞赛-创新”协同融合培养智慧农业拔尖人才探索与实践 重点 工程学院 何杰 何杰，汪沛，胡炼，高锐涛，赵润茂

35 JG2025035
基于RAMP原则的“学科——安全” 化学实验双线融合教育体系构建

与实践
重点

基础实验与实践训练

中心
林碧敏 郑明轩，肖勇，刘维，刘小波

36 JG2025036
基于人工智能与虚拟仿真融合的《分子生物学》智慧课程体系建设与

教学模式改革
重点 食品学院 叶志伟 赵雷、黎攀、邹苑

37 JG2025037
产科教融合视角下茶学专业课程体系优化与实践——以《茶树栽培学

》为例
重点 园艺学院 郑鹏 孙彬妹、曹藩荣、刘少群、晏嫦妤

38 JG2025038
生成式AI驱动农林院校“新文科”教学模式创新 —《应急管理概论

》智慧课程的建设实践
重点 公共管理学院 游艳玲 刘志明、赵国洪、马启彬、张建桃

39 JG2025039

面向实践能力提升的新文科（管理学类）AI课堂：数据分析可视化的

“教-学-练-评”闭环

体系构建

重点
数学与信息学院、软件学

院
古万荣 唐德玉，余平祥，韦婷婷，毛宜军

40 JG2025040
基于“课程思政+产教融合”双驱动的茶叶审评与检验实习课程创新

实践
重点 园艺学院 孟慧 谭新东、孙彬妹、张凌云、周仁杰

41 JG2025041 基于智能网络的生物化学全英课程改革与实践 重点 生命科学学院 洪梅 朱国辉、母培强、张智胜

42 JG2025042 植物病理学课程思政教育的创新与实践 自筹 植物保护学院
司徒俊

键
孔广辉；习平根；李敏慧；姜子德

43 JG2025043 三全育人视域下的《病媒生物》思政教学探索与实践 自筹 植物保护学院 王德森 王磊、黄嘉
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华南农业大学教育教学研究和改革项目

项目类别

项目名称

项目负责人

职 称

手机号码

所在单位

申报 书

2025年度教育教学改革项目，t 点项 一目

“科研竞赛创堑二控问融仓培养智慧度坐逵

尖人］探索与实践

申报日期 2025.6.1 

华南农业大学本科生院 制

二 0 二五年 五月

8



一、 项目及项目负责人、 项目组简况

项 项目名称 “科研竞赛创新 ” 协同融合培养智慧农业拔尖人才探索与实践

目
项目类别 ■l. 重点项目 口2.自筹项目

况 起止年月 2026 年 1 月 -2027 年 12 月

姓名 何杰 性别 男 出生年月  

专业技术职务／
副教授／无

行政职务
最终学位／授予国家 博士／中国

所在单位 单位名称 工程学院 手机号码
及联系方

电子邮箱 hooget@scau.edu.cn 

时间 课程名称 授课对象 学时 所在单位

2023-2025 
电路与模拟电子技 2022-2023车辆

128 工程学院
术 工程本科

2024-2025 数字电子技术
2022-2023车辆

64 工程学院
工程本科

项 2015-2021 自动

目
2018-2023 自动控制理论实验 化、 电气工程及 16 工程学院

其自动化本科
2015-2021 自动

请 2018-2023 PLC实验 化、 电气工程及 16 工程学院

人
工

主作要教简历学
其自动化本科

2015-2022 自动

2018-2023 传感器与检测实验
化、 电气工程及

16 工程学院其自动化、 机器
人工程本科

计算机控制技术实
2015-2021 自动

2018-2023 化、 电气工程及 16 工程学院
验

其自动化本科

2019-2023 智能农机装备
2019-2022 工程

8 工程学院
研究生

2025 智慧农业 2024 工程研究生 16 工程学院

主要教 学 时间 项目名称 获奖情况

9



学
改

作
研

单

简
和究

历
科工 2022 科教融合的智慧农业创新人才培养模式探索与

实践

2020 《农业机器人》教学模式与创新实践

职称 学位
总人数 参加单位

高级 中级 初级 博士后 博士 硕士
数

6 6 。 。 1 1 2 1 

姓名 性别
出生

职称 工作单位 分工 签名2

项
年月

教学 亿汪沛 女  副教授 工程学院 研究
组 主要成员 胡炼 男 研究员 工程学院

教学

咦叭吹研究
（不含申 教学

和请者） 高锐涛 男 教授 工程学院
研究

黄培奎 男
高级

工程学院
教学

衔礼工程师 研究

赵润茂 男 副教授 工程学院
教学

沁迁
｀

＼研究-
- V 

2此页须成员手写签字后扫描成PDF电子版．
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六、单位意见

所在单位意见：

心
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�- 第十三届 “ 悚坟杯 ”

中国大学生创业计划竞赛

获奖证书
部仕蕊黄辉林蔚楠含叶涵 王浩嘉秅颖界 ；马达文含明锦许賤援徐耿坚岳孟东
栋名陓黄轧哈 田力扎根志

你（们）的项目《 无人化托管 水稻智慧生产新引擎

在第十三届" t兆战杯
”

中国大学生创业计划竞赛中荣获

”̀“

学同

指导老师： 汛沛胡炼林伟波何主名锐涛

特颁此证， 以资鼓励。

主办单位：共青团中央、 教育部、 人力资源社会保障部、 中国科协、 全国学联、 北京市人民政府

承办单位：北京理工大学、 共青团北京市委、 北京市房山区人民政府

协办单位：中国社会科学院大学、 首都师范大学、 北京工商大学、 北京中医药大学

合作单位：海松资本有限公司、 深圳市腾讯计算机系统有限公司、 阿里云计算有限公司、 北京快手科技有限公司

创
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丈件
广东省人力资源和社会保障厅

广东省教育厅

粤人社发[2025 J 47号

广东省人力资源和社会保障厅广东省教育厅

关千表彰全省学校（高等教育）

优秀教学成果奖的决定

各地级以上市教育局、 人力资源和社会保障局，各高等学校，省

直有关单位：

近年来，全省高校深入学习贯彻习近平新时代中国特色社会

主义思想， 全面落实立德树人根本任务，牢记为党育人、 为国育

才初心使命，在推进教育强省、科技创新强省、人才强省建设中，

-1-

13



凝练出一批提高人才培养质量的优秀成果。

在各高校推荐基础上，经有关程序，决定授予819项优秀教

学成果为2025年全省学校（高等教育） 优秀教学成果奖。 其中：

本科类优秀教学成果奖640项（含特等奖40项、一等奖200项、

二等奖400项）， 研究生类优秀教学成果奖179项 （含特等奖10

项、 一等奖49项、 二 等奖120项）。

希望各高校和教育工作者深入贯彻党的二十大和二 十届历

次全会精神，深入贯彻习近平总书记对广东系列重要讲话和重要

指示精神， 再接再厉，开拓创新，进一步加强高等教育教学研究

和改革工作， 大力弘扬教育家精神，提升教书育人本领， 为加快

建设教育强省、推动广东在推进中国式现代化建设中走在前列作

出新的贡献。

公开方式：主动公开

— 2 — 
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附件

序号

I 

2 

3 

4 

5 

6 

7 

9 

JO 

II 

12 

J 3 

14 

l S

16 

17 

18 

2025年全省学校（高等教育）优秀教学成果奖获奖成果名单

2025年全省学校（高等教育）优秀教学成果奖（本科类）获奖成果名单

特等奖(40项）

成果名称

通专融合， 提升学习力思想力行动力－－创造
性人才培养体系构建与实践

四维协同， 战略新兴领域生物医学教材体系
的构建与创新

迎算筑基·Al深嵌．产教共研一创新型计算
机人才培养探索与实践

铸魂· 霍构．创新 ｀｀口腔医学＋“ 复合型
人才培养新体系的创立与实践

湾区引领．四维融通．实践吠能：中文拔尖
人才培养体系的探索与创新

聚焦在地国际化的新工科拔尖创新人才培养
模式探索与实践

“思政引领、 科研赋能、 竞赛驱动、 校企协
同 “ 机拔类人才培养模式探索与实践

思政铸魂四维聚力．港淏台侨学生实战化
全场炉育人体系创建与实践

场妖锯定数智引擎：创新创业驱动大湾区
新闻传播人才培养改革的新文科实践

文化浸润绿智吠能 中国特色管理理论引
领下的一流商科人才培养改苹与实践

开创专业，打造标准 ， 全球华文教育人才三
融三通培养体系创建与实践

新农科背投下 “四维一体“ 农业生物学创新
人才培养模式的构建与实践

＂一核两翼· 三擎导向．四维融合 ＇＇卓越临床
药学人才培养改革探索与实践

建好人才培养主阵地：卓越医学人才培养改
革二十年创新实践

聚焦三力 构建三系：港澳中医药人才培养
45年创新实践

广东 “新师范“ 新机制新模式 新技术创廷
“六位一体” 自主卓越师范生培养体系

指向知识创造的小学教育专业教师教育课程
体系建构与实践

“科教融合．三阶跃升．四系融通 “ 物理学
拔尖创新人才培养体系的构建与实践

完成人 牵头完成单位

高松 、 王博 、 李正、 谢泥 、 王彩萍 、 傅绥非、 项聪 、 张雁 、 裴
中山大学

坚 、 秦听 、 刘建波、 金顶兵 、 斯祥鹏 、 欧阳纲锋、 杨小柳

张雁 、 王世强 、 贺雄雷， 刘杰、 黄燕 、 吴宙样、 斯然、 贺竹梅
中山大学

、 卢湘婉

吴迪、 脉志广、 张献伟 、 贲骈、 胡森 、 周知 、 陈刚、 陈赔飞、 中山大学
沈明华 、 卢宇彤

陈莉莉 、 程斌、 林正梅、 陈泽涛、 王众、 洪筠 、 李晓岚 、 黎啡 中山大学
． 李蜀鄂 、 王茜 、 赵川江 ． 侯劲松、 杨博． 施松涛 、 陈冬茹

彭玉平、 张均、 吴承学、 黄仕忠 、 谢有顺 、 范常喜 、 张奕琳、

中山大学赵宏祥、 宋俊华、 洪烤

添熙春． 李正、 文宏、 程正迪 、 李卫背 、 项聪 、 吴招胜、 李慧
华南理工大学

尤

李巍华、 黄沿江、 前育胜． 肖刚锋 、 杨丽新、 宋长辉 、 李畟． 华南理工大学
张宪民、 李琳、 贲平

邢锋、 张小欣 、 刘涛、 颜海波、 孙建莉、 何清文 、 陈晓明 、 张
沫、 伍秀君 、 易晖、 谢舒潇、 杨泽铭、 邓启东、 林焕楠 、 陈潞 暨南大学
莹

刘涛、 支庭荣 、 罗听、 林小榆 、 方惠、 张建敏、 谷虹、 张潇潇
暨南大学、 赵甜芳 、 蔡心仪

黎文靖 、 欧锦文、 谭有超、 齐玵、 谭小平、 王斌会、 王春刚 性南大学

蔡丽 、 侯兴泉、 金颖、 曾毅平、 王汉卫 、 刘潇潇 、 熊玉珍 暨南大学

刘耀光 、 朱国辉 、 陈乐天、 文继开、 安娜、 王应祥、 梁春江、 华南农业大学
方媛媛 、 陈趣、 谢勇尧

毕惠嫦、 吴少瑜 、 王文雅 、 陈金香、 吕琳． 李亦奋． 陈文瑛．
南方医科大学许重远、 王旦旦、 马豫峰

郭洪波． 谢小熬 、 王晶 、 夏欧东、 田京、 李晓丹、 李乐平、 王
南方医科大学雪

陈文锋、 游江 、 许能贵 、 张忠德、 邦卫红、 宋君玲｀ 盛楠、 陆 广州中医药大学
冠儒 、 苗背、 肖建喜

赵艺 、 陈文海、 阳成伟 、 金义富． 郑耿忠． 张学波、 周立群、
华南师范大学袁钝辉 、 乐琦、 连泽纯 、 郑凯 、 彭上观、 李霓虹 、 郭连华

曾文婕 、 黄甫全、 蒋慧芳、 潘符琼、 孙福海 、 尹睿 、 王文岚 、

华南师范大学箭娜 、 陈思宇 、 陈志辉

薛正远 、 朱诗亮 、 郭绮琪、 周少娜、 王振宇 、 李志、 周旭、 邓 华南师范大学
明勋 、 张丹伟 、 王丰

第1页 ， 共37页15
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矩形
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HONORARY CREDENTIAL 

一一 Qj沙苗之妞之乡 一一・ 

在华南农业大学 2022-2023 学年青年教师教学优秀

奖评选中荣获 

一 够：习女 
一——’J ／、 

特发此证，以资证明！ 

武广铸 
华南农业粼 
2024 年 1 月 4 日 

汪 沛 老师 
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课题编号： 2025YFD2300404  密   级：公开 

 

 

 

国家重点研发计划 

课题任务书 
 

 

课题名称： 

面向东北水田（水稻）的边缘智能技术开发及精准作

业装备创制 

所属项目： 东北地区规模化粮食作物智慧农场构建技术 

所属专项： 主要作物丰产增效科技创新工程 

项目牵头承担单位： 潍柴雷沃智慧农业科技股份有限公司 

课题承担单位： 华南农业大学 

课题负责人： 汪沛 

执行期限： 2025 年 12 月 至 2028 年 11 月 

 

 

 

中华人民共和国科学技术部制 

2026 年 01 月 06 日 
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课题基本信息表 

课题名称  面向东北水田（水稻）的边缘智能技术开发及精准作业装备创制 

课题编号  2025YFD2300404 

所属项目  东北地区规模化粮食作物智慧农场构建技术 

所属专项  主要作物丰产增效科技创新工程 

密级 ■公开 □秘密 □机密 单位总数 3 

课题类型  □基础前沿□重大共性关键技术■应用示范研究□其他 

课题活动类型  □基础前沿■应用研究□试验发展 

课题研究 

所属学科 

 自然科学相关工程与技术 

 农业工程 

课题成果应 

用的主要国 
民经济行业 

 农、林、牧、渔业 

 农业 

 谷物种植 

 稻谷种植 

课题的社会 

经济目标 

 农林牧渔业发展 

 农林牧渔业发展一般问题 

经费预算 总需求 405.00 万元，其中中央财政专项资金需求 205.00 万元 

课题周期节点 
起始时间 2025 年 12 月 结束时间 2028 年 11 月 

实施周期 共 36 个月 预计中期时间点 2027 年 06 月 

课题 

承担 

单位 

单位名称  华南农业大学 
单位法定 

代表人姓名 
 薛红卫 

单位性质  大专院校 组织机构代码 124400004554165634 

单位主管部门   隶属关系  地方 

单位所属地区  广东省 
地市（市、自

治州、盟） 
 广州市  天河区 

通信地址  广州市天河区五山路 483 号 邮政编码  510642 

单位开户名称  华南农业大学 

开户银行 

（全称） 

 中国工商银行股份有限公司

广州五山支行 
汇入地点 

 广东省  广州

市 
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银行账号  3602002609000310520 银行机构代码  102581000546 

课题 

负责 

人 

姓 名  汪沛 性 别  □男 ■女 出生日期 

证件类型  身份证 证件号码  

所在单位  华南农业大学 

最高学位 ■博士□硕士□学士□其他 

职 称 □正高级■副高级□中级□初级□其他 职 务 无 

电子邮箱 wangpei@scau.edu.cn 移动电话 

课题 

联系 

人 

姓 名  赵润茂 电子邮箱  rmzhao@scau.edu.cn 

固定电话  020-38676975 移动电话 

证件类型  身份证 证件号码  

课题 

财务 

负责 

人 

姓 名  肖斐 电子邮箱  37115980@qq.com 

固定电话  020-85288032 移动电话 

证件类型  身份证 证件号码 

其他 

参与 
单位 

序号 单位名称 单位性质 组织机构代码 

1 
潍柴雷沃智慧农业科技股份有限

公司 
国有企业 91370000766689139Q 

2 东北农业大学 大专院校 122300004140017248 
 

课题参

加人数 
 34 人。其中： 

高级职称 3 人，中级职称 6 人，初级职称 1 人，其他 24 

人； 

博士学位 2 人，硕士学位 15 人，学士学位 15 人，其他 2 

人。 

课题 

简介 

(限 500 

字以

内) 

 以东北水稻生产全流程处方决策为基础，以“实时感知-边缘决策-精准执行”为

核心技术主线，重点突破旋耕起浆深度实时感知与抗扰精准控制，漏插识别、施

肥闭环调控与插植部独立线控，多维融合感知与主动抑飘技术，收获自主配速割

台调高与实时测产技术。集成创制耕深自保持智能旋耕起浆机，漏插监测-同步变

量闭环施肥-分区插植的智能移栽机，精准对靶-主动抑飘喷施无人飞机，配速调

高-测产一体的大喂入量智能收获机，解决传统规模作业模式粗放、植保产品利用
率低、收获损失高的难题，通过执行效果评估，为下一季生产方案提供决策依据。

课题解决关键技术问题包括：1. 水田复杂动态环境下多源信息融合与协同控制技

术；2. 水田复杂动态环境下高精度执行机构与智能控制技术。针对关键技术问题
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九、课题参加人员基本情况表 

填表说明： 1.专业技术职称：A、正高级  B、副高级  C、中级  D、初级  E、其他； 

2.投入本课题的全时工作时间（人月）是指在课题实施期间该人总共为课题工作的满月度工作量；累计是指课题组所有人员投入人月之和； 

3.课题固定研究人员需填写人员明细； 

4.是否有工资性收入：Y、是  N、否； 

5.人员分类代码：B、课题负责人  C、项目/课题骨干  D、其他研究人员； 

6.工作单位：填写单位全称，其中高校要具体填写到所在院系。 

序 

号 
姓名 性别 出生日期 证件类型 证件号码 

专业技

术职称 
职务 

最高 

学位 
专业 

投入本课题的

全时工作时间 

（人月） 

人员分类

代码 

在课题中分

担的任务 

是否有

工资性

收入 

工作单位 

1 汪沛 女  身份证 副高级 无 博士 

农业电气

化与自动

化 

18 
课题负责

人 
课题负责人 是 华南农业大学工程学院 

2 王朔 男  身份证 其他 

软件开

发工程

师 

学士 自动化 6 课题骨干 软件开发 是 
潍柴雷沃智慧农业科技股

份有限公司 

3 王立军 女  身份证 正高级 无 博士 
农业机械

化工程 
6 课题骨干 

总体方案设

计 
是 东北农业大学工程学院 

4 张盟 男  身份证 其他 

决策子

模块主

管工程

师 

硕士 
农业机械

化工程 
2 课题骨干 系统开发 是 

潍柴雷沃智慧农业科技股

份有限公司 

5 崔强 男  身份证 中级 

导航应

用子模

块主管

工程师 

硕士 测绘工程 2 课题骨干 

①负责显控

终端与平台

协议制定 

②负责显控

是 
潍柴雷沃智慧农业科技股

份有限公司 
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课题预算表

表B1 课题编号： 2025YFD2300404 课题名称：
面向东北水田（水稻）的边缘智能技术
开发及精准作业装备创制

金额单位：万元

序号
预算科目名称 金额

（1） （2）

1 一、中央财政专项资金 205.00

2 （一）直接费用 172.85

3 1.设备费

4 其中：购置设备费

5 2.业务费 135.33

6 3.劳务费 37.52

7 （二）间接费用 32.15

8 二、其他来源资金 200.00

9 三、合计 405.00

注：1.间接费用无需编制预算说明；2.绩效支出在间接费用中无比例限制。承担单位在统筹安排间接费用时，要处理好合理分摊间接
成本和对科研人员激励的关系，绩效支出安排与科研人员在课题工作中的实际贡献挂钩。
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课题单位经费预算明细表

表B3 课题编号： 2025YFD2300404 课题名称： 面向东北水田（水稻）的边缘智能技术开发及精准作业装备创制  金额单位：万元

填表说明： 1.单位类型分课题承担单位、课题参与单位；
2.组织机构代码指企事业单位国家标准代码，单位若已三证合一请填写单位统一社会信用代码，无组织机构代码的单位填写“000000000”。

研究任务 中央财政专项资金 其他来源

序
号

单位名称 组织机构代码-统一社会信用代码 单位类型 任务分工 负责人 合计
小计

其中：间接
费用

资金

（1） （2） （3） （4） （5） （6） （7） （8） （9） （10）

1 华南农业大学 统一社会信用代码
1244000045541

65634
课题承担
单位

标准一致耕深自保
持技术开发及水田
旋耕起浆装备创制

汪沛 70.00 70.00 15.40

2
潍柴雷沃智慧农业科
技股份有限公司

统一社会信用代码
9137000076668

9139Q
课题参与
单位

路径协同的秧爪独
立驱控与漏插监测
技术开发及高速移
栽装备创制、长势
状态自适应与实时
测产技术开发及大
喂入量收获装备创
制

王朔 300.00 100.00 15.00 200.00

3 东北农业大学 统一社会信用代码
1223000041400

17248
课题参与
单位

多模态感知驱动的
精准对靶与动态抑
飘技术开发及植保
无人机创制

王立军 35.00 35.00 1.75

累计 405.00 205.00 32.15 200.00
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密 级：内部 

子课题任务合同书 

子课题编号： 	 NK2023 15010301 

子课题名称： 收获环境感知与自主协同作业技术系统研发 

子课题承担单位： 	 华南农业大学 

课题负责人： 

所属课题编号： 	 NK2023 150103 

课题牵头单位： 	潍柴雷沃智慧农业科技股份有限公司 

执行期限： 	 2023 年 10 月 至 2026 年 12 月 

2023 年 10 月 
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子课题基本信息表 

所属课题 大田谷物收获作业机器人研发 

所属课题编号 NK2023 150103 

子课题名称 收获环境感知与自主协同作业技术系统研发 

子课题编号 NK2023 15010301 

刊
 
颜
 
娜
 
位
 

课
 
承
 
单
 
艺
 

单位名称 华南农业大学 

法定代表人 薛红卫 单位性质 大专院校 

业务主管部门 广东省教育厅 
纳税人识别号（统

一社会信用代码） 

1244000045541656 

34 

通信地址 
广东省广州市天河区五山

路 483 号 
邮政编码 510642 

单位开户名称 华南农业大学 

银行账号 3602002609000310520 开户地点 广东省广州市 

开户银行 

（全称） 

中国工商银行广州五山支 

行 
银行机构代码 102581000546 

科研管理 

部门负责人 
倪慧群 联系方式 

财务管理 

部门负责人 
肖斐 联系方式 

课
 
负
 
人
 

子
 
题
 
责
 

姓名 汪沛 性别 女 出生日期 

国籍 中国 身份证号码 

工作单位 华南农业大学 职 务 无 

最高学位 ・ 博士口硕士口学士口其他 

职称 口正高级 ・副高级口中级口其他 

电子邮箱 wangpei@scau.edu.cn  联系方式 

经费安排 
子课题经费按照《课题年度经费预算书（2023-2024 年度）》 

约定下达。 
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课题牵头单位（甲方）: 

、，*，人签毓僵 
课题负责人签字： 

子课题任务合同书签署 

子课题牵头单位（乙方）: 

“「‘～研｝‘呼 
子课题负责人签字）d7 寸 

20 
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密 级：内部 

子课题年度经费预算书 
(2023 年度） 

子课题编号： 

子课题名称： 

子课题承担单位： 

子课题负责人： 

所属课题编号： 

年度时间： 

NK2023 15010301 

华南农业大学 

汪 沛 

NK2023 150103 

收获环境感知与自主协同作业技术系统研发 

2023 年 10 月 至 2024 年 06 月 

2023 年 10 月 
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表｝ 子课题预算支出科目表 

金额单位：万元 

序号 
预算科目名称 金额 

(1) (2) 

1
  

一、中央财政资金 36.00 

2
  
（直接费用 28.00 

3
  

I．设备费 / 

4
  

其中：购置设备费 / 

’，
  

2．业务费 17.75 

6
  

3．劳务费 10.25 

7
  
（间接费用 8.00 

8
  

二、其他来源资金 / 

9
  

三、合计 36.00 

注：1．间接费用参照《国务院办公厅关于改革完善中央财政科研经费管理的若干意见》（国办发〔2021) 32 号） 

的有关要求计算，无需编制预算说明，课题的间接费用应为所有课题间接费用的总和：2．绩效支出在间接费用

中无比例限制。承担单位在统筹安排间接费用时，要处理好合理分摊间接成本和对科研人员激励的关系，绩效

支出安排与科研人员在 GG 工作中的实际贡献挂钩。 

5 
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介 e 
子课题承担单位财务负责人签字（财务专用章） 

子课题负责人签字｛南十 

法定代表人签章： 

子课题年度经费预算签章页 

子课题承担单位： 

课题牵头单位： 

课题负责人签字： ' 豁
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密 级：内部 

子课题年度经费预算书 
(2024 年度） 

子课题编号： 

子课题名称： 

子课题承担单位： 

子课题负责人： 

所属课题编号： 

年度时间： 

NK2023 15010301 

华南农业大学 

汪 沛 

NK2023 150103 

收获环境感知与自主协同作业技术系统研发 

2024 年 7 月 至 2024 年 12 月 

2023 年 10 月 

33



表 I 子课题预算支出科目表 

金额单位：万元 

序号 
预算科目名称 金额 

(1) (2) 

1
  

一、中央财政资金 64.00 

2
  
（直接费用 50.00 

3
  

1．设备费 / 

4
  

其中：购置设备费 / 

5
  

2．业务费 32.00 

6
  

3．劳务费 18.00 

7
  
（间接费用 14.00 

8
  

二、其他来源资金 / 

9
  

三、合计 64.00 

注；1．间接费用参照《国务院办公厅关于改革完善中央财政科研经费管理的若干意见》（国办发〔2021)32 号） 

的有关要求计算，无需编制预算说明，课题的间接费用应为所有课题间接费用的总和；2．绩效支出在间接费用

中无比例限制。承担单位在统筹安排间接费用时，要处理好合理分摊间接成本和对科研人员激励的关系，绩效

支出安排与科研人员在 GG 工作中的实际贡献挂钩。 

5 
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年
 

子课题年度经费预算签章页 

子课题承担单位： 

法定代表人签章汀介 P  厂一，、 

「’"'"‘「「”’「「‘碳斌 I 
专用章 V 

、 

子课题负责人签字 ｛ 

课题牵头单位： 

了 

舜
 

＊

冷
 

课题负责人签字： 

州「77飞 
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密 级：内部 

子课题年度经费预算书 
(2025 年度） 

子课题编号： 

子课题名称： 收获环境感 

NK2I 	110301 

技术系统研发 

子课题承担单位： 

子课题负责人： 

所属课题编号： 

年度时间： 

03 

2025 年 01 月 至 2025 年 12 月 

2023 年 10 月 
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表 1 子课题预算支出科目表 

金额单位：万元 

序号 
预算科目名称 金额 

(1) (2) 

1
  

一、中央财政资金 145.00 

”
产
创
  
（直接费用 121.00 

3
  

1．设备费 15.00 

4
  

其中：购置设备费 / 

5
  

2．业务费 61.00 

6
  

3．劳务费 45.00 

”
口

口
 
 
（间接费用 24.00 

8
  

二、其他来源资金 / 

9
  

三、合计 145.00 

注：l。间接费用参照《国务院办公厅关于改革完善中央财政科研经费管理的若干意见》（国办发〔2021) 32 号） 

的有关要求计算，无需编制预算说明，课题的间接费用应为所有课题间接费用的总和；2．绩效支出在间接费用

中无比例限制。承担单位在统筹安排间接费用时，要处理好合理分摊间接成本和对科研人员激励的关系，绩效

支出安排与科研人员在 GG 工作中的实际贡献挂钩。 
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子课题7 日单位财一 -i、人签字（财务专用 

子课题负责人签字： 

课题「责人签字 
 ‘ 哪万 

琴 

、 

厂厂了・， 

“心；、 

二弓呜：三 

、 

子课题年度经费预算签章页 

（公章） 

年 月 日 

课题牵头单位： 
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子课题编号： JXNK2023080502 密 级：秘密

江西省农业关键核心技术攻关

子课题任务书

项目名称：

课题名称：

子课题名称：

子课题承担单位：

子课题负责人：

子课题执行期：

填报日期：

(2023-2025 年）

南方红黄壤丘陵山区农业生产适宜农机装

备创制及应用

丘陵山区农机装备自动导航控制系统研制

及应用

业至组

（茄章）

-2025年12 月 31 日

2023年7月3日

江西省农业农村厅

二0二三年制

40
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七、子课题经费预算（2023 年） 

科目名称 
预算经费 

（万元） 
经费用途、测算理由 

一、直接经费：37.60 

1.设备费 0.00  
无 

2.材料费 8.00 
用于购买传感器、电气元件、机械零部件、空

间定位器件、伺服电机组件等，共计 8.00 万元。

3.测试化验 

加工费 
6.00  

用于加工测试农机导航系统、空间定位系统、

设备联调测试等费用，共计 6.00 万元。 

4.燃料动力费 1.00 
用于农机导航系统田间测试所用柴油费用，预

计 1.00 万元。 

5.差旅费/会议费 8.00  
项目研发期，于江西、广州等项目相关地方协

调项目推进差旅，预计 8.00 万元。 

6.出版/文献/信息传

播/知识产权事务费 
3.00 

①用于文献传递、打印费用，约 0.15 万元； 

②用于知识产权和论文发表 2.85 万元； 

共 3.00 万。 

7.劳务费 8.00  

①用于支付研究生和其他研究人员的科研劳务

费用，计 6.00 万元；②用于支付临时工劳务费，

计 2.00 万元；共 8.00 万元。 

8.专家咨询费 1.00  
用于项目执行过程中聘请专家开展技术研讨、

性能测试和田间测产，预计 1.00 万元。 

9.其他 2.60 用于试验田租赁、机器运输费用等。 

二、间接经费: 2.40 

10.管理费 2.40 
按单位华南农业大学预拨付 40 万的 6%计算，

计 2.40 万元。 
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缓坡旱地履带底盘农机装备自动导航作业系统的研制 (,JXNK2023080502)

经费预算 (2024 年）

预邪经费 l 
科H名称

Oh心）
纤费）廿途，测饥则由

一｀、官．接经费： 37.60 

10.00 
购买旋耕机等设备用于开展农机装备自动导航

系统研发，预计10.00万元。

用千购买传感器、电气元件、机械零部件、空
6.50 I 

间定位器件、伺服电机组件等，共计6.50万元。

2.00 I 
用千加工农机导航系统关键部件、设备联调测

试等费用， 共计2.00万元。

4. 燃料动力费 Io.so I 用于农机导航系统田间测试所用柴油费用，预
计0.50万元。

5. 差旅费／会议费 17.00 I 项目研发期，千江西、广州等项目相关地方协
调项目推进差旅，预计7.00万元。

CD用千文献传递、打印费用，约0.10万元；
6. 出版／文献／信息传 ＠用千知识产权和论文发表1.00万元；
播／知识产权事务费 1.60 ＠购买账号用千机器作业通讯，约0.50万元；

共1.60万元。

＠用千支付研究生和其他研究人员的科研劳务
7. 劳务费 I 1.so I 费用，计5.50万元；＠用于支付临时工劳务费，

计2.00万元；共7.50万元。

8. 专家咨询费 Io.so I 用千项目执行过程中聘请专家开展技术研讨、
性能测试和田间测产，预计0.50万元。

9. 其他 I 2.00 1用于试验田租赁、机器运输费用等约2.00万元。

二、间接经费： 2.40 

10. 管理费 2.40 按单位华南农业大学预拨付40万元的6%计
算，计2.40万元。

3
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终雇带够塾装备宣塑航作业系统的研制（JXNK2023080502) 

、’ A 、、、 经费狈算（2025 年） 

呀;i-习 (习”Th ) 
一、直曦崖圣费，次佗0 

1．设备费 8.00 
购买旋耕机等设备用于开展农机装备自动导航

系统研发，预计 8.00 万元。 

2．材料费 8.50 
用于购买传感器、电气元件、机械零部件、空 

间定位器件、伺服电机组件等，共计 8.50 万元。 

3. 测试化验

加工费 2.50 
用于加工农机导航系统关键部件、设备联调测

试等费用，共计 2.50 万元。 

4．燃料动力费 0.50 
用于农机导航系统田间测试所用柴油费用，预

计 0.50 万元。 

5．差旅费／会议费 7.00 

项目研发期，赴江西、广东等项目相关基地开

展调研示范、田间试验差旅费，参加相关学术

会议、项目年度总结、中期检查以及项目结题

会等所需差旅费，共计约 7.00 万元。 

6．出版／文献／信息传

播／知识产权事务费 0.60 

①用于文献传递、材料打印装订费，图书购买

等费用约 0.10 万元； 

②买账号用于机器作业通讯，约 0.50 万元； 

共 0.60 万元。 

7・ 劳务费 6.50 
①用于支付研究生和其他研究人员的科研劳务

费用，计 4.50 万元；②用于支付临时工劳务费， 

计 2.00 万元；共 6.50 万元。 

8 专家咨询费 1.00 用于邀请专家对技术方案进行论证指导支付的

专家咨询费。 

9・ 其他 3.00 用于试验田租赁、机器运输费用等约 3.00万元。 

二、间接经费：2.40 

ln 哲工田勇今 10．偿’理费 一 

。，，、 按单位华南农业大学预拨付 40 万元的 6％计 
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技术服务合同 

项目名称：2025 年水稻智慧化生产技术指导及试验

示范项目 

委托方：广西壮族自治区农业机械化服务中心 

（甲方） 

受托方：华南农业大学 

（乙方） 
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甲方委托乙方就 2025 年水稻智慧化生产技术指导及试

验示范进行专项技术服务，并支付相应技术服务报酬。双方

经过平等协商，在真实、充分表达各自意愿的基础上，根据 

《中华人民共和国民法典》的规定，达成如下协议，并由双方

共同烙守。 

第一条：甲方委托乙方进行技术服务的标的（成果）及

内容如下： 

1．技术服务标的（成果）：制定形成广西水稻智慧化生产

技术规范 1 套。  

2．技术服务的内容：(1）在贵港市港北区指导开展广西

首个水稻智慧农场及示范基地建设，开展水稻生产各环节： 

无人驾驶水田旋耕机、无人驾驶水直播机、无人驾驶水稻插

秧机、植保无人机和无人驾驶收获机技术及装备试验示范； 

(2) 制定形成广西水稻智慧化生产技术规范 1 套。  

3．技术服务方式：中国工程院罗锡文院士及其团队入桂

指导，提供粮食增产智慧农场机诫化、智慧化相关技术服务

并进行技术规范总结制定工作。  

第二条：乙方应按下列要求完成技术服务工作： 

乙方由中国工程院罗锡文院士牵头，何杰副教授、汪沛

副教授、胡炼研究员、曾山研究员、高巧明、黄培奎高级工

程师、赵润茂副教授组成专家组，承接本项目技术指导、服

务、咨询及总结等任务。 

1．技术服务地点：广西壮族自治区行政区域范压内。  

2．服务期限：2025 年 1 月 1 日至 2025 年 12 月 31 日。  

一 1- 
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乙方应在合同期限届满前 20 个工作日（即 12 月 4 日前）出

具技术服务成果，并提交甲方评估验收。  

3．技术服务次数：乙方提供的技术服务次数根据甲方需

求而定，但每年现场服务次数不少于 3 次。  

4．技术服务质量要求：应甲方需求及时解决水稻智慧化

生产技术过程中出现的农业智能装备相关技术难题，并总结

出一套切实可行的可复制、可推广的广西水稻智慧化生产技 

术规范。 

5．技术服务期限要求：在约定技术服务进度期限内完成 

约定的技术服务内容。  

第三条：为保证技术服务工作顺利进行，甲乙双方应提 

供下列工作条件和协作事项： 

1．甲方提供技术资料及工作条件： 

(1）制定水稻智慧农场项目建设实施方案； 

(2）配合乙方在港北区水稻智慧农场开展相关技术试验 

示范的落实、检查和指导等工作。  

2．乙方提供技术资料及工作条件： 

广西水稻智慧化生产技术总结、技术规范等相应支撑材 

土生卫－ 

3．双方确定，服务过程中产生的技术服务成果，其知识 

产权归甲方所有。 

第四条：甲方向乙方支付技术服务工作经费、支付方式 

为 : 

1．服务费总额为：壹拾伍万元整（￥150, 000 元）。该费 

一 2- 
48



用包括乙方为履行本合同应支出的所有费用（包括但不限于

差旅费、资料查询、技术咨询、税金等费用）。 

2．技术服务费由甲方支付给乙方。 

具体支付方式和时间如下：甲乙双方签订合同后，乙方

开具相应发票提供甲方，经甲方审核无误后在合同签订后一

个月内支付给乙方，税费由乙方承担。 

乙方开户银行名称、地址和账号为： 

名 称： 华南农业大学 

开户银行： 中国工商银行广东省分行广少、卜！市五山支行

地 址： 广州市天河区五山路 483 号 

账 号： 3602002609000310520  

第五条：本合同的变更必须经双方协商一致，并以书面

形式确定。 

第六条：双方确定 2025 年底按本合同第一条约定的第 1 

点“技术服务标的（成果）”进行验收，并按下列标准和方式

对乙方的技术服务工作成果进行验收： 

1．技术服务成果的验收：对技术总结、技术规范的验收，  

由甲方组织人员进行评估。  

2．验收工作由甲方组织人员对上述验收事项进行验收。  

第七条：双方确定，在本合同有效期内，甲方指定童巴 

为甲方项目联系人，乙方指定  汪沛  为乙方项目联系人。 

第八条：双方确定，出现下列情形，致使本合同的履行 

成为不必要或不可能的，可以解除本合同： 

1．发生不可抗力；  
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2．自然灾害、政策调整变化等因素。  

第九条：违约责任： 

1．若乙方未按合同约定提供现场指导、技术资料信息提

供及咨询服务的，甲方有权按照未完成工作比例追回相应资 

金 . , 

2．若乙方出具的技术服务成果经评估为不合格的，乙方

应重新作出新的技术服务成果，直至合格，其间产生的费用

由乙方自行承担； 

3．若乙方逾期出具合格的技术服务成果，每逾期一日按

合同总金额的万分之五承担违约责任；若逾期超过三个月

的，则甲方有权解除本合同，乙方应赔偿因此给甲方造成的 

损失； 

4．因乙方原因造成项目无法继续推进超过三个月的，甲 

方有权解除本合同，乙方应赔偿因此给甲方造成的损失； 

5．甲方逾期支付服务费的，每逾期一日按逾期金额的万 

分之五向乙方支付违约金，因不可抗力或政府财政审批原因 

造成逾期的除外。  

第十条：双方因履行本合同而发生的争议，应协商、 

调解解决。协商、调解不成的，确定按以下第  1  种方式 

处理： 

1．提交南宁仲裁委员会仲裁； 

2．依法向甲方所在地人民法院起诉。 

第十一条：本合同一式皇份，具有同等法律效力。 

第十二条：本合同经双方签字盖章后生效。 

一 4- 
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以下无正文，仅签字盖章页。 

荟乙 
乙方：｛了只之 	‘气 	 （盖草） （盖章） 

伽万年分月子日 

甲方：广西壮族自治区农业机械

法定代表人／委托代理人：洲卜，，叫 

印气球年，月。。 

、心毕 

「「「「 A/「E「「A : 	

衣气‘1 「 	 (「“ ) 
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合同编号： 

服务合同 

委托 万  会「县小密硒谷农业发展有限从司 

（甲 万） 	 洲 

受托方：华南农业大学 

（乙 方） 

「「目「*:  项目名称：建设会昌县小密乡水稻智慧农场 
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委托方（甲万）：会昌县小密硒谷农业发展有限公裸

住 所 地： 会昌县小密乡杉背美食城 

法定代表人： 王久华 

项目联系人：刘荣生 

联系方式：

通讯地址：会昌县小密乡富密街 70 号 

电 

受托万（乙万）：华南农业大学 

住 所 地：z‘织言天河扭五｛公路 183 号 

法定代表人； 薛红卫 

项目联系人； 汪沛 

联系方式：广州币天河区三山路 483 号华南农业大学 

通讯地址：广州市天河区五山路 483 号 

电 传真：020一 38676975 

电子信箱：flooget@SCaU. (d.U. en 

甲方委托乙方就“建设会昌县小密乡水稻智慧农场项目”进行专

项服务，并支付相应的服务报 ir 双方经过平等协商，在真实、充分地

表达各自意愿的基砒土，根据《中华人民共和国民法典》 的规足，达成

如不协议，并由双方共司洛哥。 

第一条：甲万委托乙方进行服务的内容如下： 

1．服务团队．指定华南农、土大学萝锡文院士1f 队负责实施。 
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2 服务目标：建立水稻智慧农业试验区 1 个，推厂水稻智慧农场关

键技术，应用数字化农业装备，包括高精度农田地阁构建、作业路径规

划、无人农场生产管控平台等，提高水稻生产智能化水平。 

3．具体内容：(1.）指导甲方制定水稻智能农机和智慧农业生产基础

设施规划、农田改造建设规划和智能农机配置方案，建立 1 本水稻智慧

农业试验区；(2）完成无人化数字农机装备调试工作；(3) 制定农场各

农田高精度地图构建，规划无人驾驶农机作业路径；(4）建设无人农场

生产管控平台，完成农场云管控平台搭建，实现对无人农机的管控；(5) 

完成智慧物联网设备接人到无人农场现有的管控平台上进行试验示范和

技术推广。(6）整理项目的相关资料并交付给甲方。 

第二条：乙方应按下列要求完成服务工作： 

1. 服务地点：会昌县小密乡小密村水稻种植基地 

2．服务期限：2024 年 06 月 016 至 9(19'- \i 年 12 月 

3．服务进度：2024 年 07 月-12 月，无人化示范方案和智慧衣机配置， 

建立 I 个水稻智慧农业试验区，无人化农机现场作业和田间示范；2024 

年 1 ')J. '- 月一2025 年 3 隽，建设无人农场生产管控平台，制定农场各农田高

精度地图构建，规划无人驾驶农机作业路径等，开展推厂水稻智慧农场

关键技木；2025 年 12 尾底前，培训用户无人化农机使用，指导无人农

场作业。 

第三条：为保证乙方有效进行服务工作，甲方应当向乙方提供相关

工作条件和协作事项，甲方提供上述工作条件和协作事项的时间及方式， 

由双方在合同期共 rJ 协商 0 

r户 

。：、少
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第四条：甲万向乙方支付服务费 / 及支付方式为： 

I 服务费总额为：Y 200. 000（人民币贰抬万元整）。 

2．服务费由甲方分期支付乙方 0 

具体支付万式和时与！如下： 

(1) 签订合同后，乙方开具合同款 70％的增值税专用发票提供甲

万，经甲方宙核无误后七个工作日内支付给乙方，即 140. 000 元（人民

币壹拾肆万元整）; 

(2）顶目完成全部服务内容，并通过验收后，乙方开具合同敦 :30% 

的增值税专用发票提供甲方，经甲万甲核无误后七水工作日内支付给乙

万，即 60. O0() 元（人民币陆万元整）。 

(3) 经费支 j ;1zt1使用按照《华南农业大学横！句科技项目及经费管理

办法》执行。 

几万开户银行名称、地址和账号 

开户银行：中国工商银行广东省分行广州市 LL ij.i 支行

址：厂才、；｛市天河区五山路 483 号 

帐 	号：36020026090003110520 

第五条：本合词的变更必须由双方协商一致，并抓书面形式确定。 

第六条；双万确定以下列标准和方式对乙万的服务工作成果进行验 

L 乙方完成服务工作的形式： 按甲方要求提供。 

2 服务工作成果的验收标准：万案合理可靠，完成全部服务内容 0 

3．服务工作成果的验收方法：冤成服务内容后，由甲方按照按项

目合同第一条约定服务内容进行验收。 

生
 
验收的时间和地点：2025 年 12 茸 30 日之前，由双方协商确定。 

为
 

地
 

如
一
 

4 
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第七条：双方确定 

I在本合同有效期内，甲方利用乙万提交的服务工作成果所完成的

新的技术成果，归甲万所有。 

2 在本合同有效期内，乙方利用甲万提供的技术资料和工作条件所

完成的新的技术成果，归双万所有。在甲方书面同意的情况下，乙方可

以就有关研究成果发表论文、文章以及各项科技成果奖项等，但乙方应

保证该等行为不会披露未经甲方同意披露的技术秘密。 

3 出现下列情形，致使本合同的履行成为不必要或不可能的，可以

解除本合同： 

(1）发生不可抗力； 

(2）自然灾害。 

第八条：本合同一式四份， 经双方签字盖章后生效，具有同等法律 

效 力。 

以下无正文。 

一 5 一～ 
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扩 	 ‘盖章 

代理人 争｛谦鉴 

2命，九 3 Ei 以 口 

乙方： 
, 

法定代表人／委托代理人： 砂答名） 

年 、、奉￡～、二乡／ 
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业务类型：井冈山农高区省级科技专项“揭榜挂帅”硕目 

项目起止时间：2022-10一01 至 2025-09-30 

管理单位（甲方）：吉安市平

承担单位（乙方）：华南

乙方主管部门（丙方）: 

’「”「「“ '4"-iTUthiL: 	I1fl-二：J 	 
邮政编码：510642 单位电话：020-85280011 

项目负责人：胡炼 
	

手机：

} I 

吉安市项目合同书 

受理编号；c22JAJH-22-0500000004 

项目编号：20222-051252 

文件编号：吉市科计字〔2022118号 

IU 1111 U II}} III HO I } 
20222 一051252 

科技计划项目 

合同书 

项目名称：南方红壤丘陵区水稻智慧生产关键技术与装备研发及示范应用 

项目联系人：周志艳 	 联系电话：020-38676975 

二零一七年一月制 
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吉安市项目合同书

一、项目摘要

    针对南方红壤丘陵区水稻田块面积较小、形状复杂、农机作业全覆盖难和水田硬底层不平影响无人

农机行驶与作业的精度和效率的问题，开展南方红壤丘陵区水稻智慧生产无人化关键技术、适应南方地

块的水稻种植装备、水稻生产智能排灌技术与系统开发研究，研究水稻无人化农机农艺融合生产模式和

规范以及水稻无人化智慧生产集成技术，创制无人农场高精度地图构建平台，开发适应南方红壤丘陵区

的农机自动驾驶系统，创制小型智能化水稻精量穴直播机和无人机载彩绘水稻种植作业装备，开发适宜

于南方红壤丘陵区水稻生产的排灌智能管控系统，通过技术集成在井冈山农高区建立水稻无人化智慧农

场开展应用示范，示范面积500亩并制定技术规范，在全市选择3-5基地进行全程或至少2个及以上关键环

节示范应用推广，且示范基地和推广应用基地作业数据上传至井冈山农高区智慧农业综合服务平台。

1/10

20
22
2-
05
12
52
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吉安市项目合同书  

IZ1 严’碧莞笋。、，。。、、， It1I ,＊、。，:：。iE 

华令「「秘沙‘ .;r ; ：柔： W77 	 '*iJn, 	7J 	默io黑 

吉安屯农榨赢霖赞、＼* 
／ 	协飞 	＼，广、礼 瓜味O 

‘ 展应用场景示范，进行水稻无人化智慧生产集成应 

ttI 和推广应用。 

fLS 	‘ 	了、、 

御宙长和髯、、 
\ 
盗 
奚 
屠 

研究南方红壤丘陵区水稻智慧技术需求，参与水稻智

慧生产集成应用示范，编制示范技术规范。 

\T 	夕 
江西农业苏诺．,..，书闪护，”产” 

尸
卜
 
 

”
才
 

0
 
0
 
0
 

 

研究基于人工粉能的南方水稻农场田埂边界、作物和

障碍物等对象目标的分类识别和相对定位，开发无人农场

高精度地图构建平台，研制地面小型水稻种植装备。 

合计 500. 00 

4110 
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吉安市项目合同书 

项目负责人 	 / 

序号 姓名 职称 E-mail 所在单位 证件号码 
厂 

‘工作分工 签名 

1 胡炼 
副高级一副
研究员 

1 ianhu@sca 
u. edu. cn 

华南农业大学 
负责项目的技术方 
案的制定与实施 嘴抽半 

主要参与人员 

序号 姓名 职称 E-mail 所在单位 证件号码 工作分工 签名 

1 罗锡文 教授 
xwluo@scau 

. edu. cn 
华南农业大学 

项目策划与技术指 
导 了够江－ 

2 何杰 实验师 h
 

0
 

＠
〕
 a
  

口
b
 
e
 

e
d
 
t
 
U
 

S
 
C
 
C
 
n
 

 

0
 
U
  

华南农业大学 
农机自动驾驶技术 

及系统开发 

’
 

口
 

护
  

3 周志艳 教授 
zyzhou@sca 
u. edu. cn 

华南农业大学 
无人化彩绘水稻种 

植技术 ｝洲乡 
4 王国庆 高级农艺师 

1243@163. c 
0m 

吉安市农作物
良种场 

水稻智慧生产集成 
应用示范 剥“ 

5 刘兆朋 讲师 
3l41345821 

qq. corn 
江西农业大学 

370911198411 
082011 

无人农场高精度地 
图平台构建 	i 

’几
｝畔
J
  

扩
．
 
 

;
Y
d
 

 6 肖根福 副教授 
xiaogenfu@ 

163. com  井冈山大学 
362136198005 

100038 示范技术规范编制 
才根揭 

, 

7
  

黄培奎 高级工程师 
huangpe i ku 
@scau. edu. 

cn 
华南农业大学 

445121199003 
156639 

水层一水分传感器研 
制 甸魏 

8 汪沛 讲师 
wangpe i@SC 
au. edu. cn 

华南农业大学 
320321198306 

242045 障碍物识别技术 
{7F「中 

9
  

姜锐 讲师 
ruiojiang@ 
scau. edu. c 

n 
华南农业大学 

142427199304 
296310 

机载水稻点射播种 
装置 落；砂 

10 刘文安 未取得 
123456@163 

. corn 
吉安市农作物

良种场 
362401196808 

144031 
水稻智慧生产集成 

应用示范 丫沙、。 
厂入 了 

11 刘新生 技术员 
13546@163. 

corn 
吉安市农作物

良种场 
362421196809 

018315 
水稻智慧生产集成 

应用示范 
/
  

‘
人

人
尸
 

口
曰
泊

l
  

囚1
J
 I一
 
 

12 杨光华 高级农艺师 
13466@ 163. 

corn 
吉安市农作物

良种场 
362425198510 

260216 
水稻智慧生产集成 

应用示范 成i铸 
13 郑大腾 教授 

yizh9O26@1 
63. corn 井冈山大学 

362429197004 
014355 协助示范基地建设 翻御 

14 肖忠跃 副教授 
306490389@ 

qq. corn 
井冈山大学 

362426197411 
114813 

示范应用推广及技 
术培训 脸从 

15 刘俊安 讲师 
806 189827@ 

qq. corn 
江西农业大学 

420983198910 
114416 

轻小型水稻直播机， 
装备创制 	训 

‘一
洲
！
 

 
V's 

16 方鹏 讲师 
1244860715 

@qq. corn 
江西农业大学 

360731199301 
194810 

无人农场多地物目 
标识别与边界提取 

技术规划 耐 
17 陈雄飞 副教授 

121686212@ 
qq. corn 

江西农业大学 
362330198702 

278256 
直播机技术集成与 

试验示范 

'r 
护 	

卜 

. 

18 刘木华 教授 
714874481@ 

qq. corn 
江西农业大学 

360101196906 
297519 

项目组织与示范建 
设推进 痴，矿 -f 

4036 14537@ 420704198412 直播机排种器结构 
l 

习主

中植

专感 

交应 

舀智 

勿和

灾场 
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科技计划项目合同书 

电话： 

承担单位（乙方）: 

单位地址： 

法定代表人（或法人代理）: 

联系人（项目主管）姓名： 

Email: 

电话： 

开户单位名称： 

开户银行及帐号： 

（盖章） 

（签章） 

（签章） 

乙方主管部门（丙方）: 

单位地址： 

法定代表人（或法人代理）: 

联系人（项目主管）姓名： 

Email: 

八、本合同签约各方 

管理单位（「方） ，棍赘色；入 

单位地址 	z／长「人；户、乡 

法定代表人（或授’些荐）呵乍
r 妥、一一 	（签章） 

联系人（经办人）气淤尸气奋尹一一一 （签章） 

和2备年户产月 7‘夕日 

,.，户尹年户‘沪月 ’0 日 

电话： 

开户单位名称： 

开户银行及帐号： 

年 月 日 

10/10 
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合同编号： 

技术开发（委托）合同 

项 目 名 称：辅助驾驶导航产品竞争力提升项目

委托方（甲方）：潍柴雷沃智慧农业科技股份有限公司 

受托方（乙方）： 	华南农业大学 

2023 年 6 月 30 日 

山东潍坊坊子区 

有 效 期 限：2023 年 6 月 30 日一2025 年 6 月 30 日 

受
 
签
 
签
 

托
 
方
 
订
 
订
 

乙
 
时
 
地
 

、
夕

方
 

月
 
间
 
点
 

中华人民共和国科学技术部印制  
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决
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月
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技术开发（委托）合同 

委托方（甲方）： 	潍柴雷沃智慧农业科技股份有限公司 

受托方（乙方）： 	华南农业大学 

本合同甲方委托乙方研究开发  【辅助驾驶导航产品竞争力提升】项目，并支付研究

开发经费，乙方接受委托并进行研究开发工作。双方经过平等协商，在真实、充分地表达

各自意愿的基础上，根据《中华人民共和国民法典》规定，达成如下协议，由双方共同烙 

守。 

第一条 本合同研究开发项目的要求如下 

1 技术目标：提升自研辅助驾驶导航产品竞争力，达到行业第一梯队水平。 

2．技术内容： 

2.1 系统评估当前国内外辅助导航产品的水平，对标联适、华测、天宝、迪尔等国内外

一流厂家的辅助导航产品，从功能、性能上评估当前国内外辅助导航产品水平，出具结 

论报告。 

2.2 开发水田、旱地卫星平地系统，包括系统开发、界面设计和控制算法，平地精度 2.5cm0 

2.3 优化导航控制算法，提高辅助导航控制性能。拖拉机作业时，在 10-15km/h 速度范

围内导航控制精度 2.5cm，在 1 5-2OkmIh 范围内导航控制精度 3cm，且控制稳定，偶然

干扰大误差情况下也可快速稳定入线；插秧机水田作业时，在 3km/h 速度范围内精度不

低于 2.5cm，在 6km!h 速度范围内精度不低于 5cm0 

2.4 优化曲线导航控制算法，在 0 .05m'曲率范围和 12km/h速度范围内导航控制精度 5cm0 

2.5 优化陀螺仪测轮角和无角度传感测轮角算法，在 1.2-15km/h 范围内角度估算精度 

0.20 

2.6 优化单天线组合导航算法，在 1.2-10km/h速度范围内定位精度 2 cm、姿态精度 0.30 

在 10- 15km/h 速度范围内定位精度 2cm、姿态精度 0.50 

第二条 乙方应按下列进度完成研究开发工作 

序号 工作内容 交付物 完成时间 

1  系统评估当前辅助驾驶导航产品水平 评估报告 2023.08.31 

2  开发水田、旱地卫星平地系统 软件、报告 2023.12.30 

'
J
 
 

优化导航控制算法 算法、报告 2024.06.30 

4  优化曲线导航控制算法 算法、报告 2023.12.30 

5 优化陀螺仪测轮角和无角度传感测轮角算法 算法、报告 2024.06.30 

6  优化单天线组合导航算法 算法、报告 2024.09.30 

7 项目总结与验收 总结报告 2025 .06.30 

甲方应提供资源配合乙方进行上述各项试验、测试和市场化验证确认工作。 

朴
｝
 

3 
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第三条 甲方应向乙方提供的技术资料及协作事项如下： 

卜技术需求规格书； 

2 本合同履行完毕后，上述技术资料交还甲方处置 

第四条 甲方应按以下方式支付研究开发经费： 

1 研究开发经费总额为 200 力元（人民币贰佰万元整，含 3%税），不含税金额 

194. 174757 万元。 

7 研究开发经费由甲方分期  （一次、分期或提成）支付乙方，其中 

合同签订之日后一个月内支付 60 万元（人民币陆拾万元整，含 23％税）, 

2024 年 10 月 230 日前支付 100 万元（人民币壹佰万元整，含 20/3 /0税）, 

2025 年 6 月 230 日前支付 40 万元（人民币肆拾万元整，含 3%税）。 

每次付款前，乙方均需提前 10 个工作日向甲方开具符合甲方财务要求的增值税专用 

发票，若乙方未及时开具相关发票，甲方有权后延付款时间。 

甲方财务开票信息为： 

名 	称：潍柴雷沃智慧农业科技股份有限公司 

纳税人识别号：913700007666891 39Q 

地址、电话：山东省潍坊市坊子区北海南路 192 号 0536-7606223 

开户行及账号：中国农业银行股份有限公司潍坊坊子支行 15429001040010937 

乙方开户银行名称、地址和账号为： 

名 

开户银行：中国工商银行广东省分行广州市五山支行 

帐 	号 : 3602002609000310520  

第五条 本合同研究开发经费由乙方按照《华南农业大学横向科技项目及经费管理办 

法》执行，甲方不得妨碍乙方正常工作。 

第六条 本合同的变更必须由双方协商一致，并以书面形式确定。但有下列清形之一 

的，一方可以向另一方提出变更合同权利与义务的请求，另一方应当在  23  日内予以答复， 

逾期未予答复的，视为同意： 

1．甲方要求乙方提前完成技术服务项目  ； 

2 ・ 乙方因甲方未按照合同约定提供技术资料或者工作条件、协作事项而推迟服务日 

期； 

3．一方向对方提出书面索赔请求 

第七条 未经甲方同意，乙方不得将本合同项目部分或全部研究开发工作转让第三人 

承担。但有下列情况之‘的，乙方可以不经甲方同意，将本合同项目部分或全部研究开发 

工作转让第三人承担： 

I．通用组件、模块的开发和测试 

2．系统的测试 

第八条 在本合同履行中，因出现在现有技术水平和条件下难以克服的技术困难，导

致研究开发失败或部分失败，并造成一方或双方损失的，双方按如下约定承担风险损失 
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由甲方自行承担 

双方确定，本合同项目的技术风险按  专家咨询  的方式认定。认定技术风险的基本

内容应当包括技术风险的存在、范围、程度及损失大小等。认定技术风险的基本条件是： 

1．本合同项目在现有技术水平条件下具有足够的难度； 

2．乙方在主观上无过错且经认定研究开发失败为合理的失败。 

一方发现技术风险存在并有可能致使研究开发失败或部分失败的情形时，应当在 

30 日内通知另一方并采取适当措施减少损失。逾期未通知并未采取适当措施而致使损失

扩大的，应当就扩大的损失承担赔偿责任。 

第九条 双方确定因履行本合同应遵守的保密义务如下：对履行本合同过程中取得的

所有非向公众公开的信息承担保密义务，未经双方同意，不得向社会公开合同内容。如因

泄密方原因造成信息泄漏，泄密方应当承担赔偿责任。 

第十条 乙方应当按以下方式向甲方交付研究开发成果： 

1．研究开发成果交付的形式及数量：当前辅助驾驶导航产品水平评估报告 1 份；旱

田、水田平地系统软件 I份，报告 1 份；导航控制优化算法 1 份，报告 1 份；曲线导航控

制算法 1 份，报告 1 份；陀螺仪测轮角与无轮角角度测量优化算法 1 份，报告 1 份；单天

线组合导航优化算法 1份，报告 1份。项目总结报告 1 份。算法各项指标以华测导航产品 

为参照进行验收测试。 	 、， 

2 研究开发成果交付的时间及地点  第二条各任务完成时间前’山东潍坊。 户、 

第十一条 双方确定，按以下标准及方法对乙方完成的研究开发成果进行验收 针对斗尔 

第一条第 2 款的需求内容逐条核对  。 	 ，弘 

第十二条 乙方应保证其交付给甲方的研究开发成果不侵犯任何第三方的合法权益，‘7 

否则由乙方自行承担责任。 

第十三条 双方确定，因履行本合同所产生的研究开发成果及其相关知识产权权利归

属，按下列方式处理： 

1 双方共同申请专利或发表论文时署名先后由双方协商确定， ‘一～J7、I -._J '  F V曰 丫 'I 4“匆I人牛、V(_ -'-..  曰 4 t 1 4-I -, U / I- I- --J 'Y / J / -J l  .J V U2~ 

2．甲乙各方单独申请专利或发表论文时需征求对方同意； 

3 专利和论文不能透露合同项目涉及的核心技术机密； 

4．任何一方未经对方书面同意不得向本合同以外的第三方提供本项目研究开发成果， 叹 / 钾 

国家法规另有规定的除外。 

第十四条 乙方利用研究开发经费所购置与研究开发工作有关的设备、器材、资料等 

财产，归  乙方所有。 

第十五条 双方确定，乙方应在向甲方交付研究开发成果后，根据甲方的请求，为甲 

方指定的人员提供技术指导和培训，或提供与使用该研究开发成果相关的技术服务，由此 

产生的相关差旅费用由甲方承担。 

第十六条 甲方有权利用乙方按照本合同约定提供的研究开发成果，进行后续改进。 

由此产生的具有实质性或创造性技术进步特征的新的技术成果及其权属，由理一方享有。 

第十七条 双方确定，在本合同有效期内，甲方指定  王辉  为甲方项目联系人，乙 

诱
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（签名） 

日 

耳政）  1 、． 

全 Y乒“立协 ";:2分二 . 
、J 
 妥兹；「‘ -妥兹；「‘ - 	 ~)（ 签窄叼 

「：戮 月 日 

心。乱百3A愁梦 

了

几
 分厂 

、
 

、
 

到 厂
 

’、，么只， 月 奋 ，~'' 

方指定  胡炼  为乙方项目联系人。项目联系人承担以下责任： 

上．负责双方意见的交流和资料传递； 

2．通报工作进展； 

3．协调甲方配合项目研发测试验证工作； 

4．协调双方协作事项。 

一方变更项目联系人的，应当及时以书面形式通知另一方。未及时通知并影响本合同 

履行或造成损失的，应承担相应的责任。 

第十八条 双方确定，出现下列情形，致使本合同的履行成为不必要或不可能的一』 

方可以通知另一方解除本合同； 

1．因发生不可抗力或技术风险： 

2．甲方向乙方提供的基础资料有重大变化； 

3．国家相关法律法规、政策发生重大变化。 

第十九条 双方因履行本合同而发生的争议，应协商、调解解决。协商、调解不成的， 

确定按以下第  2  种方式处理： 

1．提交仲裁委员会仲裁； 

2．依法向合同签订地人民法院起诉。 

第二十条 双方约定本合同其他相关事项为：  无 

第二十一条 本合同一式  肆  份，具有同等法律效力。 

第二十二条 本合同经双方签字盖章后生效。 

甲方：潍柴雷沃智慧农、 

法定代表人／委托代理人 

乙方：华南农业大学 

法定代表人／委托代理人： 
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项目编号： 

华南农业大学黄埔创新研究院科研项目 

任 务 书 

项目名称 
无人驾驶水田农机抗侧滑突变干扰导航控制

方法 

项目类别 科研攻关 

项目起止时间 2023 年 	6 月 1 日 至 2024 年 5 月 31 日 

管理单位（甲方） 华南农业大学黄埔创新研究院 

牵头承担单位（乙方） 华南农业大学 

通讯地址 
广东省广州市天河区五山路483号农业工程楼 

307 

邮政编码 510642 单位电话 020-38676975 

项目负责人 何杰 联系电话 13922135357 

项目联系人 汪沛 联系电话 13802997009 

华南农业大学黄埔创新研究院 

二0二二年制 
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项目基本信息表 

项目名称 无人驾驶水田农机抗侧滑突变干扰导航控制方法 

项目类别 科研攻关 

研究方向 
水田农机抗侧滑干扰导航

控制方法研究 
单位总数 1 个 

经费预算 总投入 50 .00 万元一万元，其中研究院专项资助经费投入 50 

项目周期节点 

起始时间 2023 年 6 月 1日 结束时间 2024 年 5 月 31 日 

实施周期 共 12 个月 预计中期时间点 2023 年 12 月 

目

头

担

位
 

项

牵
承
单
 

单位名称 华南农业大学 单位性质 事业单位 

单位所在地 广少、卜｝ 
统一社会信用

代码 

124400004554165 
634 

通信地址 广州市天河区五山路 483 号 邮政编码 510642 

银行账号 3602002609000310520 
法定代表人 

姓名 
刘雅红 

单位开户 

名称 
华南农业大学 

开户银行 

（全称） 
中国工商银行广东省分行广州市五山支行 

项目 

负责人 

姓名 何杰 性别 口男口女 出生日期 1985.8.28 

证件类型 身份证 证件号码 362330198508288311 

所在单位 华南农业大学工程学院 

最高学位 团博士 ・硕士 ・学士口其他 

职称 ・正高级团副高级 ・中级 ・初级 ・其他 职务 无 

电子邮箱 hooget@scau.edu.cn  移动电话 13922135357 
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厕
璐

A
  

目

系
 
、
  

姓名 汪沛 电子邮箱 
wangpei@scau.edu. 
cn 

固定电话 020-38676975 移动电话 13802997009 

证件类型 身份证 证件号码 
3203211983062420 
45 

厕
啡

f
fJ
v
,
A
  

目

务
系

又
 

姓名 汪沛 电子邮箱 
wangpei@scau.edu  
cn 

固定电话 020-38676975 移动电话 13802997009 

证件类型 身份证 证件号码 
3203211983062420 
45 

参与单

位 

序号 单位名称 单位性质 统一社会信用代码 

1 

2 

3 

4 

项目参

加人数 

共 12 人。其 
高级职称 5一人，中级职称卫一人，初级职称卫一人，其他 6 人； 

中： 博士学位 6一人，硕士学位」一人，学士学位一 5 一人，其他卫一人。 
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六、参与人员信息（含项目负责人） 

主要研究开发人员： 

序号 姓名 性别 年龄 职务 职称 学位 
在项目中承担的

任务 
所在单位 签名 

1 何杰 男 38 无 
高级实

验师 
博士 

项目总体规划和

抗侧滑技术研究 

华南农业大

学工程学院 寿戈次， 
2 汪沛 女 40 无 讲师 博士 数据处理与分析 

华南农业大

学工程学院 从丫口 
'
J
 
 

王在满 男 44 无 研究员 博士 样机研制技术 
华南农业大

学工程学院 

犷 

4 减英 女 50 无 教授 博士 数据分析 
华南农业大

学工程学院 似 
5 胡炼 男 39 无 研究员 博士 导航控制系统 

华南农业大

学工程学院 

、 

rv 

6 黄培奎 男 32 无 
高级工

程师 
博士 

导航控制设计与

试验 

华南农业大

学工程学院 秘忿 
7 满忠贤 男 25 无 无 硕士 

人工驾驶数据采

集与试验 

华南农业大

学工程学院 、东戈 
8 李明锦 男 24 无 无 学士 样机研制 

华南农业大

学工程学院‘，洲 甚礴弃 
9 黄钮峰 男 24 无 无 学士 经验知识分析 

华南农业大

学工程学院 橇扒 
10 刘善琪 男 23 无 无 学士 导航算法设计 

华南农业大

学工程学院 戏孩 
丁帅奇 男 22 无 无 学士 数据驱动 

华南农业大

学工程学院 矛情 
12 黄志钱 男 22 无 无 学士 样机机构设计 

华南农业大

学工程学院 洲 罐荡 
13 陈军 男 27 无 无 学士 样机机构设计 

华南农业大

学工程学院 U- 
14 陈超文 男 24 无 无 学士 数据分析 

华南农业大 

学工程学院 了拿遥挤 
15 黄大明 男 24 无 无 学士 数据驱动 

华南农业大 

学工程学院 嘴砂 
16 崔子健 男 23 无 无 学士 样机研制 

华南农业大

学工程学院 枷癸 
17 樊悼荣 男 23 无 无 学士 样机研制 

华南农业大． 

学工程学院 噢崛 

71



七、承担、参与单位工作分工及经费分配情况 

承担／参与单位＝。声” 

（盖章
J，‘依乏 乡 	 工作分工 

专项资助经费分配 

（万元） 

嗯‘ 
华南农扩 

靡项目方案实施及份士题 
50 

到毛J．人 t, 

抖坟甘何句 
自） 

有章 

合计 50 
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八、项目总经费及研究院资助经费预算 

（研究院专项资助资金拟投入总额： （大写） 	伍拾万元 	； （小写）: 50万元 

（研究院专项资金分期资助计划（此为正常情况下预计资助计划，中期评估或验收结题不通过的， 

实验室有权停止或核减资助后续资金）: 

经费（万元） 

总额 第 1 期 第 2 期 

50 50 0 

（总经费及研究院专项资助资金投入情况（单位：万元） 

研究院资助专项 

资金 

自筹经费 
合计 

自有经费 地方政府投入及其它 

总经费 50 0 0 50 

自筹资金投入情况说明： 

项目经费预算： 	 （单位 ：万元） 

项目总经费 实验室专 项资助资金 

支出经费 经费额 用途说明 经费额 用途说明 

（一）直接费用 39 

l设备费 2 

其中：购置设备费 2 购买服务器、激光雷达等设备费 

2．业务费 23 

用于购买电子材料、关键部件加工、 

机器作业燃油、发表论文、申请专

利、资料打印装订、图书购买、信

号传输账号、机器装卸运输等费用 

3．劳务费 14 
研究生劳务费、临工工资、科研助

理工资等 

（二）间接费用 11 用于学校管理费和科研人员绩效费 

合 计 50 
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九、签约页 

管理单位（甲方）：华南农业大学黄埔创新研究院 

i:::A  ( *) 1'  1 
:'＝一‘奋盛～益： 

章 

——气 

银沙 

酬－ 
项目牵头承担单位（乙 ‘、  

科技合同专用章／ 
门）  

（盖章） 

法定代表人（签令） 

项目负责人（签字） 

年 月 日 

冷 
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甲方： 安徽中科智能感知科技股份有限公司 （盖章）

法定代表人／委托代理人：考冕才太

（签名）

日

\
＄
J
 

年 月 日

．
）

年 月 日

8
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SCAU LI B202 626201 

检索证明 

根据委托人提供的论文材料，委托人华南农业大学工程学院汪沛（学科类型：自然科学）8 篇论文收录情况如下表。 

序
 
号
 

论文名称 
发表刊物及发表的年月卷

期／页码等 
作者排名 

论文

等级 
作者文中单位 收录情况 影响因子 

中科院大类分 

区 

纂于激光感知的农业机器人定位系统 

农业工程学报 

出版年：2023 

卷期： 	页码：- 

文献号： 

文献类型： 

通讯作者 A 类 华南农业大学 北大核心 无
  

无
  

n乙
 

农田精准平整过程中三维地形实时测量方 

法研究 

农业机械学报 

出版年：2023 

卷期： 	页码：- 

文献号： 

文献类型： 

第一作者 C 类 华南农业大学 北大核心 
璐
丁
 无

戈矿，
  

叹
霖
  

。
、J
  

Design and Test of InteUigent Farm 

Machinery Operation Control Platform 

for Unmanned Farms 

AGRONOMY-BASEL 

出版年：2024 

出版日期：APR 

卷期：14 4 页码： 

文献号：804 

文献类型：Article 

第一作者 八类 华南农业大学 川
  

1F2 

工F5 

、‘・“了 

舌‘戈多 
-year--' 	4 

-year=3. $ 

(2024) 

嘿凳〕2 [Top 	i: 

OA 期刊：是 

标注：Meg才 

扣urn川 

(2025) 
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L
I立
 

无人驾驶农机避障路径跟踪仿真与验证 

华南农业大学学报 

出版年：2024 

卷期： 	页码： 

文献号： 

文献类型： 

第一作者 B 类 华南农业大学 北大核心 无
  

尤
  

仄

J
  

Integrated measurement method for 

field surface topography and tillage 

depth in rotary tillage operations 

COMPUTERS AND 

ELECTRON工CS IN 

AGR 工CULTURE 

出版年：2025 

出版日期：DEC 

卷期：239 页码： 

文献号：111000 

文献类型：(Article 

通讯作者 T2 类 华南农业大学 SC工 

1F2-year=8. 9 

1F5-year=9. 3 

(2024) 

沙「 

呕
 
是
 
否
 

楷
 

W
I
i
:
 

;
i
t
l
f
l
1
I
.
 

:
2
0
2
 

 

I
I
 叩
 
A
  

／
之
 

小
 

T
 
0
 	

‘
决
福
曰丫
  

『b
  

Neural Network-Based SLAM/GNS5 

Fusion Localization Algorithm for 

Agricultural Robots in Orchard GNSS 

Degraded or Denied Environments 

AGR I CULTURE-BASEL 

出版年：2025 

出版日期：JUL 25 

卷期：15 15 页码： 

文献号：1612 

文献类型：Art 工 d1c 

共同通讯 

作者（倒 

数第一） 

A 类 华南农业大学 SCI 

福E 

考了 	、、古 
1F2 	eaz3 找入卜‘：、飞 

1F5-yea 	.8 

(2024) 

匕
叼
、

长
 

0
  

｝
 
几
介
健
门
 
 

I
 

0
:
 

 

岖
 
否
 
是
 

乡
、衫
州
  
p
!
 I
W
 (
2
 

 

【
  
‘
 
 

疏松土层厚度及其压实量对灌水沉降的影 

响 

农业工程学报 

出版年：2025 

卷期： 	页码： 

文献号： 

通讯作者 T2 类 华南农业大学 北大核心 尤 无
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文献类型： 

只
〕
 
 

双螺旋驱动式机器人全覆盖作业路径规划

算法研究 

农业机械学报 

出版年：2025 

卷期： 	页码：- 

文献号： 

文献类型： 

第…作者 A 类 华南农业大学 北大核心 无 尤 

说明： i仑之等级和中科院大类分区按《华南农业大学学术论文评价方案（试行）》划分。 

报告免责声明：如未盖章，报告无效 
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书书书

NONGYE JIXIE XUEBAO

2023 年 第 3 期(第 54 卷)

目 次

特约专稿

反刍家畜典型行为监测与生理状况识别方法研究综述

张宏鸣 孙 扬 赵春平 王博文 李 斌 王炳科( 1 )……………………………………………

农业装备与机械化工程

基于临场感增强的果园机器人遥操作可视化系统研究

王运东 周 俊 孙经纬 王 凯 江自真 张 震( 22 )……………………………………………

基于相机与激光雷达融合的温室机器人行间导航方法

王 杰 陈正伟 徐照胜 黄滋栋 经俊森 牛润新( 32 )……………………………………………

农田精准平整过程中三维地形实时测量方法研究

汪 沛 冯达文 陈高隆 何 杰 胡 炼 彭靖怡( 41 )……………………………………………

四槽轮配肥器肥料颗粒碰撞掺混离散元分析与优化设计

闫银发 赵庆吉 王瑞雪 韩守强 宋占华 田富洋( 49 )……………………………………………

基于行星轮系的玉米穴施肥自动对种系统设计与试验

刘正道 王星力 李 爽 黄玉祥 闫小丽 赵宏波( 60 )……………………………………………

油菜直播地表土壤物理机械特性参数测量装置研究 张青松 廖庆喜 王泽天 陈 杰 朱龙图( 68 )…

蔬菜钵苗移栽机开沟式多杆植苗机构优化设计与试验

周海丽 杨 伟 俞高红 王 斌 叶秉良( 79 )………………………………………………………

群组吸孔气吸式芹菜排种器设计与试验 李 骅 马云龙 於海明 王永健 孙新平 尹家巧( 87 )……

小株距高密度蔬菜植苗机构设计与试验 俞高红 李成虎 汪应萍 赵 雄 王 磊 郑 剑( 96 )……

抛推组合式草土分离前胡除草机设计与试验

曹成茂 向 旺 罗 坤 吴正敏 张雪晨 秦 宽( 106 )……………………………………………

高酸苹果振动式采摘机设计与试验 尚书旗 李成鹏 何晓宁 王东伟 王海清 杨 帅( 115 )…………

自走式油菜薹收获机设计与试验 廖庆喜 王乾祥 万星宇 杜子健 李运通 曹士川( 126 )……………

跨式油茶果收获机履带底盘行走液压系统设计与试验

杜小强 宁 晨 杨振华 马锃宏 贺磊盈 韩鑫涛( 139 )……………………………………………

油莎豆收获机双层滚筒筛式果杂分离装置设计与试验

张胜伟 张瑞雨 曹庆秋 张 岩 付 君 袁洪方( 148 )……………………………………………

防霜风机圆弧板叶型降噪结构设计与试验 胡永光 封成岗 汤江文 谢忠洲 张 志( 158 )……………
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螺旋运动式自动割胶装置设计与试验 张喜瑞 温振拓 张志富 孙泽瑾 张 恒 刘俊孝( 169 )………

基于滑模自抗扰的同步转向高地隙喷雾机姿态控制

刘国海 李持衡 沈 跃 刘 慧 张亚飞 赵 莎( 180 )……………………………………………

基于多速率卡尔曼滤波的植保无人机仿地飞行方法 沈 跃 张 念 孙志伟 沈亚运 刘 慧( 190 )…

农业信息化工程

粮食种植结构视角下东北黑土区耕地利用结构调控研究 张红梅 宋 戈 姚双双( 198 )…………………

基于 GEE 云平台的黄土高原生态修复区植被变化与归因

王 力 赵思妍 陈元鹏 张阳坚 周 泉( 210 )………………………………………………………

基于无人机航拍和生态位模型的草原毛虫宜生区研究

于红妍 张世荣 赵兴群 宜树华 孟宝平 吕燕燕( 224 )……………………………………………

基于光谱混合分解的果园扩张特征与种植适宜性研究

肖 潇 刘 明 何奇瑾 胡起源 高 翔 伦 飞( 234 )……………………………………………

病害胁迫下玉米 LAI 遥感反演研究 刘帅兵 金秀良 冯海宽 聂臣巍 白 怡 程明瀚( 246 )…………

基于特征优选的多时相 SAR 数据水稻信息提取方法

于 飞 吕 争 隋正伟 李俊杰 盖彦锋( 259 )………………………………………………………

基于无人机多光谱影像和关键点检测的雪茄烟株数提取

饶雄飞 周龙宇 杨春雷 廖世鹏 李小坤 刘诗诗( 266 )……………………………………………

基于 ECA YOLO v5s 网络的重度遮挡肉牛目标识别方法

宋怀波 李 嵘 王云飞 焦义涛 华志新( 274 )………………………………………………………

基于 Compact YOLO v4 的茶叶嫩芽移动端识别方法

黄家才 唐 安 陈光明 张 铎 高芳征 陈 田( 282 )……………………………………………

基于知识图谱的花卉病虫害知识管理方法 陈 明 朱珏樟 席晓桃( 291 )…………………………………

基于 YOLOX 的复杂背景下木薯叶病害检测方法

宋 玲 曹 勉 胡小春 贾沛沅 陈 燕 陈宁江( 301 )……………………………………………

基于 CDSSM 的作物病害处方推荐方法 张领先 赵聃桐 丁俊琦 乔 岩( 308 )…………………………

基于残差网络和特征融合的小麦图像修复模型

陶兆胜 宫保国 李庆萍 赵 瑞 伍 毅 吴 浩( 318 )……………………………………………

农业水土工程

基于特征优选与机器学习的农田土壤含盐量估算研究

韩文霆 崔家伟 崔 欣 马伟童 李 广( 328 )………………………………………………………

基于希尔伯特 黄变换的覆土层厚度动态探测

张世文 周 涛 王 阳 程 琦 冯志军 王维瑞( 338 )……………………………………………

变温度 风速模拟条件下微润灌工况自适应调节机理

朱成立 李 依 王 策 库热西·吾尔开西 段正宇( 347 )……………………………………………

90



农业生物环境与能源工程

栽培基质超亲水 pH 传感器测量误差影响因素分析与补偿

陈 成 张西良 张亚磊 苏小青 徐 坤 徐云峰( 356 )……………………………………………

农产品加工工程

面向小麦区块链追溯系统的分级监管模型设计与实现

李修华 罗 潜 杨信廷 罗 娜 徐大明 孙传恒( 363 )……………………………………………

基于工业互联网的大米供应链数字孪生系统构建 许继平 孔德政 王昭洋 赵峙尧 于重重( 372 )……

连续复式茶叶理条机优化设计与试验 秦 宽 步坤亭 沈周高 曹成茂 葛 俊 方梁菲( 382 )………

基于 YOLO v5 OBB 与 CT 的浸种玉米胚乳裂纹检测

宋怀波 焦义涛 华志新 李 嵘 许兴时( 394 )………………………………………………………

基于高光谱图谱融合技术的英德红茶等级快速无损判别

刘翠玲 秦 冬 凌彩金 孙晓荣 郜礼阳 昝佳睿( 402 )……………………………………………

基于深度学习的移动端缺陷蛋检测系统研究 范 维 胡建超 王巧华 汤文权( 411 )……………………

低氧因子介导脯氨酰羟化酶对牦牛肉肉色稳定性的影响

辛可启 田 凯 余群力 胡 博 孔祥颖 张新军( 421 )……………………………………………

车辆与动力工程

增程式电动履带拖拉机设计与试验 王宝超 乔明睿 初香港 尚书旗 王东伟( 431 )……………………

机械设计制造及其自动化

2RPU +2UPR + RPR 多冗余驱动并联机构运动学分析与优化

刘晓飞 刘 洋 何 阳 万 波 刘 宇 赵永生( 440 )……………………………………………

基于 SLAM GDM 的乙烯气源定位与降解机器人研究

赵文锋 刘小玲 林暖晨 梁升濠 张 宇( 451 )………………………………………………………
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Design and Test of Intelligent Farm Machinery Operation
Control Platform for Unmanned Farms
Pei Wang 1, Mengdong Yue 1, Luning Yang 1, Xiwen Luo 1, Jie He 1 , Zhongxian Man 1, Dawen Feng 1,
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hooget@scau.edu.cn (J.H.); manzhx@scau.edu.cn (Z.M.); 381383864@scau.edu.cn (D.F.);
liushanqi7@163.com (S.L.); liangchuqi@stu.scau.edu.cn (C.L.); dengyufei@stu.scau.edu.cn (Y.D.)

2 Anhui Zhongke Intelligent Sense Industrial Technology Research Institute, Anhui 241002, China;
hhuang@iim.ac.cn

* Correspondence: lianhu@scau.edu.cn; Tel.: +86-15915767370

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.
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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].
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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.

105



Agronomy 2024, 14, 804 6 of 25

Agronomy 2024, 14, x FOR PEER REVIEW 6 of 27 
 

 

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 seg-
mentation 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. 

 
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 × 3 to 7 × 7. It is observed that the learning capability of the network is 
positively correlated with the size of the convolution kernel, with the 7 × 7 kernel exhibit-
ing 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 intro-
ducing 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 in-
volves spatial pooling and maximum pooling of the feature map to obtain two sets of 1 × 
1 × C channels. Subsequently, these channels undergo processing by an MLP (Multilayer 
Perceptron) neural network. The results of this processing are then subjected to element-

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 × 3 to 7 × 7. It is observed that the learning capability of the network
is positively correlated with the size of the convolution kernel, with the 7 × 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 ×
1 × 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:

Mc(F) = σ(MLP(AvgPool(F)) + MLP(MaxPool(F))) = σ(W1

(
W0

(
Fc

avg

))
+ W1(W0(Fc

max))). (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 × 7 convolutional layer and activation using a sigmoid function. This process
can be expressed as follows:

Ms(F) = σ
(

f 7×7([AvgPool(F); MaxPool(F)])
)
= σ

(
f 7×7

([
Fs

avg; Fs
max

]))
(2)
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where σ represents the sigmoid operation, and 7× 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:

Loss = Lossdice + λLoss f ocal = C − ∑C−1
C=0

TP(c)
TP(c) + αFN(c) + βFP(c)

− λ
1
N ∑C−1

C=0 ∑N
n=1 gn(c)(1− Pn(c))

2lnPn(c) (3)

where N is the total number of samples and C is the total number of labeling categories.
TP(c) =∑N

n=1 gn(c)Pn(c), FN(c) = ∑N
n=1 (1− Pn(c))gn(c), FP(c) = ∑N

n=1 Pn(c)(1− gn(c) .
Pn(c) denotes whether category c is predicted at pixel location n, and gn(c) denotes whether
the true category at pixel location n 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 α and β in this model are both set to 1, and λ denotes the weight
between Loss f ocal and Lossdice. Different sizes are assigned based on the performance of
the validation set; in this paper, we set λ = 1. The network structure of the improved
DeepLabV3+ algorithm is depicted in Figure 4.
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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.
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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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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}, lPbc > 0, lPmt ≥ 0 (4)

where Pbc represents the collection of field boundary points and Pmt represents the collection
of transport points; lPbc denotes the length of the collection of field boundary points; and
lPmt denotes the length of the collection of transport points. Constructing the input farm
object AM,

AM = {SN, typeOP, widOP, capOP, speedR, oilOP, oilUOP, turnT, OPT, locM, r, l} (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, oilOP denotes the fuel consumption
during operation, oilUOP 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 l denotes the
distance from the control point of the farm machine to the end of the machine widOP, r, l,
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, f ar, f ld, tkTp, AM, route, ctTime, sta} and f ar → { f ld, AM, route}, f ld&tkTp→ route (6)

where tkID denotes the task sequence number, f ar 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 cmdCd 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 = {dataID, SN, cltTime, dvcSta, tkID, chs, GNSS, atc}, SN ∈ AM, tkID ∈ T (9)

where dataID 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.

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, T2, . . . , Tn}. (2) Select
multiple tasks Tk(TkεTs) 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.
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(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 × 3648 (4:3)
5472 × 3648 (3:2)

Photo format: JPEG
Maximum flight speed:

50 km/h (positioning mode)
58 km/h (Attitude Mode)

position accuracy:
perpendicular1.5 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

Identification of field
and road boundaries

Farm Map Image Dataset Small image blocks of 512 × 512 pixels Provide samples for model training

Dirt, concrete, and road boundary
data sets

Label map generated with Labelme
annotation

Provide boundary datasets
for model training

Model Training Host

CPU: Intel i9-10980XE
GPU: NVIDIA RTX3090 AERO

RAM: 32 G
CUDA: 11.3

operating system: Ubuntu 20.04

Provide a test environment for model
training and running

Farm Information Map Integration

WEBGIS Service
OpenLayers (version:7.4.0)

Leaflet (version:1.9.4)
ArcGIS API for js (version:3.17)

Front-end maps, layers,
and function calls

Farm Elements Layer Vector layers in tif, shp,
and other formats

Providing visual annotation of
different types of geographic

information on farms

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.

Designation Intelligent RTK i70

Data Update Rate 1 Hz, 2 Hz, 5 Hz, 10 Hz
Communication Interface UHF antenna interface/RS232/USB and other interfaces

Static Accuracy Horizontal accuracy: 2.5 mm + 1 ppm
High-range accuracy: 5.0 mm + 1 ppm

Dynamic Accuracy Horizontal accuracy: 8 mm + 1 ppm
High-range accuracy: 15 mm + 1 ppm

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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Moreover, it is installed with front and rear onboard cameras, enabling remote monitoring
of cockpit status and operational effects through the wireless network.
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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 × 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 (mIoU), mean pixel accuracy
(MPA), and training loss function were selected to assess the performance of the network.
mIoU 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:

mIoU =
1

k + 1

k

∑
n=0

Pnn

∑k
m=0 Pmn + ∑k

m=0 Pmn − Pmm
(11)

MPA =
1

k + 1

k

∑
i=0

Pii

∑k
j=0 Pij

(12)

where k denotes the number of categories. Pmn denotes the number of false-negative
examples. K + 1 denotes that the number of categories contains a class of background.
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Pnn denotes the number of pixels of true examples. Pnm denotes the number of pixels of
false-positive examples. Pii denotes the number of pixels that are accurately discriminated
as class i. Pij denotes the amount of pixels that are correctly discriminated as class i, but
are incorrectly discriminated as class j. Pji 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:

COR =
TP

TP + FP
(13)

COM =
TP

TP + FN
(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.
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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

UP
Field boundary point Pbc = {A, B, C, D}

Road transport point lPmt = 6

AM
Operating width widOP = 2.5 m

Turning radius r = 1.4 m
Distance from the end of the machine l = 1.32 m

Algorithmic parameter

Path type: Full-coverage proctor work
Turning mode: Bulb-shaped

Whether to seal the circle: Yes
Whether grouping: Yes, 3 groups

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 mIoU
value compared to the PSPNet algorithm, a 3.28% higher mIoU value relative to the UNet
algorithm, and a 3.15% higher mIoU 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 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.
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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.
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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

0.5 100 0 100 2
1 100 0 100 1
2 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 3.3 5.5 2.2
Vehicle 2 4.0 6.1 2.1
Vehicle 3 3.1 4.3 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 agricultural machine reporting data protocol MQTT 1
control commands remote control command protocol MQTT 0.28

car camera fluorite EZOPEN protocol HTTP 1.2

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 2.2 h 2.5 h 2.4 h

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 (mIoU) 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 mIoU 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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无人驾驶农机避障路径跟踪仿真与验证

汪　沛，曾思晓，何　杰
(华南农业大学 工程学院, 广东 广州 510642)

摘要: 【目的】为便于验证无人驾驶农机避障路径跟踪的效果，减少实际无人农机试验次数与消耗，设计一种无人

驾驶农机避障路径跟踪仿真验证方法，构建一个仿真验证应用系统。【方法】以无人农机为基础，集成真实复杂

地形环境仿真、实际作业农机仿真和路径规划算法植入，构建一个一体化仿真验证应用系统。基于三维

SLAM技术，采集环境点云数据，实现农田地形环境仿真建模，构建阿克曼转向机械结构的农机仿真建模，提出

一种基于农机动力学约束的 TEB局部路径规划算法；在仿真验证应用系统中实现路径规划跟踪及避障，并通过

多次测试验证该算法的有效性。【结果】避障路径跟踪有效性对比测试和避障路径跟踪平顺性验证测试结果表

明，无人农机行驶过程中可有效动态避障，最短有效避障距离为 4.1 m。路径跟踪控制效果良好，障碍物距离大

于 5.0 m 时，可控平均误差≤0.430 5 m，均方根误差≤0.315 1 m；障碍物距离在 4.5~5.0 m 时，可控误差均值≤

1.353 8 m，均方根误差≤1.612 6 m。【结论】本文提出的改进 TEB 算法具有较强的作业能力以及较高的作业精

度，满足农业机械导航避障路径跟踪仿真验证的需求，该算法可应用于无人农机在实际农田环境的避障路径跟

踪。该应用系统易于扩充，为精准农业中针对各种复杂作业环境的农机运作状态的优化设计研究提供基础。

关键词: 无人驾驶农机；路径跟踪；仿真建模；机器人操作系统；避障；路径规划

中图分类号: S24；S237 　　　　 文献标志码: A　　　　 文章编号: 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
   

中共二十大指出，加快建设农业强国，把握精

准农业技术是现代化农业建设中不可或缺的一部

分。提高农业机械化和智能化水平可以大幅度提高

劳动生产率、资源利用率和土地产出率，无人农机

可为此提供装备支撑[1]。然而，无人农机在实际生

产中会受到环境等因素影响 [2-3]。近年来，传感器技

术与定位技术的高速发展使得农机作业的复杂情

境可通过仿真建模来实现较高程度的还原[4-7]，在仿

真环境中的测试可分析并解决一部分的技术难点；

同时，经过多次仿真测试验证后再开展实际试验的

工作模式可适当规避复杂自然环境中的偶然影响

因素并提高作业效率[8]。因此构建一个一体化应用

系统，模拟农机在实际环境中的运作情况是农业自

动化作业研究的重要方法。

路径规划是农业机械自动导航的关键技术之

一[9]，可分为全局路径和局部路径规划。全局路径

规划是在已知环境中进行，更新和修正静态的全局

路径[10]，动态调整路径躲避障碍物。局部路径规划

算法针对环境完全未知或部分已知，侧重于作业时

的局部环境信息，将在实时路况发生变化时直接影

响自主导航的避障性能，进而影响对全局路径规划

的修正效果。

郑凯林等[11] 在 Stage仿真平台中测试机器人路

径规划与导航避障效果，采用直接插入模型的方

法，选择了仿真平台列表中的可用模型。王宾[12] 通

过调用快速扩展随机树算法 (Rapidly-exploring
random trees，RRT) 节点实现机器人避障，模型采

用 Gazebo 软件列表中可用模型搭建的虚拟机器人

模型。郑凯强[13] 提出一种软件定义无人车框架设

计，对不同导航算法的可行性进行验证，使用 3D
Max软件中配套组件进行环境的三维建模，为无人

车试验提供环境模型。李献雯[14] 使用单目摄像机

采集实际环境路面场景数据，并采用运动恢复结构

(Structure from motion，SFM)算法逆向生成实际环

境三维模型，该方法虽然能根据作业环境的实际特

征仿真并复现环境，但摄像机采集图像的处理过程

比较复杂，且可获取点云有限，不能很好地描述较

为复杂的地形地貌特征。

上述几种模拟仿真系统未能根据实际作业机

器人的物理特性与碰撞属性实现模型仿真，忽略

了实际作业机器人自身及引起的影响因素；对于

实际地形环境的建模未能真实地体现地形地貌特

征，欠缺对机器人行驶的平稳性与抗干扰性的考

虑。针对上述缺点与农业机械化精准作业的高效

性要求，本文设计一种无人驾驶农机避障路径跟

踪仿真验证方法，以无人农机为基础，集成真实复
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杂地形环境仿真、实际作业农机仿真和路径规划

算法植入构建一个一体化仿真验证应用系统。本

文基于农机阿克曼结构约束改进了定时弹性带

(Time elastic band，TEB) 局部路径规划算法，实现

无人农机的避障路径跟踪仿真，并在仿真验证应

用系统中测试该算法下的路径规划与自主导航避

障效果。

 1   材料与方法

 1.1    试验材料

农机自主导航系统实现路径跟踪需实际行驶

路径与规划路径的横向和航向偏差保持在一定的

精度范围之内[15]，以满足农业生产的需要。

机器人操作系统 (Robot operating system，

ROS) 为基于 Linux 操作系统的机器人软件框架，

是一个开源机器人软件平台，通过整合不同研究成

果实现算法的发布与代码的重用，可实现硬件抽

象、底层驱动程序管理、进程间消息传递、程序发行

包管理等功能。该平台已实现了硬件驱动、模拟仿

真、运动规划、运动控制、环境感知等方面的开发。

其核心是提供一种点对点的通信机制，进程之间可

以直接实现通信并进行数据交换，不需要中转。

ROS是进程的分布式框架，使得异构的运算平台从

基站服务器到小型的 ARM嵌入式系统都可以成为

机器人系统的一部分，分散计算压力、降低功能模

块间的耦合度。

本试验采用 ROS 中的 Gazebo 仿真软件作为

仿真平台，该软件可展示作业机器人的各种物理

性能如重力、尺寸、惯性、材料、碰撞等。试验环境

为崎岖颠簸的田地，需考虑到农机在行驶时由于

车速过快或转弯程度过大而翻车的情况，Gazebo
仿真环境可以充分体现惯性参数以及碰撞参数对

农机行驶平稳性能的影响，为后续研究提供参考。

此外，Gazebo 还能提供传感器功能，例如，为农机

配置的激光雷达模块和惯性测量传感器 (Inertial
measurement unit， IMU) 模块等。本试验采用

ROABAG播放采集的实际农田地形环境三维点云

数据包，并采用 EVO 软件进行路径轨迹的误差

评估。

无人农机模型为洋马 YR-10D 型直播机，四轮

驱动式小农机，可播种 10 行，行距 25 cm，有 11 条

排水沟，其中，深排水沟 3 条、浅排水沟 8 条，适用

于南方田间作业，可代表典型水田作业时的农机情

况。根据该农机及现有的转向控制模型建模，在仿

真验证应用系统中多次测试，完成测试算法的有效

性验证后，即可运用该算法为洋马 YR-10D 型直播

机在实际农田中的作业提供路径规划与自主导航

服务。

洋马 YR-10D型直播机型号为 2BDZ-10D(G4)
(YR10D)，长、宽、高分别为 3 430、2 640、2 330 mm，

整机质量为 860 kg，发动机型号为 3TNM74F-SC，
结构型式为水冷 3 缸 4 冲程柴油发动机，标定功率

为 16.0 kW，转速为 3 200 r/min；行走部驱动型式为

四轮驱动，采用 HMT高效液压无极变速方式，变速

级数为前进 2(播种 1)、后退 1×HMT 无极变速。播

种方式为自然落种，播种深度为表面落种，种子箱

容量为 120 L(12 L/个×10 个)，行数为 10 行，行距

为 250 mm，每穴播种量为 5~10粒，有 10个外槽轮

型式的排种器、10个排种沟开沟器、11个蓄水沟开

沟器，采用机械自动平衡装置。该直播机的作业效

率 (理论值)为 0.703 5 hm2/h。
采用 Velodyne16 线激光雷达采集地形环境数

据，通过返回测量点到雷达信号接收端的距离与角

度计算出各采集点在以雷达为原点坐标系的三维

坐标。如图 1 所示，激光雷达测量机构绕 2 个互相

垂直的轴线旋转 (绕 Z 轴旋转 ± 180°，绕 X 轴旋

转 ± 15°)。

 
 

Y

X

Z

P (x, y, z)

OZ

α

θ

 
α

θ
P 为测量点的坐标； OZ 为雷达信号接收端坐标原点；  为方位角；

为仰角　　

α θ
P is the coordinate of the measurement point; OZ is the coordinate origin

of the radar signal receiving end;   is the azimuth angle;   is the elevation
angle

图 1    3D 激光雷达测量目标示意图

Fig. 1    Schematic diagram of 3D LiDAR measurement
target

 
测量时系统预先设定范围并扫描，最终得出测

量目标的三维坐标 P(x, y, z)的计算公式：■||■||■
x = lcosθ sinα

y = lcosθcosα

z = lsinθ

， (1)

α θ

式中， l 为测量点 P 到雷达信号接收端坐标原点

OZ 的距离，m； 为方位角，(°)；  为仰角，(°)。
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 1.2    试验方法

为验证避障路径跟踪仿真验证方法的有效性，

本文提出一种基于阿克曼结构动力学约束的改进

TEB 算法，并测试算法的性能。设计避障路径跟踪

有效性对比试验和避障路径跟踪平顺性验证试验

2组试验进行验证。

在行驶路径上实时添加障碍物，分别采用

DWA 算法、改进 TEB 路径跟踪算法，仿真验证无

人驾驶农机实时避障效果，进行避障路径跟踪有

效性试验。测试时，在行驶路途中分别在距农机不

同位置处放置圆柱体障碍物，观察农机是否能准

确规划路径避开障碍物，避免陷入障碍物死区或

者由于规划路径紊乱而失控。设定一系列农机与

Gazebo 仿真环境中圆柱障碍物距离，每段距离在

仿真环境进行 10 次导航测试，观察其在行进过程

中遇到障碍物时是否绕开障碍物并继续往设定目

标点前进。

避障路径跟踪平顺性验证试验主要考察无人

驾驶农机避障行驶的平顺性和路径跟踪精度。测试

时设置相同的起点与终点，在 Gazebo 仿真环境中

行驶途中放置障碍物，获取农机导航避障过程中实

际行驶路径坐标数据，以及由局部路径规划器根据

突然添加的障碍物对全局路径更新修正所得规划

路径的坐标数据，分析二者轨迹误差。

 2   无人驾驶农机及田间环境建模

 2.1    农田环境建模

安装 Velodyne16 线激光雷达的农机巡检作业

进行 3D 数据的测量和采集，该雷达是可以同时发

射并接收多束激光雷达的机械式旋转测距雷达[16]，

每秒可输出高达 30 万个点数据，具备 ± 15°的垂直

视场、360°的水平视场，测量距离半径达 100 m 以

上。即时定位与地图构建 (Simultaneous localization
and mapping， SLAM) 指机器人在试验区域移动

的过程中根据位姿估计以及地图进行定位并在

此基础上构建增量式地图。基于 Cartographer
SLAM 算法[17]，通过在试验区域遍历完成三维环境

点云的采集，创建三维点云地图。Cartographer SLAM
算法通过非线性最小二乘法实现，处理闭环检测数

据，获取后端优化后的静态全局地图，使用里程计

数据结合传感器接收的激光数据、IMU 数据[18] 进

行位姿估计，其中 IMU 辅助激光雷达去除运动畸

变部分并进行积分，其积分值作为激光点进行迭

代最近邻点 (Iterative closest point， ICP) 配准的初

值并据此迭代求解得到载体位姿与局部子图位姿，

激光帧经叠加后形成子图。局部 SLAM 模块据此

进行实时位姿更新与局部子图的建立，全局

SLAM实现回环检测功能，根据局部子图优化形成

全局地图。

试验农田位于广州市增城区，尺寸为 230 m×
123 m。首先在 ROS系统中搭建 SLAM工作环境，

运行 SLAM 功能包，将激光雷达装于无人农机适

当位置后，运行建图程序，随着无人农机在试验区

域内行驶，激光雷达采集各处点云数据。运行 ROS
BAG 指令开始录制数据，当无人农机在试验区

域内遍历完成后，停止录制数据。播放数据包，进

行坐标变换的处理，即可得到 PCD 格式的点云

地图。

由于农机行驶采集点云数据过程中获取信息

非常频繁，导致 2 帧数据有大量的重叠。如图 2
所示，点云信息数据量庞大，计算开销大，因此本文

使用 Cloudcompare 软件对三维点云图进行降采样

(Downsample)处理，实现数据匹配以及点云噪声点

的滤除，子样本保持原始点云的其他性质。选择八

叉树方式根据不同区域点云密度相应调节削减程

度，即密度大的区域的点云数据被削减的程度更

大。经处理后，点云数由原来的3 408 484 被削减为

13 473。
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图 2    农田环境点云图

Fig. 2    Point cloud map of farmland environment
 

在点云图的原始三维坐标的基础上计算并配

置法向量，并对方向不一的法向量进行最小生成树

二次处理，重新定位点云所有法向量后即可呈现清

晰正反亮暗两面效果。通过 Meshlab 软件重建为

3D 地形模型，然后导入 Gazebo 仿真环境中，作为

仿真地形环境模型。针对不同的作业情境，使用激

光雷达采集三维点云数据，通过上述三维重建方法
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生成不同的地形环境仿真模型，即可集成至应用系

统进行相应测试，具备一定通用性。

 2.2    无人驾驶农机仿真建模

 2.2.1    阿克曼转向模型　轮式农机多采用阿克曼

转向结构，这种结构可以通过构建各轴车轮转向的

传动机构约束[19] 减小无人农机在行驶过程中的阻

力和轮胎的磨损，使各车轮在转向中处于纯滚动无

侧滑的状态，有利于提升转向响应速度和农机行驶

的平稳性[20]。

当农机转向时，车轮运动如图 3 所示，农机的

基坐标旋转中心为后轮转轴中点 O，当转向轮前轮

转弯程度到达极限时，由外转向轮中心引出的垂线

与后轮旋转轴所在直线的交点，与旋转中心之间的

距离，称为最小转弯半径 (R)，可以反映农机通过最

小曲率半径弯曲道路和在狭窄路面掉头行驶的能

力。为实现纯滚动运动，须使得 2 个前轮运动方向

的法线与通过车轮转动实现前后移动的后轮运动

方向的法线，即后轮旋转轴的延长线相交于

一点。
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α为左前轮转向角；β为右前轮转向角；K为后轮两轮距； L为前后轮

旋转轴轴距；R为转弯半径；vl 为左后轮线速度；vr 为右后轮线速度

α is the left front wheel steering angle; β is the right front wheel steering
angle; K is the wheelbase of the two rear wheels; L is the wheelbase of
rotation axis for front and rear wheel; R is the turning radius; vl is the linear
speed of the left rear wheel; vr is the linear speed of the right rear wheel

图 3    阿克曼结构转向示意图

Fig. 3    Schematic diagram of ackermann structure turning
 

根据上述模型中几何结构得出以下约束：

tanα = L/(R−K/2)， (2)

tanβ = L(R+K/2)， (3)

α

β

式中， L 为前后轮旋转轴轴距，m；R 为转弯半径，

m；K 为后轮两轮距，m；   为左前轮转向角，(°)；
为右前轮转向角，(°)。因此转弯半径受前后轮转

轴轴距、后轮两轮距、转向角限制，该控制策略限制

了转弯半径的最小值即最大转弯程度。根据上述几

何关系可以得到农机在进行转弯运动时的线速度

和角速度 (以左轮为例，右轮类同)：

ẋ = vcosα， (4)

ẏ = vsinα， (5)

θ̇ = v tanα/L， (6)

ẋ ẏ

θ̇

式中， 为 x轴方向的线速度，m/s； 为 y轴方向的

线速度，m/s；   为角速度，(°)/s；v 为农机的总线

速度。

阿克曼结构中四连杆是闭环机械结构，无法通

过 ROS 系统中机器人建模 URDF 文件描述 [ 2 1 ]，

因此在实际的导出模型中，通过设置车轮关节替代

四连杆的机械结构实现前轮转向控制。

基于无人农机配置阿克曼结构农机 Solidworks
模型，并根据实际运动状态对作用于运动控制的连

杆与关节进行配置，包括连杆父子关系、关节运动

形式、关节运动中心或旋转轴的配置等，通过插件

Solidworks to URDF Exporter将 Solidworks模型导

出至 ROS系统 Gazebo仿真环境中。

 2.2.2    运动控制　在 ROS 仿真环境中，实现运动

控制包括运动控制器配置和关节控制消息发布。为

四轮配置速度控制器，并为前轮配置位置控制器，

将四轮转速、前轮转向角消息的指令信号发布到对

应的运动关节以驱动关节运动。

ψ农机的运动信息包括坐标、转向角 ( )、线速度

等，运动学模型如下所示。

农机在 t时刻状态向量为：

�Xt = (xt,yt,ψt, ẋt, ẏt)T， (7)

(xt,yt) ψt

ẋt、ẏt

式中， 为农机在 t时刻的坐标， 为农机在 t时
刻的转向角， 分别为农机在 t时刻 X和 Y轴方

向线速度。

则农机在 t+1时刻沿全局坐标系的速度为：

ẋt+1 =
ẋr,t + ẋl,t

2
cosψ+ ẍ∆t， (8)

ẏt+1 =
ẏr,t + ẏl,t

2
sinψ+ ÿ∆t， (9)

ẍ ÿ

ẋr,t ẏr,t

ẋl,t ẏl,t

∆t

式中， 、 分别为农机在 t 时刻沿全局坐标系的

X 轴、Y 轴方向的加速度， 和 分别表示右轮在

t时刻 X轴和 Y轴方向的线速度， 和 分别显示

左轮在 t时刻 X轴和 Y轴方向的线速度， 为时间

增量。

则农机在 t+1 时刻的位移、转向角计算公式

为：

xt+1 = xt + ẋt∆t+0.5ẍ∆t2， (10)

yt+1 = yt + ẏt∆t+0.5ÿ∆t2， (11)

ψt+1 = ψt + θ̇∆t。 (12)

综上所述，农机运动学模型为：
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�Xt+1 = �Xt +∆ �X =■|||||||■

xt +0.5
(

ẋr,t + ẋl,t
)
∆t cosψ+0.5ẍ∆t2

yt +0.5
(
yr,t + vl,t

)
∆t sinψ+0.5ÿ∆t2

ψt +1/K
(
vr,t + vl,t

)
∆t

0.5
(
vr,t + vl,t

)
cosψ0.5ẍ∆t

0.5
(
vr,t + vl,t

)
sinψ0.5ÿ∆t

■|||||||■。 (13)

农机模型机械结构如图 4 所示，采用 ros_
control插件处理所接收的转速、转向角信息。速度

控制器在接收转速指令信号后将驱动对应车轮关

节转动实现前后移动；位置控制器在接收转向角

指令信号后作用于转向轮关节驱动连杆摆动带动

 

 
图 4    农机模型机械结构

Fig. 4    Mechanical structure of agricultural machinery
models
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图 5    运动控制系统节点关系

Fig. 5    Node relationships in motion control system

  第 3 期 汪　沛，等：无人驾驶农机避障路径跟踪仿真与验证 421  

 

 
  136



前轮转向实现转向控制。各节点之间关系如图 5
所示。

农机运动控制的核心是对该阿克曼转向结构

中各关节的控制，因此在该仿真验证应用系统中的

测试结果亦适用于具备相同阿克曼转向结构的农

机。由于该应用系统试验平台为 ROS系统，采用了

话题通信机制，当需要对不同农机进行作业效果测

试时，可通过话题的转换实现农机模型模块化的移

植与集成。

 2.2.3    路径跟踪控制　全局路径规划基于全局地

图进行。在获取里程计数据、激光雷达数据以及融

合 IMU 传感器数据后，对/map 坐标系下的农机进

行基于自适应蒙特卡洛定位算法[22](Adaptive monte
carlo localization，AMCL)的位姿估计。

AMCL算法是一种多传感器融合定位算法，使

用贝叶斯概率实现利用栅格、格子等描述移动机器

人的状态空间，递归计算出概率分布[23]。将里程计

信息作为预测量，并融合 IMU 获取的精确角度信

息来弥补里程计中较大的角度累积误差。移动机器

人在任意状态下都可推算出自己位姿，AMCL算法

通过概率统计的方法利用粒子滤波在已知地图中

估计农机位姿，具体流程如下：

N (x0,P0)

初始化粒子群，定义一个大小为 m 的粒子群，

其中每个粒子代表农机在环境中的一个位姿信息，

如果初始位姿未知，则每个粒子的位置都是随

机的；模拟粒子运动，得出系统初始状态分布

，并在农机状态空间分布中采集 n个粒子，

如式 (14)所示：{
x[i]

0

}n

i=1
� N (x0,P0)， (14)

式中，x为粒子。

wslow wfast wavg

计算粒子权重，根据粒子权重长期变化均值

和短期变化均值 ，加入经验测量似然 并

αslow αfast通过设定好的长期变化率 和短期变化率 对

上述 2种均值进行修正，根据式 (15)更新：{
wslow = wslow+αslow

(
wavg−wslow

)
wfast = wfast+αfast

(
wavg−wfast

) ， (15)

其中，加入随机粒子、重复性采样的概率由式

(16)确定：

max
{

0.0,1.0,− wfast

wslow

}
。 (16)

粒子群重采样时为了减少无效计算量，AMCL
利用库尔贝克−莱布勒散度 (Kul lback- le ib le r
divergence，KLD)采样，计算粒子及对应的数目：

n = (k−1)/2ε
[
1−2/9(k−1)+

√
2/9(k−1)z1−δ

]3
，

(17)

δ α

δ α z1−δ 1−δ
ε

式中，  为标准正态分布下的   分位点，即满足条

件 P(x≤ )= 的实数；  是上界为   的标准正

态分布置信度；  表示一个非常小的正数的阈值。

计算机器人在 t时刻的位姿，即粒子集的数学

期望：

xt = E
[{

x[i]
t

}n

i=1

]
。 (18)

在上述位姿估计信息的基础上，即可基于

Gmapping SLAM 算法构建出试验区域的二维全局

地图。

将所建全局地图应用于导航中的全局规划，如

图 6 所示，农机在导航行驶时要求避免与代价地图

接触，系统根据位姿估计实时更新路径规划，对障

碍物的检测识别将会减小局部地图局部路径规划

器代价地图覆盖范围，进而对全局路径进行修正，

实现实时避障。

本文基于 move_base 算法实现导航，默认局部

路径规划算法为动态窗口法 (Dynamic windows
 

 
全局路径以紫色曲线表示，局部路径规划以农机行驶时沿实际运动方向的绿色短线表示

The global path is represented by a purple curve, while the local path planning is represented by a green short line along the actual movement direction of the
agricultural machinery during operation

图 6    导航过程示意图

Fig. 6    Navigation process diagram
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Vs、Vd、Vaapproaches， DWA)，通过  3 种约束条件

精确化减小速度空间的搜索范围，最终获取该时刻

机器人的无碰撞速度，在该速度约束空间内机器人

不会发生碰撞。然后通过评价函数评价可选轨迹，

选取最优解[24]。但是该算法并未充分考虑针对本文

农机阿克曼动力学结构的非完整约束动力学情况，

当遇到障碍物时，该算法无法决策出适用于阿克曼

转向结构的有效避障路径，完成有效地避障操作。

在局部路径规划中，动力学模型将成为更重要

的影响因素，因此，本文提出基于阿克曼机械结构

约束的改进 TEB局部路径规划算法，不断在适量空

间中获取实时转向控制信息并将其发送至前轮的

位置控制器，完成所设定的各项约束。相比于

move_base导航算法默认采用的 DWA局部路径规

划算法，该算法实现了对具有非完整约束的阿克曼

无人农机动力学的考虑，当遇到障碍物时可实现车

轮转向关节、驱动关节准确并快速地响应，决策出

有效的避障路径。

P

TEB 算法通过在全局路径中根据设定约束插

入 N个控制点对全局路径修正，这些控制点是一些

规划的各个时刻的离散位姿数据，这些离散位姿用

表示，表示为式 (19)。
P = {pi}i=0,··· ,n,nN， (19)

pi = (xi,yi,ψi)式中，每个点的位姿用 表示，分别描述

所处位置的横坐标、纵坐标和转向角。

∆ti

T

在 2个位姿点之间设置时间间隔 。将所有相

邻位姿点时间间隔集合用 表示：

T = { ∆ti}i=0,··· ,n−1,nϵN。 (20)

M因此，TEB路径定义为 2个序列的元组 ( )：
M = (P,T )。 (21)

fvel

ẋi、ẏi

θ̇i

TEB路径约束包括机器人动力学约束、最快路

径约束、速度约束、路径避障约束等。其中，速度约

束 ( ) 限制机器人的最大线速度与角速度，速度

限制以损失的形式实现，线速度  以及角速度

根据向后差分可得：

ẋi = (xi+1− xi)/∆ti， (22)

ẏi = (yi+1− yi)/∆ti， (23)

θ̇i = (θi+1− θi)/∆ti， (24)

fvel = f
(

ẋi, ẏi, θ̇i
)
。 (25)

ft最快路径约束 ( )计算公式为：

ft =minM

(∑
∆ti
)2
。 (26)

fpath fobs路径避障约束 与 ，在 TEB 算法规划局

部路径时，须以跟踪全局路径为基础，通过 fpath 实
现；并基于此避开实时障碍物，即全局路径吸引

TEB 路径规划点，通过 fobs 实现。约束以惩罚函数

行驶实现如式 (27)、(28)所示。

fpath = f
(
dmin,rpmax,S ,n, ε

)
， (27)

fobs = f (−dmin,−romin,S ,n, ε)， (28)

dmin

rpmax

romin

ε

式中， 为 TEB 局部路径规划点和障碍物的最小

距离，m； 为 TEB 局部路径规划点与全局路径

规划点的最大距离，m ； 为 TEB 局部路径规划

点与全局路径规划点的最小距离，m ；S表示缩放系

数；n 是多项式阶数；  为边界值附近的 1 个小位

移，为约束增加裕度。

针对阿克曼机械结构，结合式 (2)、(3)，在局部

路径算法中对农机的最小转弯半径等几何参数加

以约束，针对实际地势起伏不平的田地环境，有效

提高农机行驶过程中对规划路径的跟踪程度以及

避障的有效性。

以上 TEB约束的求解采用图优化方法，将每一

个状态和时间间隔作为顶点，各种约束作为建立超

图的元素进行多目标优化，并使用 g2o框架求解。

测试时将农机模型的基坐标模型起点设定为

[−5.5，0]，终点设为 [5.5，0]，农机模型的前、后轮距

离为 1.10 m，由式 (2)、(3) 可知该农机模型的最小

转弯半径应为 2.177 m。多次测试调试后，整定的参

数为：改进 TEB 算法中最小期望距离为 2 m，轨迹

时间分辨率为 0.1 s，最大线速度为 2 m/s，线加速度

为 0.5 m/s2，倒车最大速度为 0.5 m/s，最大角速度

为 286.48 (°)/s，角加速度为 143.24 (°)/s2，考虑优化

全局路径子集最大长度为 1 m，到达目标允许误差

范围为 0.5 m，到达目标角度允许误差范围为 0.5 m。

 3   结果与分析

 3.1    避障路径跟踪有效性测试结果

 3.1.1    DWA 路径跟踪效果　无人农机与障碍物距
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图 7    避障成功率

Fig. 7    Obstacle avoidance success rate
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离为 3.8~8.0 m 区间内，分别进行了 10 次避障测

试，测试结果如图 7所示。改进 TEB算法的最短有

效避障距离达 4.1 m；DWA算法，由于距离为 8.0 m
时，避障成功率尚未达到 0.5，因此最短有效避障距

离大于 8.0 m。

在 DWA 算法避障的测试中，避障失败的主要

表现有 2 种，一是由于缺少全局指引，在局部最小

测试中陷入局部最优而无法脱离圆柱体障碍物；二

是由于农机根据规划路径行驶时转弯半径过小，即

转弯程度过大，绕开障碍物后偏航严重，无法回到

全局路径中。

当农机与障碍物距离区间为 3.8~4.5 m 时，避

障失败的原因均为无法绕过障碍物，DWA 算法在

局部距离最短测试中陷入了局部最优而无法脱离

圆柱体侧面的凹形障碍物；当距离为 6.0 m，避障失

败情况中有 2 次是由于农机根据规划路径行驶时

转弯半径过小，即转弯程度过大，绕开障碍物后偏

航严重，局部路径规划无法将运动控制拉回至全局

路径，农机无法回到向目标点行进的路径当中；当

距离为 8.0 m时，偏航情况出现 6次。

 3.1.2    阿克曼机械结构约束的 TEB 避障效果　采

用基于阿克曼结构约束的改进 TEB算法，最短可避

障距离相较 DWA 算法提升至少 3.9 m。避障过程

如图 8 所示，规划农机自起点至终点的全局路径；

当靠近障碍物时，如 8b 所示，根据局部路径规划，

修正全局路径以避障；如图 8c所示，农机根据规划

路径成功避障到达设定目标点，未偏离全局路径。

因此，测试结果表明本文提出的基于阿克曼动力学

约束的改进 TEB 局部路径规划算法的避障路径跟

踪有效性良好。

 
 

a：避障前
a: Before obstacle
    avoidance

b：避障中
b: During obstacle
    avoidance

c：避障后
c: After obstacle
   avoidance

 
图中紫色曲线为农机自起点至终点的全局路径；绿色曲线为局部路径修正的全局路径

The purple curve in the figure is the global path planned from the starting point to the end point of the agricultural maehinery; The green curve is the global
path corrected by the local path

图 8    避障路径规划

Fig. 8    Path planning of obstacle avoidance
 

 3.2    避障路径平顺性测试结果

距离实时障碍物 4.5、5.0 m 时，农机实际行驶

路径对规划路径的跟踪情况如图 9所示。由图 9可
知实际路径和规划路径的相对误差随着时间推进

逐渐逼近 0。由“3.1”可知本算法最短有效避障距

离可达 4.1 m，因此图 9a 中实际行驶路径与规划路

径的相对误差明显大于图 9b。图 9b 中农机图像尾

端 Y轴方向坐标相对误差稳定值约为 0.7 m；图 9a
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中两轴方向坐标相对误差稳定值接近 0。距离障碍

物 5.0 m 时，实际行驶路径与规划路径误差均值为

0.430 5 m，均方根误差为 0.315 1 m，均小于 0.45 m；

距离障碍物 4.0 m 时，实际行驶路径与规划路径均

方根误差为 1.353 8 m，误差均值为1.612 6 m，均小

于 1.65 m，农机实际行驶路径对规划路径的跟踪状

况良好、精度较高。

由上述试验结果可知，农机在田地仿真环境

中导航作业时，若障碍物距离大于 5 .0 m 时，可控

误差均值≤0.430 5 m，均方根误差≤0.315 1 m；若

障碍物距离为 4.5~5.0 m时，可控误差均值≤1.353 8
m，均方根误差≤1.612 6 m。上述结果表明基于阿

克曼结构约束改进的 TEB算法对局部路径的规划

控制效果良好，满足农机自动导航系统对路径规

划的精度要求，验证了算法的可行性。

 4   结论

设计了一种无人驾驶农机避障路径跟踪仿真

验证方法，集成真实复杂地形环境仿真、实际作业

农机仿真、路径规划算法植入构建一个一体化仿真

验证应用系统，该应用系统易于扩充，是一个通用

的仿真验证应用系统，适用于各种地形地貌的作业

环境。基于三维 SLAM 技术采集环境点云数据实

现农田地形环境仿真建模，有利于体现测试算法下

农机对复杂路面的适应性；适用于不同机械结构的

农机，通过 ROS 系统话题转换实现农机模型模块

化的通用移植与集成。

在仿真验证应用系统中，基于洋马 YR-10D 型

无人驾驶直播机研究了阿克曼结构模型和无人驾

驶农机动力学模型，测试结果及结论适用于具备相

同阿克曼转向结构的农机。基于阿克曼结构和无人

驾驶动力学约束，设计了改进型 TEB避障路径跟踪

算法，验证了无人农机在农田环境中作业的路径规

划效果。

避障路径跟踪有效性测试结果表明该算法规

划下最短有效避障距离达 4.1 m，较传统 DWA
动态窗口法提升了 3.9 m，验证了其有效性。避障路

径平顺性测试结果表明，在局部路径规划采用基于

阿克曼结构动力学约束的改进 TEB算法，农机自主

导航行驶时可较好地跟踪规划路径，满足精度要

求。障碍物距离大于 5.0 m 时，可控误差均值≤

0.430 5 m，均方根误差≤0.315 1 m；障碍物距离小

于 5.0 m 大于 4.5 m 时，可控误差均值≤1.353 8 m，

均方根误差≤1.612 6 m。

各项测试结果表明，基于阿克曼结构动力学约

束的 TEB 算法具有较强的作业能力以及较高的作

业精度，满足无人驾驶农机避障路径跟踪仿真验证

的需求，后续可应用该算法于无人农机在实际农田

环境的避障路径跟踪。模型的惯性参数与碰撞参数

未能很好地调试和校正，导致无人农机行驶在地势

起伏不平的农田仿真环境中平稳性欠佳，后续研究

应进一步调整校正。为无人农机模型配置的阿克曼

前轮转向轮结构在实际运动时仍有缺陷，无人农机

在仿真环境中行驶时出现震荡现象，该部分机械结

构设计有待进一步完善。
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图 9    距障碍物不同距离时实际行驶路径与规划路径的相对误差

Fig. 9    Relative errors between the actual driving path and planned path of obstacles at different distances
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!>ZAER@46OIF
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FFFFFF

7FGO@OGP4D7GEF6OYON46OIF .E6SIG IY-4ORW<IXAOF <IXASEGAPFGER[OGE;OEDG IY3OEXC4AEG IF -/.

!=EA0E6 972IFTASEFT!?V[EF\E![/0HJE_O4F!./24ZOF

FFFFFFFFFFFFFFF

!2V/0.OFT![/0HCOF![/0HLSEFNPF ! %)" "

7FGO@OGP4D7GEF6OYON46OIF .E6SIG IY9OQQEF64D<466DEC4AEG IF 7QMRI@EG 2>?>@) JEWMIOF6-E6EN6OIF

! 17/0LSEF_O4FT!:/0<SEFT!L:/0H<S4I!?72PEWOFT!2V;PGIFT!L:>0HUOFSPO! %&" "

FFFF

.PD6OCES4@OIR-E6EN6OIF 4FG 9646OA6ON4D.E6SIG YIRCEEY<466DEC4AEG IF ?IN4D8ERNEM6OIF

! [/0H;4FT!?7VUOFTWP!=,0?OASEFT!;V<SEFYP! 7̂/:PO5P4F ! '*+ "

FFFFFFFFFFFF

?OTS6XEOTS6<466DE;4NE=ENITFO6OIF /DTIRO6SQC4AEG IF .PD6OBAN4DE;PAOIF 0E6XIR\
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! L:>V Ô4F_PF!?7VaP4FDE!</>?EO!;/0?OF!a7VaP4F ! '%( "

FFFFFFFFFFFFFFF

+B4:8CD9C45D@;:D56NP59>4%6B:6>>4:6B

/AAEAAQEF6IY8RIGPN6O@O6W4FG <4RZIF ;II6MROF6IYHR4OF >OD7F6ERNRIMMOFT;4RQD4FG PFGER8D4A6ON;ODQ

!.PDNSOFT
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基于激光感知的农业机器人定位系统
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摘  要：为解决基于全球导航卫星系统（global navigation satellite system，GNSS）的农业机器人和自动驾驶农机在机库、

大棚等卫星信号弱或无环境下定位精度低甚至无法定位的问题，该研究提出了基于激光感知的农业机器人定位方法。采

用二维激光雷达和激光接收器设计了基于激光感知的机器人定位系统，通过二维激光雷达发射扫描激光获取机器人上激

光接收器的点云，同时激光接收器感应扫描激光，融合感应扫描激光时间差和激光接收器点云特征，得到移动激光接收

器（即农业机器人）的定位。以全站仪测量为参照在大棚内开展验证试验，结果表明，在激光雷达扫描范围内，机器人

行驶速度为 0.8 m/s 时，直线行驶时最大偏差绝对平均值为 4.1 cm，最大均方根误差为 1.5 cm；曲线行驶时最大偏差绝对

平均值为 6.2 cm，最大均方根误差为 2.6 cm，满足农业机器人在农机库等环境中自动导航所需定位精度要求。 

关键词：机器人；激光雷达；激光传感；定位；智能农机装备 
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0  引  言  

农业机器人通常应用于结构化场景与随机的不确定

场景，且作业任务日益复杂[1]，定位和导航是农业机器人

的关键技术[2]。当前农机自动驾驶技术和农机辅助导航技

术快速发展[3-7]，通过物联网、大数据和人工智能等先进

信息技术的联合使用，农机自动驾驶和辅助导航技术已

在无人化智慧农场开始实践应用[8]。 

全球导航卫星系统（global navigation satellite system，

GNSS）作为农业机械智能化技术中的一项关键技术，近

年来已被广泛应用于农业生产各环节，其定位精度达到

厘米级[9]，基于 GNSS 的农业机械导航系统旱地作业直线

路径跟踪精度优于±2.5 cm[4]，水田作业直线路径跟踪横

向偏差平均值为 4.3 cm[10]。因此，智能农机依靠 GNSS

定位实现了大田高精度智能化无人作业[11]，但在农机机

库、农机转移行驶过程中经过树冠下和高架桥桥底以及

温室大棚设施等场景时，存在 GNSS 卫星信号差或丢失

的问题，难以实现导航定位，因此亟需其他定位方法融

合补充。 
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Wi-fi、Zigbee、蓝牙和超宽带等无线通信技术[12]以

及即时定位与地图构建（simultaneous localization and 

mapping，SLAM）技术是常用定位方法。无线通信技术

中 Wi-fi、超宽带信号定位易受环境因素干扰[12-13]，Zigbee

和蓝牙定位需要铺设大量设备[14]。SLAM 指在没有环境

先验信息下，通过使用各种传感器采集环境信息，在运

动过程中构建环境地图，并估计机器人位置[15]，目前，

已经有许多解决 SLAM 问题的数学模型与理论基础[16]。

SLAM 技术包括视觉 SLAM 和激光 SLAM，可以提供载

体的相对位置信息，定位精度较高，已在物流、工业、

医疗、安防、服务和农业等移动机器人以及无人驾驶领

域广泛应用[17-21]。在农业机器人出库入库时，因库内外

光照强度差异大，易导致视觉 SLAM 定位误差增大甚至

无法定位，而且图像处理的运算量大、实时性较差[2,22]。

此外，当环境中有较多移动物体时，视觉 SLAM 的环境

地图构建偏差增大，定位精度降低[23]。相比之下，激光

SLAM 技术较成熟、定位误差更小[24]，但激光 SLAM 构

建的地图缺乏语义信息[25]，对于大场景非固定地图仍需

进一步研究[26]，激光 SLAM 的地图构建可使用二维激光

雷达和三维激光雷达，目前在物流和工业等领域主要使

用成本较高的三维激光雷达[27]。 

在无人化农场作业中，若每台无人驾驶农机均配备一

套激光 SLAM 系统和高性能运算处理器实现小范围卫星

信号被遮挡区域内的无人驾驶农机定位，不仅不能充分

利用激光 SLAM 系统性能，而且增加了成本。因此，在

保持现有农机无人驾驶系统定位解算算法等前提下，研

究能够和 GNSS 系统融合补充的定位系统来解决无人驾

·农业装备工程与机械化· 
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驶农机出入库卫星信号弱或无的问题，对无人化农场的

研究与建设具有重要意义。故本文设计了基于二维激光

感知的农业机器人定位系统，并进行定位试验验证其定

位精度。 

1  基于激光感知的农业机器人定位方法 

1.1  基于激光感知的农业机器人定位原理 

基于激光感知的农业机器人定位系统由移动激光接

收器、处理器、固定激光接收器和二维激光雷达组成，

如图 1 所示，移动激光接收器和处理器安装在机器人上，

固定激光接收器和二维激光雷达固定在已知大地坐标位

置，根据大地坐标点及激光雷达坐标系与大地坐标系的

位置关系，基于激光感知的定位算法计算得到机器人的

大地坐标，因此现有农机无人驾驶系统的定位解算和控

制算法均无需修改即可实现无 GNSS 信号时实现定位和

导航，例如，机器人出库时，在既有基于激光感知的机

器人定位系统定位信号又有 GNSS 信号的区域切换

GNSS 定位系统进行导航，而入库时，在该区域切换采用

基于激光感知的机器人定位系统进行导航。 

 
图 1  基于激光感知的农业机器人定位原理示意图 

Fig.1  Schematic diagram of agricultural robot positioning 
principle based on laser sensing (ARPLS) 

 

1.2  基于激光感知的农业机器人定位算法 

激光雷达以一定周期扫描获得数量已知且排序固定

的点云数据，固定激光接收器感应激光雷达周期性照射

产生固定激光信号，且固定激光接收器位置已知，机器

人运动过程中移动激光接收器感应激光雷达周期性照射

产生移动激光信号，在一个扫描周期中，根据固定激光

信号与移动激光信号得到两者的触发时间差，由此获得

照射到移动激光接收器的激光射线与照射到固定激光接

收器的激光射线夹角 Δθ，以此快速准确找到移动激光接

收器在激光雷达点云中的散点集，结合点云特征匹配算

法获得移动激光接收器中心坐标，最后通过坐标转换得

到移动激光接收器中心在大地坐标系中的位置，即农业

机器人在大地坐标系中的位置。 

在激光雷达扫描平面建立以激光雷达为圆心的极坐

标系和直角坐标系，极坐标系中任意点（ρ，θ），其直

角坐标系为（x，y），坐标转换关系如下： 

 
cos

sin

x

y

 
 

 
 





 （1） 

固定激光接收器光电转换模块的极坐标（ρg，θg）已

知，同一扫描周期 T 内固定激光接收器的激光感应时间

t1、移动激光接收器的激光感应时间 t2，得到时间差为

1 2t t t   ，移动激光接收器与固定激光接收器之间的角

度间隔为 360
t

T
 

   ，移动激光接收器光电转换模块

的极坐标为（ρy，θy），则 θy=θg+Δθ。 

设移动激光接收器感知激光照射的真实长度为 0l ，取

激光照射到移动激光接收器产生的点云中间点，作该点

与坐标原点连线的垂线段，此垂线段连接照射到移动激

光接收器最左侧、最右侧的激光线束，激光线束为各点

云与坐标原点的连线，垂线段长度即为激光接收器感知

激光照射的真实长度。设 N 为移动激光接收器获得的点

云数量，d 为点云距离坐标原点的平均长度，β 为激光雷

达的角度分辨率，可得 N 与 d 的关系式为 

 

02arctan
2

l

dN


  （2） 

激光接收器在激光雷达扫描平面的投影近视为长方

形，如图 2 所示，移动激光接收器感光模块为图中长方

形内的方形。激光接收器的位置状态在点云中主要有 3

种情况：激光接收器外壳有 1 个面被激光照射且该面上

有激光雷达测量点云；激光接收器外壳有两个面被激光

照射且 2 个面上都有激光雷达测量点云；激光接收器外

壳有 2 个面被激光照射但只有 1 个面上有激光雷达测量

点云。若激光接收器外壳有激光雷达测量点云，在直角

坐标系 XOY 下，通过激光接收器外壳长边和短边的激光

雷达点云分别拟合获得直线 1l 和 3l 。 

由 几 何 关 系 可 得
cos

sin
y

y

k



 、 1 3 1k k   、

0
2 1

0

tan(arctan arctan )
D

k k
L

  。已知点 ( , )p pp x y 坐标，由

直线 1l 可求出 2l 和 3l ，同样地，由直线 3l 可求出 2l 和 1l 。 

若可从激光接收器外壳激光雷达的反馈点中提取出

直线 1l 与直线 3l ，则点 p的坐标为 

 
2 1

1 2

1 1

p

p p

b b
x

k k

y k x b





 







 （3） 

若只能提取出直线 1l 或 3l ，则需要估计点 p坐标。设

已知拟合提取直线 1l 的点云集合 dy 共有 i 个点，激光接

收器长边上两端点分别为 dy1 和 dyi，若 dy1(x0, y0)为靠近

激光接收器光电转换模块中心的点，预测的点 p 介于点

dy1 和 射 线 nl 与 直 线 1l 交 点 之 间 ， 则 nl 为

240
tan( )

682 180ny x 
   ，射线 nl 与直线 1l 的交点 ( , )t tt x y

坐标为 

 

1

1

1

1

240
tan( )

682 180

t

t

n

t

b
x

x

k

y k b




 


    



 （4） 
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取点 p为点 dy1与点 t 的平均值，由此可得点 p坐标为 

 

1
0

1 1 0

1

240

8

( ) / 2
tan( )

6 2 8
( ) /

1
2

0

p

p

n

t

b
x x

y k x b y

k








    





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 （5） 

可得直线 2l 方程为 

 0
1 2

0

tan(arctan arctan ) ( )p p

D
y k x y k x

L
     （6） 

激光接收器光电转换模块中心坐标 ( , )c cx y 为直线 2l

与直线 l 的交点，表达为 

 

2

0
1

0

tan(arctan arctan )
c

c

p

c

pk x y

D
k k

x

y kx

L


  







 （7） 

由激光接收器光电转换模块中心坐标推算出移动激

光接收器中心坐标，再转换至大地坐标系下移动激光接

收器中心坐标，即定位坐标。 

 

注：L 为接收器外壳长边长度，cm；D 为接收器外壳短边长度，cm；L0 为

接收器感光模块距外壳短边距离，cm；D0 为接收器感光模块距外壳长边距

离，cm；l 为接收器感光模块与坐标原点连线；l1为拟合出的接收器外壳长

边所在直线；l3为拟合出的接收器外壳短边所在直线，点 P 为直线 l1和直线

l3的交点；l2为接收器感光模块与点 P 连线；k、k1、k2和 k3分别为直线 l1、

l2和 l3的斜率；b1、b2和 b3分别为直线 l1、l2和 l3的截距。ln为离光电转换

模块中心最近的激光雷达扫描射线，θn为激光雷达射线 ln扫描线对应极坐标

的角度值。 
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; L0 is the 
distance from the photosensitive module of the mobile laser receiver to the short 
side of the housing, cm; D0 is the distance from the photosensitive module of the 
mobile laser receiver to the long side of the housing, cm; the l is the connection 
line between the receiver photosensitive module and the coordinate origin, the l1 
is the fitting line of the receiver housing on long side , point P is the intersection 
of line l1 and line l3, l2 is the connection line between the photosensitive module 
of the mobile laser receiver and point P, the l3 is the fitting line of the receiver 
housing on short side, k, k1, k2 and k3 is the slope of the straight line l, l1, l2 and l3, 
respectively; b1 is the intercept of the straight line l1, b1 is the intercept of the 
straight line l2, b3 is the intercept of the straight line l3, the ln is the closest laser 
radar scanning ray to the center of the photoelectric conversion module, θn is the 
angle value of the polar coordinate corresponding to the scanning line of the 
laser radar ray ln. 

 

图 2  激光接收器光电转换模块中心坐标几何关系示意图 

Fig.2  Schematic diagram of the central coordinate geometric 
relationship of the photoelectric conversion module of the laser 

receiver 

2  基于激光感知的农业机器人定位系统试验 

2.1  系统介绍 

基于激光感知的农业机器人定位（ARPLS）系统如

图 3 所示，以东风井关 T954 拖拉机为试验平台。ARPLS

系统硬件部分主要由移动端和固定端组成，移动端包括

移动激光接收器，固定端包括激光雷达和固定激光接收

器。激光接收器通过滤光模块、光电转换模块、信号调

制模块将激光雷达发射的光信号转换成电信号[28]，数据

处理与通信传输模块将激光感应信号通过 CAN 总线进

行传输，激光接收器外壳长边 11 cm，短边 6.5 cm。移

动激光接收器安装在拖拉机顶部机体（沿机头方向）中

心线上，离地高度 3 m，激光雷达和固定接收器固定在

华南农业大学增城教学科研基地农机库支撑柱上，且移

动激光接收器和固定激光接收器均能够接收到激光雷

达发射的激光射线。移动激光接收器和固定激光接收器

的CAN总线通过PCAN-USB传输到处理器，PCAN-USB

用于监听 CAN 网络消息，时间戳的分辨率为 42 μs。激

光雷达的测量距离为 40～20 000 mm，扫描范围为 270°，

角度分辨率为 0.117 2°，扫描频率为 10 Hz，误差为测量

距离的 1%。 
 

 

图 3  安装在拖拉机上的基于激光感知的农业机器人定位系统 

Fig.3  Tractor mounted with ARPLS 
 

使用 Visual studio 2022 通过 C#编程语言编写系统软

件，采用多线程数据事件触发的方式进行数据处理与分

析，得到准确的激光雷达、移动激光接收器和固定激光

接收器的数据响应时间戳，固定端数据发送到移动端进

行分析处理，从而实时获得定位数据。 

试验以全站仪和 RTK GNSS 系统的测量轨迹作为参

考对象，且均采用 WGS-84 坐标系。全站仪自动跟踪安

装在移动激光接收器上的棱镜，进行动态跟踪测量，全

站仪为 Leica Ms60，测量频率 10 Hz，100 m 范围内测量

误差 1 mm；RTK GNSS 系统直接测量获取拖拉机定位，

RTK GNSS 板卡为 K728，测量频率 10 Hz，平面定位精

度 1 cm。 

试验时拖拉机在激光雷达扫描范围内以 0.3、0.5 和

0.8 m/s 分别进行往复的直线运动和曲线运动，行驶距离

9～20 m，每组试验重复 5 次，ARPLS 系统、全站仪和

GNSS 三套定位系统同时采集定位数据，采集时长 3～

5 min，其中激光感知定位系统每次试验获得定位点 2 000

个以上。 
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2.2  坐标系转换与机器人中心定位 

为统一坐标系，试验将 ARPLS 系统的激光雷达坐标

系转换至 WGS-84 坐标系。设 WGS-84 坐标系为 XOY ，

东向为 X 轴，北向为Y 轴，激光雷达坐标系为 X′O′Y′，

大地坐标原点为 O，激光雷达坐标为 O′，两个坐标系之

间的夹角为 θ（逆时针为正）。在 X′O′Y′坐标系下 XOY

中坐标点转化关系如式（8）和式（9）所示，其中（x′，

y′）为 X′O′Y′坐标系下激光雷达的坐标，（x0，y0）为 XOY

坐标系下激光雷达的坐标。 

 0 0( ) cos ( ) sinx x x y y       （8） 

 0 0( )sin ( )cosy x x y y        （9） 

激光雷达的中心点难以用全站仪直接进行测量，激光

雷达坐标系与全站仪坐标系的夹角 也难确定。因此，将

激光雷达固定于标定板上。分别将棱镜固定于标定板上 2

个不同位置上，用全站仪进行测量，得到大地坐标系下

点 1 1 1( , )x y 和点 2 2 2( , )x y ，由点 1 和点 2 坐标计算得到大

地坐标系下激光雷达中心坐标 0 0( , )x y ，过激光雷达中心

做点 1 和点 2 连线的垂线， L 为激光雷达中心至垂足的

距离，可得： 

 
2

2 1
0 2

2 1
2

2 1
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x x
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arctan
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x x






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因此，激光感知定位系统得到的激光雷达坐标系下

的定位点坐标 ( , )d dx y 转换至 WGS-84 坐标系下坐标

( , )f fx y 为 

 0cos sinf d dx x y x     （13） 

 0cos sinf d dy y x y     （14） 

3  结果与分析 

ARPLS 系统、全站仪和 GNSS 测量的一组拖拉机

以 0.8 m/s 速度直线行驶和曲线行驶的轨迹分别如图 4

和图 5 所示，其中直线行驶距离 10 m、曲线行驶距离

12 m。由图可知，ARPLS 系统测量的拖拉机轨迹与全

站仪和 GNSS 测量的轨迹基本重合，表明在试验行驶

距离范围内，ARPLS 系统提供了试验拖拉机在 WGS-84

坐标系下的定位。 

ARPLS系统动态测量拖拉机以0.8 m/s速度进行直线

行驶和曲线行驶定位与全站仪测量定位的偏差绝对值曲

线分别如图 6 和图 7 所示。在相同速度下，直线行驶定

位的偏差绝对值明显小于曲线行驶定位的偏差绝对值，

因此，ARPLS 系统动态测量直线运动定位精度高于曲线

运动定位精度，测量直线运动定位偏差不大于 7 cm，测

量曲线运动定位偏差小于 12 cm。 

 

图 4  拖拉机直线行驶轨迹 

Fig.4  Straight trajectory of the tractor 

 

图 5  拖拉机曲线行驶轨迹 

Fig.5  Curve trajectory of the tractor 

 

图 6  直线行驶的定位偏差绝对值曲线 

Fig.6  Absolute value curve of positioning deviation for  
straight travel 

 

 

图 7  曲线行驶的定位偏差绝对值曲线 

Fig.7  Absolute value curve of positioning deviation for  
curve travel 
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以全站仪测量定位为真值，各试验组次 ARPLS 系统

相对全站仪测量定位的偏差绝对平均值和均方根误差如

表 1 所示。表中试验数据表明，随着拖拉机速度越快，

ARPLS 系统定位相对全站仪定位的误差随之增大；行驶

速度相同时，曲线行驶比直线行驶定位的误差大。0.8 m/s

速度时，直线行驶时最大偏差绝对平均值为 4.1 cm，最

大均方根误差为 1.5 cm；曲线行驶时最大偏差绝对平均

值为 6.2 cm，最大均方根误差为 2.6 cm。 

表 1  激光感知定位相比全站仪定位误差 
Table 1  Positioning error between ARPLS and total station 

行驶类型 
Travel type 

速度 
Speed/(m·s-1) 

序号 
Serial No. 

偏差绝对平均值 
Absolute average 
of deviation/cm 

均方根误差 
Root mean square 

error/cm 
1 2.4 1.0  
2 2.7 1.1  
3 2.3 1.1  
4 2.8 1.0  

0.3 

5 2.3 1.1  
1 3.2 1.2  
2 2.7 1.1  
3 2.9 1.1  
4 3.0 1.1  

0.5 

5 2.4 1.1  
1 3.6 1.4  
2 4.1 1.5  
3 3.3 1.4  
4 3.2 1.4  

直线行驶 
Straight 
travel 

0.8 

5 2.8 1.4  
1 3.6 1.4  
2 3.8 1.5  
3 2.6 1.3  
4 3.5 1.5  

0.3 

5 3.2 1.4  
1 4.8 1.8  
2 4.0 1.8  
3 3.5 1.8  
4 3.9 1.8  

0.5 

5 4.3 1.9  
1 5.2 2.3  
2 5.6 2.5  
3 6.2 2.6  
4 5.2 2.5  

曲线行驶 
Curve travel 

0.8 

5 4.8 2.0  
 

ARPLS 系统的误差主要源于移动激光接收器和固定

激光接收器感知激光的时间差误差以及点云拟合误差。

随着拖拉机速度增加而定位误差增大是由于激光雷达需

要完成一圈扫描才能输出点云数据，导致定位系统数据

输出与测量时刻存在延时。曲线行驶定位误差比直线行

驶定位误差大主要是因为曲线运动导致激光接收器长方

形外壳的长边或短边点云数量少甚至没有，从而降低了

算法推算精度。 

4  结  论 

1）本文提出了基于激光感知的农业机器人定位方

法，利用激光感知和激光雷达点云特征得到移动激光接

收器相对固定激光雷达的位置，通过坐标转换获得机器

人的实时大地定位坐标。 

2）基于激光感知的定位算法解决了难以从二维激光

雷达点云中确定目标对象点云的问题，通过固定激光信

号与移动激光信号触发时间差快速准确找到移动激光接

收器在激光雷达点云中的散点集，结合点云特征匹配算

法实现了快速准确地获得目标对象定位。 

3）设计了基于激光感知的农业机器人定位系统，大

棚内试验结果表明，在激光雷达扫描范围内，机器人行

驶速度为 0.8 m/s 时，直线行驶时最大偏差绝对平均值为

4.1 cm，最大均方根误差为 1.5 cm；曲线行驶时最大偏差

绝对平均值为 6.2 cm，最大均方根误差为 2.6 cm。 

移动接收器外形以及激光雷达扫描外壳获得的点云

数量直接影响基于激光感知的农业机器人定位系统的定

位精度，因此后续将从大尺寸圆形外壳激光接收器设计、

高频率点云激光雷达选用以及与惯性传感器融合算法等

方面开展研究，进一步提高定位精度和环境适应能力。 
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Agricultural robot positioning system based on laser sensing 
 

HU Lian1,2, WANG Zhimin1, WANG Pei1,2※, HE Jie1,2, JIAO Jinkang1, WANG Chenyang1, LI Mingjin1 

(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 
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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

A R T I C L E  I N F O

Keywords:
Field preparation
Rotary tillage
Field topography
Tillage depth

A B S T R A C T

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

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 

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, 
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 
(Janulevičius 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 

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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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.

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 

Fig. 1. Overview of the integrated measurement approach for field surface topography and tillage depth. (a) Operational characteristics of the rotary tiller; (b) 
overall workflow.

Fig. 2. Sensors and mounting.

Table 1 
Technical specifications of sensors.

Sensor Model Serial number Accuracy Sampling rate Synchronization method

GNSS UNICORECOMM UM982 / Horizontal (RTK): 0.8 cm + 1 ppm; 
Vertical (RTK): 1.5 cm + 1 ppm; 
Heading (RTK): 0.1◦/1m

10 Hz PPS signal

AHRS XSENS MTi-300-2A5G4 0378268E Roll/Pitch: 0.2◦ 10 Hz Send latest (In)
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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 VCSPT = [lTX, lTY , lTZ]

T, where lTY can represent any length 
within the working width. As shown in Fig. 5a, when the rotation radius 
of the rotary blade is dB, the position vector of point B in the horizontal 

state is VCSPB = [lTX, lTY , lTZ + dB]
T. 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 
θGNSS, the position vector of point B is updated as shown in Eq. (1). 

VCSPB =

⎡

⎣
lTX − dBsinθGNSS

lTY
lTZ + dBcosθGNSS

⎤

⎦ (1) 

As shown in Fig. 6, the position vector of the rotation center R of the 
tailboard is denoted as VCSPR = [lRX, lRY , lRZ]

T, where lRY 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 dRC When the pitch angle of the implement is θGNSS, and the 
angle between the tailboard and frame is θAHRS, the position vector of the 
profiling point C is given by Eq. (2). 

VCSPC =

⎡

⎣
lRX − dRCcos(θAHRS − θGNSS)

lRY
lRZ − dRCsin(θAHRS − θGNSS)

⎤

⎦ (2) 

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 
(θGNSS), 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 (φGNSS), 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 (ϕAHRS).

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

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.

R R R R

P R P P

P R P P

P

P

P

Fig. 4. Flowchart of FS-TBLSM method.
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dBdB

lTZ

Fig. 5. Position vector of the deepest cutting point B. (a) Horizontal state; (b) Non-horizontal state.

lRZ lRZ

Fig. 6. Position of the profiling point C. (a) Initial state; (b) Operation state.

Fig. 7. Relationship between the GNSS receiver position and attitude angles. (a) Pitch angle θGNSS; (b) Heading angle φGNSS.
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⎧
⎨

⎩

α = − ϕAHRS
β = − θGNSS

γ = 90◦ − φGNSS

(3) 

Based on the angle matching relationship, the rotation matrix is 
established as follow. 

ENURVCS = Rγ
zR

β
yR

α
x

=

⎡

⎣
cosγ − sinγ 0
sinγ cosγ 0
0 0 1

⎤

⎦

⎡

⎣
cosβ 0 sinβ

0 1 0
− sinβ 0 cosβ

⎤

⎦

⎡

⎣
1 0 0
0 cosα − sinα
0 sinα cosα

⎤

⎦

(4) 

The coordinates of the VCS origin in the ENU coordinate system are 
denoted as ENUPO, 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. 
{

ENUPB = ENURVCS⋅ VCSPB + ENUPO
ENUPC = ENURVCS⋅ VCSPC + ENUPO

(5) 

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.

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: 

C =

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

)

(6) 

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

C = U⋅Σ⋅VT (7) 

where U represents the eigenvectors of the covariance matrix, arranged 
in the order of decreasing magnitude of their corresponding eigenvalues; 
Σ is a diagonal matrix, with its diagonal elements being the square roots 

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 (XR

min,XR
max,YR

minandYR
max) 

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 △x and △y, 
respectively, and the grid points are arranged as shown below. 

AR =

{(
XR

í ,Y
R
j́

)
|XR

í = XR
min + í △x,YR

í = YR
min + j́ △y, í

= 0, 1, ...,
[
XR

max − XR
min

△x

]

, j́ = 0, 1, ...,
[
YR

max − YR
min

△y

]}

(8) 

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

BR =

{(
XR

max,Y
R
j́

)
|YR

j́ = YR
min + j́ △y, j́ = 0, 1, ...,

[
YR

max − YR
min

△y

]}

(9) 

CR =

{
(
XR

í ,Y
R
max

)
|XR

í = XR
min + í △x, í = 0, 1, ...,

[
XR

max − XR
min

△x

]}

(10) 

Grid points are merged as shown below. 

GR
gri = AR ∪ BR ∪ CR (11) 

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

Ggri= GR
gri⋅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 (Pclo) is used as the 
training sample, with the topographic height as the corresponding 
output. Assume that the topographic height Zclo,iʹ́  can be modeled using 
a Gaussian process f

(
Pclo,iʹ́

)
and Gaussian noise. 

Zclo,iʹ́ = f
(
Pclo,iʹ́

)
+ εiʹ́ íʹ = 1,2, 3⋯n (13) 

Where, f
(
Pclo,iʹ́

)
is the Gaussian process model, representing the true 

topographic height at the input point Pclo,iʹ́ ; εi ∼ N
(
0, σ2

n
)

epsilon is the 
independent and identically distributed Gaussian noise, with σ2

n as the 
noise variance.
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From Eq. (13), it can be inferred that the output values Zclo follow a 
multivariate Gaussian distribution. 

Zclo ∼ N
(
0,K(Pclo,Pclo) + σ2

nI
)

(14) 

where, K(Pclo,Pclo) is the covariance matrix of the training samples, with 
its elements computed using the kernel function k

(
Pclo,iʹ́ ,Pclo,jʹ́

)
; σ2

nI 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. 

k
(
Pclo,iʹ́ ,Pclo,jʹ́

)
= σ2

f exp

(

−

(
Xclo,iʹ́ − Xclo,jʹ́

)2
+
(
Yclo,iʹ́ − Yclo,jʹ́

)2

2l2

)

(15) 

where, σ2
f is the signal variance, and l is the length scale parameter.

This study optimizes the model parameters σ2
f ,σ2

n and l using 
maximum likelihood estimation.

For each grid point Ggri,t
(
Xgri,t ,Ygri,t

)
, the function value f

(
Ggri,t

)
and 

the topographic height of the training samples Zclo follow a joint 
Gaussian distribution. 

[
Zclo

f
(
Ggri,t

)

]

∼ N

(

0,

[
K(Pclo,Pclo) + σ2

nI k
(
Pclo,Ggri,t

)

k
(
Ggri,t ,Pclo

)
k
(
Ggri,t,Ggri,t

)

])

(16) 

where, k
(
Pclo,Ggri,t

)
and k

(
Ggri,t ,Pclo

)
are the covariance matrices be

tween the training data and grid points; k
(
Ggri,t ,Ggri,t

)
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
(
Ggri,t

)
|Pclo,Zclo,Ggri,t ∼ N

(
μ
(
Ggri,t

)
, σ2(Ggri,t

) )
(17) 

μ
(
Ggri,t

)
= k

(
Ggri,t,Pclo

)[
K(Pclo,Pclo) + σ2

nI
]− 1Zclo (18) 

σ2(Ggri,t
)
= k
(
Ggri,t,Ggri,t

)
− k
(
Ggri,t,Pclo

)[
K(Pclo,Pclo) + σ2

nI
]− 1k

(
Pclo,Ggri,t

)

(19) 

Similarly, using the deepest tillage point from the optimized ROI as 
the observation sample, the SA-GPR algorithm estimates the topo
graphic height (ZB

est) of the tillage-bottom layer at each grid point. Let the 
estimated topographic height of the field surface be ZC

est. The tillage 
depth is then given by the following equation. 

Fig. 8. SA-GPR algorithm flowchart.

Fig. 9. Test platform.
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dtil = ZC
est − ZB

est (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.

Before the test, based on the geometric relationship of the rotary 
tillage implement, the motion radius dB of the deepest cutting point was 
measured as 0.252 m, and the motion radius dRC 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.

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.

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 \
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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.

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 

Fig. 11. Static test method. (a) Deepest cutting point; (b) profiling point.

Fig. 12. Dynamic test method.
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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 

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 CIs, 

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
Z 0.313

Left side of the profiling point X 0.125
Y 0.125
Z 0.438
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confirming its high measurement accuracy and reliability.

3.1.2. Dynamic measurement accuracy
Owing to the large sample size of the dynamic measurement data, 

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 % CIs 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 

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 
(mm)

AAE (mm, 95 
%CI)

RMSE (mm, 
95 %CI)

Right side of the deepest 
cutting point

X 15.5 7.7 (2.7, 12.7) 9.6 (3.7, 13.3)
Y 10.5 6.8 (3.5, 9.7) 7.8 (5.1, 9.8)
Z 24.1 10.7 (4.4, 

18.1)
13.2 (5.2, 
19.7)

Left side of the deepest 
cutting point

X 18.7 14.5 (11.3, 
17.7)

15.0 (11.8, 
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 
point

X 6.3 3.7 (1.9, 5.2) 4.1 (2.4, 5.6)
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 
point

X 13.6 8.8 (4.0, 12.8) 10.1 (6.0, 
12.8)

Y 19.4 11.7 (6.6, 
16.8)

13.2 (6.6, 
17.6)

Z 22.7 10.5 (5.5, 
16.8)

12.4 (5.8, 
18.4)
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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, 

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 

Fig. 15. Dynamic measurement results of the deepest cutting point; (a) Spatial trajectory; (b) Plane trajectory; (c) Height trajectory.

Fig. 16. Dynamic measurement results of the profiling point. (a) Spatial trajectory; (b) Plane trajectory; (c) Height trajectory.

Fig. 17. Error distribution of dynamic measurement error. (a) Deepest cutting point; (b) Profiling point.
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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.

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 % CIs.

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 ×
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 

Table 6 
Dynamic measurement error.

Position Axis MAE 
(mm)

AAE (mm, 95 % 
CI)

RMSE (mm, 95 % 
CI)

The deepest cutting 
point

X 50.9 9.3 (8.09, 
10.58)

12.8 (10.88, 
14.63)

Y 33.7 6.1 (5.24, 6.96) 8.4 (7.04, 9.74)
Z 21.1 13.3 (12.87, 

13.84)
13.7 (13.28, 
14.23)

The profiling point X 57.1 14.5 (12.72, 
16.12)

19.5 (17.72, 
21.01)

Y 22.6 7.2 (6.49, 8.02) 9.3 (8.55, 10.10)
Z 25.0 10.0 (9.25, 

10.79)
11.7 (10.88, 
12.39)

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.

Fig. 20. Measurement accuracy of surface topographic height. (a) Measured and reference values; (b) Height measurement error.

Fig. 21. Directional adaptive gridding method in plane topography; (a) Extraction of field boundary; (b) Grid point distribution.

Fig. 22. Estimation results of the grid points surface topographic heights; (a) Estimated and reference values; (b) Height error.

G. Chen et al.                                                                                                                                                                                                                                    Computers and Electronics in Agriculture 239 (2025) 111000 

14 193



points (reference points). Finally, three grid spacings—1 m × 1 m, 2 m 
× 2 m, and 3 m × 3 m—were used, and the corresponding AAE and 
RMSE were measured, along with their 95 % CIs, 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 across the 1 m × 1 m, 2 m × 2 m, 
and 3 m × 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 × 2 m), whereas the minimum was 20.99 mm (1 m × 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 × 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 

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 

Table 7 
Estimation accuracy under different grid spacings.

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

1 m × 1 m 20.99 (19.75, 22.20) 22.73 (21.54, 23.89)
2 m × 2 m 22.71 (20.84, 24.84) 24.13 (22.31, 26.18)
3 m × 3 m 21.14 (17.57, 25.21) 23.33 (19.74, 27.02)
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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 

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 

Fig. 23. Topographic height and tillage depth estimation results for 20 points; (a) Topographic height estimation error; (b) Tillage depth estimation error.

Table 8 
Estimation accuracy of topographic height and tillage depth.

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

Topographic height 17.13 (15.12, 19.35) 17.95 (15.91, 20.11)
Tillage depth 14.52 (11.27, 17.99) 16.49 (12.26, 20.37)

Table 9 
Field surface topography and tillage depth measurement methods.

Object method Platform Sensors Height accuracy References

Field surface 
topography

vehicle-based Dry-land leveling machinery GNSS, AHRS Flatness improved by an average of 
12.811 %

Jing et al. 
(2019)

Dry-land leveling machinery GNSS, IMU, displacement 
sensor

RMSE = 16.5 mm Wang et al. 
(2023)

Rice transplanter GNSS, AHRS RMSE = 14.9 mm Tu et al. (2023)
remote 
sensing

DJI M600 PRO UAV LiDAR, GNSS, IMU The average value of the flatness 
accuracy is 91.73 %

Jin et al. (2021)

Six-rotor UAV LiDAR, GNSS, MEMS Average RMSE = 38.5 mm Du et al. (2022)
Tillage depth Non-contact 

type
Subsoiling shovel Ultrasonic sensor Standard deviation = 31.82 mm Lou et al. (2021)

Contact type Subsoiling shovel with parallelogram and 
ground wheel

Ultrasonic sensor Average RMSE = 7.7 mm Niu et al. (2016)

Rotary tiller with copying mechanism Tilt sensors (4 units), GNSS Average RMSE = 10.8 mm Ma et al. (2024)
Subsoiling shovel 
with swing arm and ground wheel

Optical encoder RMSE = 10.38 mm 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.

(2) 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.

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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Janulevičius, A., Šarauskis, E., Čiplienė, A., Juostas, A., 2019. Estimation of farm tractor 
performance as a function of time efficiency during ploughing in fields of different 
sizes. Biosyst. Eng. 179, 80–93. https://doi.org/10.1016/j. 
biosystemseng.2019.01.004.

Jat, M.L., Singh, Y., Gill, G., Sidhu, H., Aryal, J.P., Stirling, C., Gerard, B., 2015. Laser 
assisted precision land leveling: Impacts in irrigated intensive production systems of 
South Asia. Advances in soil science 323–352.

Jia, H., Guo, M., Yu, H., Li, Y., Feng, X., Zhao, J., Qi, J., 2016. An adaptable tillage depth 
monitoring system for tillage machine. Biosyst. Eng. 151, 187–199. https://doi.org/ 
10.1016/j.biosystemseng.2016.08.022.

Jia, H., Wang, L., Li, C., Tan, H., Ma, C., 2010. Combined stalk–stubble breaking and 
mulching machine. Soil Tillage Res. 107 (1), 42–48. https://doi.org/10.1016/j. 
still.2010.02.002.

Jin, Z., Jing, Y., Liu, G., 2021. Farmland leveling topography measurement method based 
on uav lidar. Trans. Chinese Soc. Agric. Mach. 52 (S1), 51–57. https://doi.org/ 
10.6041/j.issn.1000-1298.2021.S0.007.

Jing, Y., Liu, G., Jin, Z.K., 2019. Topographic survey of farmland based on GNSS dual 
antenna combined with ahrs. Trans. Chinese Soc. Agric. Eng. 35 (21), 166–174. 
https://doi.org/10.11975/j.issn.1002-6819.2019.21.020.

Jing, Y., Liu, G., Luo, C., 2021. Path tracking control with slip compensation of a global 
navigation satellite system based tractor-scraper land levelling system. Biosyst. Eng. 
212, 360–377. https://doi.org/10.1016/j.biosystemseng.2021.11.010.

Jing, Y., Luo, C., Liu, G., 2022. Multiobjective path optimization for autonomous land 
levelling operations based on an improved Moea/d-aco. Comput. Electron. Agric. 
197, 106995. https://doi.org/10.1016/j.compag.2022.106995.

Karunathilake, E.M.B.M., Le, A.T., Heo, S., Chung, Y.S., Mansoor, S., 2023. The path to 
smart farming: innovations and opportunities in precision agriculture. Agriculture 
13 (8), 1593. https://doi.org/10.3390/agriculture13081593.

Kühl, N., Fischer, H., Hinze, M., Rung, T., 2024. An incremental singular value 
decomposition approach for large-scale spatially parallel & distributed but 
temporally serial data – applied to technical flows. Comput. Phys. Commun. 296, 
109022. https://doi.org/10.1016/j.cpc.2023.109022.

Lou, S., He, J., Lu, C., Liu, P., Li, H., Zhang, Z., 2021. A tillage depth monitoring and 
control system for the independent adjustment of each subsoiling shovel. Actuators 
10 (10), 250. https://doi.org/10.3390/act10100250.

Ma, R., Wei, L., Zhao, B., Zhou, L., Liu, Y., Xing, G., 2024. Research on rotary tillage 
depth detection based on multi-sensor data fusion. Trans. Chinese Soc. Agric. 
Machinery 55 (9), 52–64. https://doi.org/10.6041/j.issn.1000-1298.2024.09.004.

Miao, Q., Gonçalves, J.M., Li, R., Gonçalves, D., Levita, T., Shi, H., 2021. Assessment of 
precise land levelling on surface irrigation development. Impacts on maize water 
productivity and economics. Sustainability 13 (3), 1191. https://doi.org/10.3390/ 
su13031191.

Nadimi, M., Sun, D., Paliwal, J., 2021. Recent applications of novel laser techniques for 
enhancing agricultural production. Laser Phys. 31 (5). https://doi.org/10.1088/ 
1555-6611/abebda.

Niu, K., Yuan, Y., Zhang, J., Wang, F., Liu, Y., Fang, X., Cheng, H., 2016. Design 
Optimization and Performance Evaluation of a Tillage Depth Precision Measurement 
System. In: International Conference on Computer and Computing Technologies in 
Agriculture. Springer International Publishing, Cham, pp. 236–245. https://doi.org/ 
10.1007/978-3-030-06155-5_23.

Rezaei-Moghaddam, K., Far, S.T., 2019. The impact assessment of technologies diffusion: 
a mixed methods analysis. Chem. Biol. Technol. Agric. 6 (1). https://doi.org/ 
10.1186/s40538-019-0162-3.

Tao, W., Chen, B., Yang, X., Guo, B., Xu, W., Ke, S., Huang, S., 2025. Design and 
experimental study of tillage depth control system for electric rotary tiller based on 
ladrc. Sci. Rep. 15 (1). https://doi.org/10.1038/s41598-025-86283-6.

Tu, T., He, J., Luo, X., Hu, L., Wang, P., Chen, G., Tian, L., Feng, D., Wang, Z., Man, Z., 
Li, W., Wei, Z., Peng, J., Yi, Y., Wu, P., 2023. Methods and experiments for collecting 
information and constructing models of bottom-layer contours in paddy fields. 
Comput. Electron. Agric. 207, 107719. https://doi.org/10.1016/j. 
compag.2023.107719.

Wang, P., Feng, D., Chen, G., He, J., Hu, L., Peng, J., 2023. Real-time 3D terrain 
measurement method and experiment in farmland leveling. Trans. Chinese Soc. 
Agric. Mach. 54 (3), 42–48. https://doi.org/10.6041/j.issn.1000-1298.2023.03.004.

Westlund, H., 2013. A brief history of time, space, and growth: waldo Tobler’s first law of 
geography revisited. Ann. Reg. Sci. 51 (3), 917–924. https://doi.org/10.1007/ 
s00168-013-0571-3.

Zhang, W., Chen, X., Qi, J., Zhou, J., Li, N., Wang, S., 2024. Deep learning and gaussian 
process regression basedpath extraction for visual navigation under canopy. Trans. 
Chinese Soc. Agric. Mach. 55 (07), 15–26. https://doi.org/10.6041/j.issn.1000- 
1298.2024.07.002.

Zhou, H., Hu, L., Luo, X., Zhao, R., Xu, Y., Yang, W., 2016. Design and experiment on 
auto leveling system of rotary tiller. Trans. Chinese Soc. Agric. Mach 47 (S1), 
117–123. https://doi.org/10.6041/j.issn.1000-1298.2016.S0.018.

Zhu, Y., Cui, B., Yu, Z., Gao, Y., Wei, X., 2024. Tillage depth detection and control based 
on attitude estimation and online calibration of model parameters. Agriculture 14 
(12), 2130. https://doi.org/10.3390/agriculture14122130.

G. Chen et al.                                                                                                                                                                                                                                    Computers and Electronics in Agriculture 239 (2025) 111000 

18 197

https://doi.org/10.1016/j.still.2012.08.010
https://doi.org/10.1016/j.still.2012.08.010
https://doi.org/10.1016/j.still.2008.12.002
https://doi.org/10.1016/j.compag.2024.108901
https://doi.org/10.1016/j.compag.2024.108901
https://doi.org/10.3390/drones6120403
https://doi.org/10.1186/s12870-019-1913-9
https://doi.org/10.1145/3447755
https://doi.org/10.7717/peerj.15739
https://doi.org/10.1016/j.biosystemseng.2023.01.011
https://doi.org/10.1016/j.biosystemseng.2023.01.011
https://doi.org/10.1007/s11004-014-9540-3
https://doi.org/10.1007/s11004-014-9540-3
https://doi.org/10.17221/373/2022-PSE
https://doi.org/10.17221/373/2022-PSE
https://doi.org/10.1016/j.biosystemseng.2019.01.004
https://doi.org/10.1016/j.biosystemseng.2019.01.004
http://refhub.elsevier.com/S0168-1699(25)01106-8/h9000
http://refhub.elsevier.com/S0168-1699(25)01106-8/h9000
http://refhub.elsevier.com/S0168-1699(25)01106-8/h9000
https://doi.org/10.1016/j.biosystemseng.2016.08.022
https://doi.org/10.1016/j.biosystemseng.2016.08.022
https://doi.org/10.1016/j.still.2010.02.002
https://doi.org/10.1016/j.still.2010.02.002
https://doi.org/10.6041/j.issn.1000-1298.2021.S0.007
https://doi.org/10.6041/j.issn.1000-1298.2021.S0.007
https://doi.org/10.11975/j.issn.1002-6819.2019.21.020
https://doi.org/10.1016/j.biosystemseng.2021.11.010
https://doi.org/10.1016/j.compag.2022.106995
https://doi.org/10.3390/agriculture13081593
https://doi.org/10.1016/j.cpc.2023.109022
https://doi.org/10.3390/act10100250
https://doi.org/10.6041/j.issn.1000-1298.2024.09.004
https://doi.org/10.3390/su13031191
https://doi.org/10.3390/su13031191
https://doi.org/10.1088/1555-6611/abebda
https://doi.org/10.1088/1555-6611/abebda
https://doi.org/10.1007/978-3-030-06155-5_23
https://doi.org/10.1007/978-3-030-06155-5_23
https://doi.org/10.1186/s40538-019-0162-3
https://doi.org/10.1186/s40538-019-0162-3
https://doi.org/10.1038/s41598-025-86283-6
https://doi.org/10.1016/j.compag.2023.107719
https://doi.org/10.1016/j.compag.2023.107719
https://doi.org/10.6041/j.issn.1000-1298.2023.03.004
https://doi.org/10.1007/s00168-013-0571-3
https://doi.org/10.1007/s00168-013-0571-3
https://doi.org/10.6041/j.issn.1000-1298.2024.07.002
https://doi.org/10.6041/j.issn.1000-1298.2024.07.002
https://doi.org/10.6041/j.issn.1000-1298.2016.S0.018
https://doi.org/10.3390/agriculture14122130


198



Academic Editor: Suresh Neethirajan

Received: 7 June 2025

Revised: 9 July 2025

Accepted: 24 July 2025

Published: 25 July 2025

Citation: Zhou, H.; Wang, J.; Chen, Y.;

Hu, L.; Li, Z.; Xie, F.; He, J.; Wang, P.

Neural Network-Based SLAM/GNSS

Fusion Localization Algorithm for

Agricultural Robots in Orchard

GNSS-Degraded or Denied

Environments. Agriculture 2025, 15,

1612. https://doi.org/10.3390/

agriculture15151612

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Neural Network-Based SLAM/GNSS Fusion Localization
Algorithm for Agricultural Robots in Orchard GNSS-Degraded
or Denied Environments
Huixiang Zhou 1,2, Jingting Wang 1, Yuqi Chen 1, Lian Hu 1 , Zihao Li 1, Fuming Xie 1, Jie He 1,3,* and Pei Wang 1,*

1 College of Engineering, South China Agricultural University, Guangzhou 510642, China;
huixiangzhou@stu.scau.edu.cn (H.Z.); jingtingwang@stu.scau.edu.cn (J.W.); chenyuqi@stu.scau.edu.cn (Y.C.);
lianhu@scau.edu.cn (L.H.);youyu@stu.scau.edu.cn (Z.L.); 2964330954@stu.scau.edu.cn (F.X.)

2 State Key Laboratory of Agricultural Equipment Technology, Guangzhou 510642, China
3 Huangpu Innovation Research Institute, South China Agricultural University, Guangzhou 510642, China
* Correspondence: hooget@scau.edu.cn (J.H.); wangpei@scau.edu.cn (P.W.)

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

Fi The point cloud data from LiDAR
Aj The acceleration from IMU
ωj The angular velocity from IMU
Zk The positioning orientation data from the dual antennas
θ The initial RTK heading angle

Pgnss
k The observed pose in the GNSS coordinate system

Pslam
j The observed pose in the SLAM coordinate system

Pslam′
j The SLAM pose after preprocessing of coordinate system alignment

Pslam′′
j The optimized SLAM pose

P f used
j

The fused pose

i, j, k 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.

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 ∆Pi,i+1, velocity increment ∆Vi,i+1, and rotational
increment ∆Ri,i+1, which are incorporated as constraints into the factor graph for optimiza-
tion. The IMU pre-integration formulation is expressed as follows:

∆Vi,i+1 = RT
i (Vi+1 −Vi − g∆ti,i+1)

∆Pi,i+1 = RT
i

(
Pi+1 − Pi −Vi∆ti,i+1 − 1

2 g∆t2
i,i+1

)
∆Ri,i+1 = RT

i Ri+1

(1)

where g is the acceleration of gravity; ∆ti,i+1 is the time interval between two neighboring
keyframes; Vi and Vi+1 are the velocities at the moments i and i + 1; Pi and Pi+1 are the
positions at the moments i and i + 1; RT

i is the rotation matrix transpose at the moment i;
and Ri+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 dek and point-to-plane distance dpk are utilized to
formulate pose estimation equations.

dek =
|(pe

i+1,k−pe
i,u)×(pe

i+1,k−pe
i,v)|

|pe
i,u−pe

i,v|

dpk =

∣∣∣∣∣∣∣∣
(

pp
i+1,k − pp

i,u

)(
pp

i,u − pp
i,v

)
×

(
pp

i,u − pp
i,w

) ∣∣∣∣∣∣∣∣
|(pp

i,u−pp
i,v)×(pp

i,u−pp
i,w)|

(2)

where k, u, v, and w are feature indices in the corresponding set; pe
i+1,k, pe

i,u, and pe
i,v are

points on edge features; and pp
i+1,k, pp

i,u, pp
i,v, and pp

i,w are points on planar features.
The Gauss–Newton method is used to solve for the optimal transformation by minimizing:

min
Ti+1

 ∑
pe

i+1,k∈′F
e
i+1

dek + ∑
pp

i+1,k∈′F
p
i+1

dpk

 (3)

where Ti+1 is the pose at moment i + 1; ′Fe
i+1 is the edge feature transformed to the world co-

ordinate system; and ′Fp
i+1 is the planar feature transformed to the world coordinate system.

The relative pose transformation between two adjacent keyframes is computed:

∆Ti,i+1 = TT
i Ti+1 (4)

where Ti 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 θ 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.

Figure 3. Coordinate system framework.

During the system initialization phase, the initial heading angle θ is obtained through
dual-antenna RTK measurements. The SLAM coordinate system is then rotated about
the Z-axis by −θ 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

ymid

zmid

 = RMID
SLAM

 xslam

yslam

zslam

 =

cos(−θ) − sin(−θ) 0
sin(−θ) cos(−θ) 0

0 0 1


 xslam

yslam

zslam

 (5)

where xslam, yslam, and zslam are the position coordinates under the SLAM coordinate
system; xmid, ymid, and zmid are the position coordinates under the MID coordinate sys-
tem; and RMID

SLAM 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 = xt−1 + kt−1
x ∆t

yt = yt−1 + kt−1
y ∆t

θt = θt−1 + kt−1
θ ∆t

(6)

where xt, yt, and θt are the x, y coordinates and heading angle at the current moment; xt−1,
yt−1, and θt−1 are the x, y coordinates and heading angle at the previous moment; kt−1

x ,
kt−1

y , and kt−1
θ are the rate of change of x, y coordinates and heading angle at the previous

moment; and ∆t 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:

xmix = x + ∆x
ymix = y + ∆y
θmix = θ + ∆θ

(7)

where xmix, ymix, and θmix are the x, y coordinates and heading angles after correction; x, y,
and θ are the x, y coordinates and heading angles before correction; and ∆x, ∆y, and ∆θ 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 f used = wgnssxgnss + wslamxslam

y f used = wgnssygnss + wslamyslam

wgnss + wslam = 1
(8)

where wgnss is the weight of the GNSS position; wslam is the weight of the SLAM position;
xgnss and ygnss are the position coordinates in the GNSS coordinate system; xslam and yslam

are the position coordinates in the SLAM coordinate system; and x f used and y f used are the
fused position coordinates.

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 LMAE between the fused position coordinates and the ground truth
position coordinates. The mathematical formulation is defined as follows:

LMAE =
1
N

N

∑
i=1

∣∣∣pi
f used − pi

true

∣∣∣ (9)

where pi
f used is the fusion position coordinate of the i-th sample; pi

true 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, µ, σ, gpsx, gpsy, slamx, slamy, GDOP
Output: Wgps, Wslam, f usedx, f usedy

1: function PREDICTWEIGHTS (M, µ, σ, gpsx, gpsy, slamx, slamy, GDOP)
2: x← [gpsx, gpsy, slamx, slamy, GDOP]
3: if µ ̸= ∅∧ σ ̸= ∅ then
4: x ← (x− µ)⊘ σ

5: end if
6: X← tensor(x)
7: (Wgps, Wslam)←M(X)
8: return Wgps, Wslam

9: end function
10: function FUSEPOSITION (gpsx, gpsy, slamx, slamy, Wgps, Wslam)
11: f usedx ←Wgps × gpsx + Wslam × slamx

12: f usedy ←Wgps × gpsy + Wslam × slamy

13: return f usedx, f usedy

14: end function

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:

θ f used = wgnssθgnss + wslamθslam (10)

where θgnss is the heading angle in the GNSS coordinate system; θslam is the heading angle
in the SLAM coordinate system; and θ f used 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 d1 in areas of high GNSS signal quality, the average position deviation
d2 in transitional zones experiencing signal degradation or recovery, the average position
deviation d3 in GNSS-denied environments, and the average velocity v. 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 ×Width ×Height/(mm×mm×mm) 1023 × 778 × 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 d1 in areas of high GNSS signal quality, the average position deviation
d2 in transitional zones experiencing signal degradation or recovery, the average position
deviation d3 in GNSS-denied environments, and the average velocity v. 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 50 100 150 200 250 300

Epoch

0.015

0.02

0.025

0.03

0.035

0.04
Training Loss
Validation Loss

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, d1 = 0.04 m,
d2 = 0.06 m, d3 = 0.10 m, and v = 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
NO.

–
d/m

–
d1/m

–
d2/m

–
d3/m

–
v/(m·s−1)

1 0.07 0.03 0.07 0.11 0.60
2 0.07 0.04 0.07 0.10 0.54
3 0.06 0.04 0.05 0.08 0.58

Average 0.07 0.04 0.06 0.10 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 = 0.12 m, d1 = 0.06 m,
d2 = 0.11 m, d3 = 0.14 m, and v = 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
NO.

–
d/m

–
d1/m

–
d2/m

–
d3/m

–
v/(m·s−1)

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
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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 XAI-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 AI 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-
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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.

Author Contributions: Conceptualization, H.Z., J.H., J.W., and Y.C.; methodology, H.Z., J.H., J.W.,
and Y.C.; validation, H.Z., J.W., and Y.C.; formal analysis, H.Z., Y.C., J.W., and Z.L.; investigation,
H.Z., J.W., and F.X.; resources, H.Z. and J.H.; data curation, H.Z., J.W., Y.C., Z.L., J.H., and L.H.;
writing—original draft preparation, H.Z., J.W., Y.C., and F.X.; writing—review and editing, H.Z., J.W.,
and J.H.; visualization, H.Z., J.W., Y.C., and P.W.; supervision, J.H.; project administration, H.Z. and
J.W.; funding acquisition, J.H. and L.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Special Fund for Hunan innovative province construction
project (2023NK1020), Key R&D Plan Project of Shandong Province (2022SFGC0202).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Luo, X.W.; Hu, L.; He, J.; Zhang, Z.G.; Zhou, Z.Y.; Zhang, W.Y.; Liao, J.; Huang, P.K. Key Technologies and Practice of Unmanned

Farm in China. Trans. Chin. Soc. Agric. Eng. 2024, 40, 1–16. [CrossRef]
2. Liu, J.Z.; Jiang, Y.X. Industrialization Trends and Multi-arm Technology Direction of Harvesting Robots. Trans. Chin. Soc. Agric.

Mach. 2024, 55, 1–17. [CrossRef]
3. Sun, Z.Q.; Tang, S.Y.; Luo, X.F.; Dong, J.W.; Xu, N. Research and Application Status of Path Planning for Agricultural Inspection

Robots. Agric. Equip. Veh. Eng. 2025, 63, 18–24. [CrossRef]
4. Wang, N.; Han, Y.X.; Wang, Y.X.; Wang, T.H.; Zhang, M.; Li, H. Research Progress of Agricultural Robot Full Coverage Operation

Planning. Trans. Chin. Soc. Agric. Mach. 2022, 53, 1–19. [CrossRef]
5. Zhang, M.; Ji, Y.H.; Li, S.C.; Cao, R.Y.; Xu, H.Z.; Zhang, Z.Q. Research Progress of Agricultural Machinery Navigation Technology.

Trans. Chin. Soc. Agric. Mach. 2020, 51, 1–18. [CrossRef]
6. Xu, T.; Zhou, Z.Q. Current Status and Trends of Agricultural Robotics Development. Agric. Equip. Technol. 2024, 2025, 51.
7. Chen, Y.; Zhang, T.M.; Sun, D.Z.; Peng, X.D.; Liao, Y.Y. Design and experiment of locating system for facilities agricultural vehicle

based on wireless sensor network. Trans. Chin. Soc. Agric. Eng. 2015, 31, 190–197. [CrossRef]
8. Ma, Q.; Tang, G.Y.; Fu, Z.Y.; Deng, H.G.; Fan, J.N.; Wu, C.C. Research progress on autonomous agricultural machinery technology

and automatic parking methods in China. Trans. Chin. Soc. Agric. Eng. 2025, 41, 15–27. [CrossRef]
9. Liu, C.L.; Gong, L.; Yuan, J.; Li, Y.M. Development Trends of Agricultural Robots. Trans. Chin. Soc. Agric. Mach. 2022, 53, 1–22, 55.

[CrossRef]

215

https://doi.org/10.11975/j.issn.1002-6819.202312126
https://doi.org/10.6041/j.issn.1000-1298.2024.10.001
https://doi.org/10.3969/j.issn.1673-3142.2025.01.003
https://doi.org/10.6041/j.issn.1000-1298.2022.S1.001
https://doi.org/10.6041/j.issn.1000-1298.2020.04.001
https://doi.org/10.11975/j.issn.1002-6819.2015.10.025
https://doi.org/10.11975/j.issn.1002-6819.202410129
https://doi.org/10.6041/j.issn.1000-1298.2022.07.001


Agriculture 2025, 15, 1612 18 of 18

10. Liu, Z.P.; Zhang, Z.G.; Luo, X.W.; Wang, H.; Huang, P.K.; Zhang, J. Design of automatic navigation operation system for Lovol
ZP9500 high clearance boom sprayer based on GNSS. Trans. Chin. Soc. Agric. Eng. 2018, 34, 15–21. [CrossRef]

11. Zhang, Z.G.; Luo, X.W.; Zhao, Z.X.; Huang, P.S. Trajectory Tracking Control Method Based on Kalman Filter and Pure Pursuit
Model for Agricultural Vehicle. Trans. Chin. Soc. Agric. Mach. 2009, 40, 6–12.

12. Ding, Y.C.; He, Z.B.; Xia, Z.Z.; Peng, J.Y.; Wu, T.H. Design of navigation immune controller of small crawler-type rape seeder.
Trans. Chin. Soc. Agric. Eng. 2019, 35, 12–20. [CrossRef]

13. Li, Q.T.; Liu, B. Design and Path Planning of Agricultural Machinery Automatic Navigation System Based on GNSS. Test. Meas.
Technol. 2024, 38, 256–263. [CrossRef]

14. Hu, J.T.; Gao, L.; Bai, X.P.; Li, T.C.; Liu, X.G. Review of research on automatic guidance of agricultural vehicles. Trans. Chin. Soc.
Agric. Eng. 2015, 31, 1–10. [CrossRef]

15. Ji, C.Y.; Zhou, J. Current Situation of Navigation Technologies for Agricultural Machinery. Trans. Chin. Soc. Agric. Mach. 2014, 45,
44–54. [CrossRef]

16. Luo, X.W.; Liao, J.; Hu, L.; Zhou, Z.Y.; Zhang, Z.G.; Zang, Y.; Wang, P.; He, J. Research progress of intelligent agricultural
machinery and practice of unmanned farm in China. J. South China Agric. Univ. 2021, 42, 8–17. [CrossRef]

17. Wang, J.; Chen, Z.W.; Xu, Z.S.; Huang, Z.D.; Jing, J.S.; Niu, R.X. Inter-rows Navigation Method of Greenhouse Robot Based on
Fusion of Camera and LiDAR. Trans. Chin. Soc. Agric. Mach. 2023, 54, 32–40. [CrossRef]

18. Yousuf, S.; Kadri, M.B. Information Fusion of GPS, INS and Odometer Sensors for Improving Localization Accuracy of Mobile
Robots in Indoor and Outdoor Applications. Robotica 2021, 39, 250–276. [CrossRef]

19. Yin, X.; Wang, Y.X.; Chen, Y.L.; Jin, C.Q.; Du, J. Development of autonomous navigation controller for agricultural vehicles. Int. J.
Agric. Biol. Eng. 2020, 13, 70–76. [CrossRef]

20. He, Y.; Huang, Z.Y.; Yang, N.Y.; Li, X.Y.; Wang, Y.W.; Feng, X.P. Research Progress and Prospects of Key Navigation Technologies
for Facility Agricultural Robots. Smart Agric. 2024, 6, 1–19. [CrossRef]

21. Liu, Y.; Ji, J.; Pan, D.; Zhao, L.J.; Li, M.S. Localization Method for Agricultural Robots Based on Fusion of LiDAR and IMU. Smart
Agric. 2024, 6, 94–106. [CrossRef]

22. Jin, B.; Li, J.X.; Zhu, D.K.; Guo, J.; Su, B.F. GPS/INS navigation based on adaptive finite impulse response-Kalman filter algorithm.
Trans. Chin. Soc. Agric. Eng. 2019, 35, 75–81. [CrossRef]

23. Cao, J.J.; Fang, J.C.; Sheng, W.; Bai, H.X. Adaptive neural network prediction feedback for MEMS-SINS during GPS outage. J.
Astronaut. 2009, 30, 2231–2236, 2264. [CrossRef]

24. Shen, C.; Zhang, Y.; Tang, J.; Cao, H.; Liu, J. Dual-optimization for a MEMS-INS/GPS system during GPS outages based on the
cubature Kalman filter and neural networks. Mech. Syst. Signal Process. 2019, 133, 106222. [CrossRef]

25. Liu, Q.Y.; Hao, L.L.; Huang, S.J.; Zhu, S.Y. A New Study of Neural Network Aided GPS/MEMS-INS Integrated Navigation. J.
Geomat. Sci. Technol. 2014, 31, 336–341. [CrossRef]

26. Zhang, W.Y.; Wang, J.; Zhang, Z.G.; He, J.; Hu, L.; Luo, X.W. Self-calibrating Variable Structure Kalman Filter for Tractor
Navigation during BDS Outages. Trans. Chin. Soc. Agric. Mach. 2020, 51, 18–27. [CrossRef]

27. Wei, Y.F.; Li, Q.L.; Sun, Y.T.; Sun, Y.J.; Hou, J.L. Research on Orchard Robot Navigation System Based on GNSS and Lidar. J. Agric.
Mech. Res. 2023, 45, 55–61+69. [CrossRef]

28. Hu, L.; Wang, Z.M.; Wang, P.; HE, J.; Jiao, J.K.; Wang, C.Y.; Li, M.J. Agricultural robot positioning system based on laser sensing.
Trans. Chin. Soc. Agric. Eng. 2023, 39, 1–7. [CrossRef]

29. Shan, T.; Englot, B.; Meyers, D.; Wang, W.; Ratti, C.; Rus, D. LIO-SAM: Tightly-coupled Lidar Inertial Odometry via Smoothing
and Mapping. In Proceedings of the 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems, Las Vegas, NV,
USA, 25–29 October 2020. [CrossRef]

30. Liu, H.; Pan, G.S.; Huang, F.X.; Wang, X.; Gao, W. LiDAR-IMU-RTK fusion SLAM method for large-scale environment. J. Chin.
Inert. Technol. 2024, 32, 866–873. [CrossRef]

31. Jiang, L.; Xu, B.; Husnain, N.; Wang, Q. Overview of Agricultural Machinery Automation Technology for Sustainable Agriculture.
Agronomy 2025, 15, 1471. [CrossRef]

32. Tateno, K.; Tombari, F.; Laina, I.; Navab, N. CNN-SLAM: Real-Time Dense Monocular SLAM with Learned Depth Prediction. In
Proceedings of the 2017 IEEE Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21–26 July 2017.
[CrossRef]

33. Feng, M.; Hu, S.; Ang, M.; Lee, G.H. 2D3D-MatchNet: Learning to Match Keypoints Across 2D Image and 3D Point Cloud. arXiv
2019, arXiv:1904.09742. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

216

https://doi.org/10.11975/j.issn.1002-6819.2018.01.03
https://doi.org/10.11975/j.issn.1002-6819.2019.07.002
https://doi.org/10.3969/j.issn.1671-7449.2024033
https://doi.org/10.11975/j.issn.1002-6819.2015.10.001
https://doi.org/10.6041/j.issn.1000-1298.2014.09.008
https://doi.org/10.7671/j.issn.1001-411X.202108040
https://doi.org/10.6041/j.issn.1000-1298.2023.03.003
https://doi.org/10.1017/S0263574720000351
https://doi.org/10.25165/j.ijabe.20201304.5470
https://doi.org/10.12133/j.smartag.SA202404006
https://doi.org/10.12133/j.smartag.SA202401009
https://doi.org/10.11975/j.issn.1002-6819.2019.03.010
https://doi.org/10.3873/j.issn.1000-1328.2009.06.030
https://doi.org/10.1016/j.ymssp.2019.07.003
https://doi.org/10.3969/j.issn.1673-6338.2014.04.002
https://doi.org/10.6041/j.issn.1000-1298.2020.03.002
https://doi.org/10.13427/j.cnki.njyi.2023.10.035
https://doi.org/10.11975/j.issn.1002-6819.202211144
https://doi.org/10.1109/IROS45743.2020.9341176
https://doi.org/10.13695/j.cnki.12-1222/o3.2024.09.003
https://doi.org/10.3390/agronomy15061471
https://doi.org/10.1109/CVPR.2017.695
https://doi.org/10.48550/arXiv.1904.09742


217



农  业  工  程  学  报

2025 年 12 月第 24 期　（总第 521 期）　第 41 卷

目　次

·（《农业工程学报》创刊 40 周年专题）·

农业机器人群体智能关键技术及前沿展望 ··························· 苗中华，郭恒伟，徐梓毓，欧　芳，王冬冬，张义博，

吴海华，刘成良，赵春江（1）

·专论与综述·

农业非常规水资源利用技术研究进展 ········································ 刘天翔，张　芮，郭冬茹，韩晓蓓，尹　萌（18）

·农业机械化与装备工程·

异类型多机自主智能协同收获作业任务规划方法与试验

 ············································································· 李荣轩，龚立娇，李玉洁，陈学庚，王雯烁，李　凡（33）

间断格毯状苗机插纵向送秧方法与试验 ····································· 王曦成，马　旭，李泽华，陈炯涛，肖荣浩（43）

4 LQ-1 型侧牵引式大葱联合收获机设计与试验 ················ 王红提，张德康，江润田，刘尊超，王仁超，王方艳（54）

仿手指拨动切割式柑橘采摘末端执行器设计与试验 ·········· 蒲应俊，罗锦艳，张贵贤，邓铭君，冉思语，谢守勇（63）

油菜定点补种补肥无人作业最优路径规划方法与试验 ······· 丁幼春，邢肖扬，董万静，张栋津，沈志强，姚冶桐（74）

基于化学计量空燃比的掺氢天然气发动机小负荷工况燃烧和排放特性分析

 ····································································································· 马志豪，张中森，王　鑫，马凡华（86）

·农业水土工程·

疏松土层厚度及其压实量对灌水沉降的影响 ························ 陈高隆，陈禹琦，胡　炼，汪　沛，罗锡文，赵润茂，

黄志铖，王靖霆，贺子豪，邓宇飞（95）

基于环境变量和 Sentinel-2 多源数据融合的土壤盐分分布预测 ············· 孙增慧，王尹萍，毛忠安，张　扬，李　娟，

孙婴婴，贺　伟，王映月，赵永华，严加坤（105）

隧洞明满流交替仿真的隐式有限体积法 ················································ 毛中豪，吴永妍，熊发京，管光华（115）

秸秆、生物炭与沼液配施对土壤特性和作物产量的影响 ····················· 牛文娟，须吴潇，陈新宝，何　芬，曹　灿，

杜　赛，孟海波，袁巧霞，艾　平（122）

黄土丘壑区植被恢复下土壤分离能力的影响因素量化分析 ···································· 刘均阳，周正朝，苏雪萌（133）

基于深度学习与 IPSO 算法校正 SWAT 模型的黄河宁夏段氮磷模拟

············································································ 魏泽宇，侯洪飞，邱小琮，杨强强，徐　程，王　莹（142）

·农业信息与电气技术·

中国农业大模型数据治理、核心技术与应用挑战 ································· 欧阳峥峥，马毓聪，寇远涛，刘小杰（153）

基于 FTIR-PAS 的水稻稻瘟病光谱特征及潜育期诊断技术

···························································· 吕高强，伊丽姆努尔·吾斯曼，单迪迪，孙卫红，毛罕平，宋金修（163）

基于改进 YOLO11-seg 的轻量化病虫害分割模型 ···························································· 张　帅，王波涛（173）

I

218

汪沛
高亮



基于改进 YOLOv11n 的轻量化茶叶嫩芽检测 ················· 崔金凯，王　磊，张鹏超，吴凡凡，曾昆峰，马文星（182）

基于改进 YOLOv11n-seg 的设施黄瓜植株表型自动化提取方法 ············ 张宇轩，柳平增，李　杰，高雅楠，朱　珂，

张　艳，于　群，温孚江（191）

LDH-YOLOv11n：一种高效的温室辣椒轻量化目标检测模型

············································································ 陈娉婷，马海荣，罗治情，官　波，尹延旭，曾　诚（201）

采用改进 YOLOv8-Seg 推理复杂堆叠场景青花椒枝抓取次序 ······································· 杨　仕，唐　举，白得成，

杨明金，何江东，蒲应俊，陈子文，杨　玲（210）

基于改进 YOLOv11n 的轻量化茶叶病虫害识别方法 ········ 曾昆峰，张鹏超，王　磊，吴凡凡，崔金凯，马文星（220）

·农业生物环境与能源工程·

基于机器学习的粪污还田过程低氨排放优化策略构建 ······················· 刘德钊，安浩天，王嵘昕，朱志平，LI Rong，

王　医，王校帅（230）

双碳背景下寒区犊牛舍冬季热负荷预测模型构建 ············ 牛文娟，施正香，齐　飞，刘　辉，王　琦，王朝元（240）

基于水换热板的母猪分娩舍局部控温效果与猪生产性能分析 ········· 易宝军，余江东，韦江成，吴国顺，黄招杰（249）

废食用油基第二代生物柴油生产工艺生命周期评价 ········· 杨　鹏，陈　强，孙云娟，徐俊明，刘伟国，周　栋（257）

碳酸钙-糖蜜生物炭复合材料的制备及其对 Pb2+的吸附性能

············································································ 冼学权，杜芳黎，龙思宇，黎演明，唐培朵，黄文祥（265）

垄作栽培对汞矿区水稻中汞累积的影响 ···································· 龙念情，邢　英，王建旭，刘娅敏，郭　甜（277）

·土地保障与生态安全·

长江经济带乡村聚落及周边社区生活圈配置评价与分区优化 ············································· 赵楠茜，孔雪松（286）

成渝试验区耕地利用转型对耕地利用生态效率的影响及阈值效应 ··············· 张彬洁，张军以，邱大鹅，周恒阳（297）

基于小流域-村-网格单元的安徽省金寨县水土保持空间管控分区 ······················ 郑伊铃，吴　迪，常耀文，孙　宇，

晋　娜，郭家瑜，刘　霞（309）

·农产品加工工程·

基于双通道荧光探针的智能传感系统检测三文鱼新鲜度 ····················· 孙小飞，赵忻怡，孙郡启，马　骥，邓　卓，

钟克利，汤立军，梁天宇，李学鹏，励建荣（320）

基于感官数据的干红葡萄酒贮藏期风味演化的模型构建

 ··········································································· 刘葭玥，范国元，张海军，谭方岱，李爱华，陶永胜（329）

期刊基本参数：CN 11-2047/S*1985*s*16*336*zh*P*￥80.00*260*33*2025-12



致谢：XXXXXXXX

II

219



Transactions
of the Chinese Society of Agricultural Engineering

Vol.41　No.24 (Total No.521)　Dec. 2025
CONTENTS

• Special Topic on the 40th Anniversary of the Founding of the Transactions of the Chinese Society
of Agricultural Engineering (Transactions of the CSAE) •

Swarmintelligence in agricultural robotics: key technologies and future prospects ··· MIAO Zhonghua, GUO Hengwei, XU Ziyu,

OU Fang, WANG Dongdong, ZHANG Yibo, WU Haihua, LIU Chengliang, ZHAO Chunjiang（1）

• Review and Special •

Research progress on the utilization technologies of agricultural non-conventional water resources  

······························································· LIU Tianxiang, ZHANG Rui, GUO Dongru, HAN Xiaobei, YIN Meng（18）

• Agricultural Mechanization and Equipment Engineering •

Task  planning  method  and  experiment  for  autonomous  intelligent  collaborative  harvesting  of  multi-machine  systems  with

different types ······························· LI Rongxuan, GONG Lijiao, LI Yujie, CHEN Xuegeng, WANG Wenshuo, LI Fan（33）

Method and experiment of longitudinal seedling feeding with intermittent grid like seedling mechanical transplanting  

································································ WANG Xicheng, MA Xu, LI Zehua, CHEN Jiongtao, XIAO Ronghao（43）

Design and test of 4 LQ-1 side traction scallion harvester  

··························· WANG Hongti, ZHANG Dekang, JIANG Runtian, LIU Zunchao, WANG Renchao, WANG Fangyan（54）

Design and experiment of the end effector for citrus picking imitating finger plucking and cutting  

·········································· PU Yingjun, LUO Jinyan, ZHANG Guixian, DENG Mingjun, RAN Siyu, XIE Shouyong（63）

Optimal path planning method and experiment for unmanned rapeseed sowing with position-specific seed-fertilizer resupply  

··························· DING Youchun, XING Xiaoyang, DONG Wanjing, ZHANG Dongjin, SHEN Zhiqiang, YAO Yetong（74）

III

220



Combustion  and  emission  characteristics  of  compressed  hydrogen-blended  natural  gas  engine  at  low  load  based  on

stoichiometric air-fuel ratio ············································ MA Zhihao, ZHANG Zhongsen, WANG Xin, MA Fanhua（86）

• Soil and Water Engineering •

Effects of loose soil layer thickness and compaction on soil subsidence after irrigation ·· CHEN Gaolong, CHEN Yuqi, HU Lian,

WANG Pei, LUO Xiwen, ZHAO Runmao, HUANG Zhicheng, WANG Jingting, HE Zihao, DENG Yufei（95）

Predicting soil salinity distribution using the fusion of environmental variables and Sentinel-2 multi-source data  

······································ SUN Zenghui, WANG Yinping, MAO Zhong'an, ZHANG Yang, LI Juan, SUN Yingying, HE Wei,

WANG Yingyue, ZHAO Yonghua, YAN Jiakun（105）

Modelling transient mixed flow in tunnel using implicit finite volume method  

································································· MAO Zhonghao, WU Yongyan, XIONG Fajing, GUAN Guanghua（115）

Effects of combined application of straw, biochar and biogas slurry on soil characteristics and crop yield  

················································· NIU Wenjuan, XU Wuxiao, CHEN Xinbao, HE Fen, CAO Can, DU Sai, MENG Haibo,

YUAN Qiaoxiao, AI Ping（122）

Quantitative analysis of the influencing factors of soil detachment capacity under vegetation restoration in loess hilly and gully

regions ··············································································· LIU Junyang, ZHOU Zhengchao, SU Xuemeng（133）

Simulating nitrogen and phosphorus using the SWAT model calibrated by deep learning and the IPSO algorithm in the Ningxia

Section of the Yellow River, China  

········································· WEI Zeyu, HOU Hongfei, QIU Xiaocong, YANG Qiangqiang, XU Cheng, WANG Ying（142）

• Agricultural Information and Electrical Technologies •

Data governance, core technologies, and application challenges of China’s agricultural large models  

··································································· OUYANG Zhengzheng, MA Yucong, KOU Yuantao, LIU Xiaojie（153）

Spectral characteristics and incubation period diagnosis technology of rice blast disease based on FTIR-PAS  

························· LYU Gaoqiang, YILIMUNUER Wusiman, SHAN Didi, SUN Weihong, MAO Hanping, SONG Jinxiu（163）

IV

221



Lightweight pest segmentation model based on improved YOLO11-seg ······················· ZHANG Shuai, WANG Botao（173）

Lightweight tea bud detection based on improved YOLOv11n  

········································ CUI Jinkai, WANG Lei, ZHANG Pengchao, WU Fanfan, ZENG Kunfeng, MA Wenxing（182）

Extracting facility cucumber phenotypes using improved YOLOv11n-seg ·················· ZHANG Yuxuan, LIU Pingzeng, LI Jie,

GAO Yanan, ZHU Ke, ZHANG Yan, YU Qun, WEN Fujiang（191）

LDH-YOLOv11n: An efficient lightweight object detection model for greenhouse chili peppers  

············································· CHEN Pingting, MA Hairong, LUO Zhiqing, GUAN Bo, YIN Yanxu, ZENG Cheng（201）

Inferring the grasping sequence of prickly ash branches in complex stacked scenarios using an improved YOLOv8-Seg  

··············· YANG Shi, TANG Ju, BAI Decheng, YANG Mingjin, HE Jiangdong, PU Yingjun, CHEN Ziwen, YANG Ling（210）

Lightweight method for identifying tea pests and diseases based on an improved YOLOv11n  

········································ ZENG Kunfeng, ZHANG Pengchao, WANG Lei, WU Fanfan, CUI Jinkai, MA Wenxing（220）

• Agricultural Bioenvironmental and Energy Engineering •

Optimization strategies towards low ammonia emission during returning manure to the field using machine learning  

···························· LIU Dezhao, AN Haotian, WANG Rongxin, ZHU Zhiping, LI Rong, WANG Yi, WANG Xiaoshuai（230）

Predicting the winter heat load of calf barns in cold regions under dual carbon context  

················································· NIU Wenjuan, SHI Zhengxiang, QI Fei, LIU Hui, WANG Qi, WANG Chaoyuan（240）

Effectiveness  of  localized  temperature  control  and production  performance  of  pigs  using  water  heat  exchange  system in  sow

farrowing house ································· YI Baojun, YU Jiangdong, WEI Jiangcheng, WU Guoshun, HUANG Zhaojie（249）

Life cycle assessment of the production process of second-generation biodiesel based on waste cooking oil  

············································ YANG Peng, CHEN Qiang, SUN Yunjuan, XU Junming, LIU Weiguo, ZHOU Dong（257）

Preparation of CaCO3-sugarcane molasses biochar composite and its adsorption properties for Pb2+  

······································ XIAN Xuequan, DU Fangli, LONG Siyu, LI Yanming, TANG Peiduo, HUANG Wenxiang（265）

V

222



Effects of ridge tillage on mercury accumulation in rice from mining areas  

······························································ LONG Nianqing, XING Ying, WANG Jianxu, LIU Yamin, GUO Tian（277）

• Land Security and Ecological Safety •

Evaluation of  configuration and zoning optimization of  community  life  circles  around rural  settlements  in  the  Yangtze  River

Economic Belt ························································································· ZHAO Nanxi, KONG Xuesong（286）

Impacts of farmland use transition on farmland use eco-efficiency and threshold effect in Chengdu-Chongqing pilot area  

········································································ ZHANG Binjie, ZHANG Junyi, QIU Da’e, ZHOU Hengyang（297）

Spatial management and control zoning for soil and water conservation in Jinzhai County, Anhui Province of China based on

small watershed-village-grid unit ···················································· ZHENG Yiling, WU Di, CHANG Yaowen, SUN Yu,

JIN Na, GUO Jiayu, LIU Xia（309）

• Agricultural Produce Processing Engineering •

Intelligent sensing system based on dual-channel fluorescent probe to detect salmon freshness  

················································ SUN Xiaofei, ZHAO Xinyi, SUN Junqi, MA Ji, DENG Zhuo, ZHONG Keli, TANG Lijun,

LIANG Tianyu, LI Xuepeng, LI Jianrong（320）

Model construction for the flavour evolution of dry red wine during storage based on sensory data  

········································· LIU Jiayue, FAN Guoyuan, ZHANG Haijun, TAN Fangdai, LI Aihua, TAO Yongsheng（329）

VI

223



 
▪  农业水土工程  ▪

疏松土层厚度及其压实量对灌水沉降的影响

陈高隆 ，陈禹琦 ，胡　炼 ，汪　沛※ ，罗锡文 ，赵润茂 ，黄志铖 ，
王靖霆 ，贺子豪 ，邓宇飞
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2.   农业装备技术全国重点实验室，广州 510642）

摘　要：农田耕整是水稻生产的首要环节，其中稻田旱整作业的应用范围不断扩大。然而，稻田旱整灌后常产生差异性

沉降，显著降低农田平整度，影响水稻生长管理效率与产量。为此，该研究通过田间试验探究土壤沉降差异的主要因素，

并结合容器试验建立其与土壤沉降之间的关系。基于此，研究提出通过压实（定义为压实厚度）来控制土壤沉降，构建

疏松土层、压实厚度与土壤沉降（膨胀）的非线性回归模型，并通过容器试验验证其预测准确性。结果表明，稻田旱耕

整及灌后土壤沉降存在显著差异，同一田块内疏松土层厚度是影响沉降差异的主要因素，且与土壤沉降呈显著线性正相

关。施加压实处理后，沉降量随压实厚度增加而减小，当压实厚度超过一定范围后，土壤出现膨胀现象。模型验证结果

显示，预设沉降量与实测沉降量的绝对误差分别为 0.64和 0.25 mm，均方根误差分别为 1.43和 0.39 mm，表明回归关系

模型具有较高的预测精度与可靠性。该研究构建的关系模型可为智能耕整技术提供理论依据，实现灌溉后土壤沉降的精

准控制，从而提高农田平整度。此外，土壤沉降的量化分析还可为起垄种植作物的时空精准管理提供科学支撑。

关键词：旱地平整；疏松土层；灌溉；土壤沉降；压实厚度
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 0　引　言

水稻是三大粮食作物之一，为全球超过 50%的人口

提供粮食保障[1]。水稻生产以漫灌和淹灌为主，提高农

田平整度可节约水稻生产用水，提高灌溉效率与均匀

度[2-3]。此外，农田平整作业还可提高土地利用率、秧苗

和稻种的成活率、杂草防治率、作物成熟均匀度和产量，

并减少肥药施用量[4-7]。

在水稻整个生产周期，大部分生长期处于水田环境。

根据耕整作业前的农田含水量差异，稻田耕整方式可分

为水田耕整和旱田耕整[8-9]。水田耕整方式在华南地区应

用广泛[10-11]，其工序包括灌溉、旋耕、打浆、沉淀、平

整和再沉淀，随后进行插秧或直播。旱田耕整方式工序

包括碎土和旱平整，再进行泡水插秧或直播。水田平整

方式因泥浆流动性大、硬底层地形复杂以及工序繁多等

因素，导致作业效率低、成本高和周期长。相比之下，

旱田平整方式因土壤流动性小、单程土方搬运量大、耕

整工序少，具有效率高、成本低和周期短的优势，使旱

田平整方式在全球范围内广泛应用，包括东南亚和南亚

等国家在内[12]。随着水稻生产国积极推行“小田并大田”
和“高标准农田建设”等土地整治政策[13-15]，田块面积

逐步增大。同时，稻田旱平免打浆技术与水稻旱直播技

术的推广应用，进一步扩大了旱田平整方式的应用范围

和需求。

农田精准平整技术主要有激光控制平整技术和

GNSS控制平整技术，平整精度均可达±3 cm以内[16-19]。

旱田经旋耕、精准平整和灌溉后可形成适宜水稻种植的

环境。研究表明，耕整作业可改善耕层土壤的物理特性，

如孔隙度、容重和紧实度，使表层土壤结构更加疏

松[20-21]。疏松土壤结构有利于植物生长过程中液体和气

体的交换。然而，在实际生产中，农田灌溉后会产生局

部低洼且积水区域，导致稻种和秧苗存活率下降，其主

要原因是疏松土壤在灌溉（降雨）后发生了沉降。已有

研究从干湿循环与土壤固结过程探讨了其对土壤物理特

性及侵蚀性能的影响[22-23]，并揭示了团聚体破坏、颗粒

沉积与孔隙演变等机制。研究表明，水分入渗会引起团

聚体解体和细颗粒下移，改变孔径分布与孔隙结构[24-28]；

同时，水分表面张力增强颗粒间结合力，在湿润条件下

有效应力趋于零，使土壤颗粒因自身重力发生重新排列

与压密[29-30]。综上，灌溉后疏松土壤的颗粒沉积与结构

重构是导致孔隙度降低和密实度增加的主要原因，从而
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引发区域性沉降与局部积水。然而，关于农田疏松土壤

灌溉后的沉降差异性的研究报道比较少。

针对上述稻田旱整方式存在的问题，本研究旨在探

究影响土壤沉降差异的主要因素，建立其与土壤沉降间

的关系，并提出减少沉降差异的方案。具体而言，首先，

通过田间试验，系统研究稻田旱耕整及灌后的土壤沉降

特性，重点从地形变化、土壤物理性质变化与生产实际

3个方面进行分析；其次，通过容器试验，建立主要因

素与土壤沉降间的关系；最后，提出采用压实来控制土

壤沉降，构建主要因素、压实量与土壤沉降的关系模型，

并进行验证试验，以期为精准化稻田旱整作业提供指导

参考。

 1　材料与方法

 1.1　试验地概况

如图 1所示，试验地位于广州市华南农业大学教研

基地水稻田（23°14′N，113°38′E）。根据国际制土壤质

地分级标准，试验田的土壤为砂质壤土[31]，是长期双季

稻种植形成的典型水稻土。该地区属亚热带季风气候带，

年平均温度为 24 ℃，年平均降水量为 1 891.9 mm。试验

田全年采用旋耕方式耕作，耕层浅薄。
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图 1　试验地点

Fig.1    Test site
 

 1.2　土壤沉降差异探究试验

 1.2.1　农田地形变化监测

为探究农田疏松土层在灌水后的土壤沉降差异，试

验于 2023年 3月在 2号试验田进行。考虑到土壤耕整方

式多样（如犁耕、旋耕等），本研究选择旋耕方式构建

农田疏松土层环境。试验前，田块经历了水稻收获、多

次干湿循环和农机碾压，导致土壤出现明显固结。试验

过程分为 3个阶段：旋耕前、旋耕后（即二次旋耕）和

灌水后。在各阶段，均采用全站仪（Leica MS60，测量

精度为 1.5 mm/50 m）对农田三维地形进行高精度测量。

其中，依据水稻插秧对田间水层的要求，灌水定额设定

为保持 20 ～ 30 mm水层。在灌水后阶段，试验田蓄水

3 d后排水，随后进行地形测量。

由于全站仪的测量范围有限，距离全站仪较远处的

点云密度较低，因此本研究采用多站布设的测量方式，

并将各测站的数据进行合并，以获取完整的试验区域三

维地形信息。在旋耕前和旋耕后阶段，在试验区域内布

设 2个测量点；在灌水后阶段，考虑到水田环境下全站

仪架设操作难度大且易破坏田面，改为在试验田周边布

设 6个测量站点。为确保测量稳定性，将全站仪三脚架

固定于田块硬底层上。全站仪建立坐标系后可自动生成

质量报告，3个阶段的架设平均标准误差如表 1所示。

在 X、Y 轴方向的平均标准误差不超过 15 mm，在 Z 轴

方向的平均标准误差不超过 1 mm，为准确反映土壤沉降

差异提供了可靠的测量保障。
  

表 1    全站仪建站的平均标准误差

Table 1    The average standard error of the total station setup in the
three stages mm

阶段 Stages 坐标方向
X Y Z

旋耕前 Pre-tillage 11.00 12.55 0.65
旋耕后 Post-tillage 8.10 8.75 0.15

灌水后 Post-irrigation 7.48 6.33 0.58
 

 1.2.2　土壤物理参数采集

耕整作业改变了土壤的紧实度与容重等物理参数，

使压实的土壤变为松散。土壤紧实度和容重是表征土壤

压实和疏松程度的重要指标[32-34]。然而，由于容重测量

需取样，易破坏田面且垂向取样间距较大，从而限制了

其在分析土壤沉降差异时的应用[35]。相比之下，土壤穿

透阻力的空间分辨率较高，是分析土壤物理差异空间分

布的优选指标[36]。因此，本研究以土壤穿透阻力来分析

旋耕前后土层结构的变化特征。为确保旋耕前后穿透阻

力测量位置的一致性，在 2号试验田（85 m×35 m）内划

定长 65 m和宽 25 m的观测区，并按 5 m间隔进行网格

化布设。采用土壤紧实度仪（SC900型）在 84个网格交

点处测定土壤穿透阻力。考虑到各测点含水率存在差异，

为提高数据准确性，同时使用土壤含水率仪（山东优云

谱光电科技有限公司，YP-SWY型）测定各测点的含水

率，并对穿透阻力进行标准化处理。

根据 AKSAKAL等[37] 提出的计算式，对不同土壤含

水率的土壤穿透阻力进行标准化：

rs = rmexp ((mm−0.1)/0.716) （1）

式中 rs 为标准化的穿透阻力，MPa；rm 为测量的穿透阻

力，MPa；mm 为测量点的含水率，kg/kg。
 1.3　疏松土层及其压实灌后沉降试验

 1.3.1　疏松土层及其压实对灌后沉降的影响

为研究不同疏松土层厚度经灌水后的土壤沉降量，

本研究以二次旋耕作业后的疏松土壤为研究对象，参照

农田耕层深度设置 50、100、150、200、250和 300 mm
共 6个土层厚度开展沉降试验，各土层厚度重复 3次。

同时，本研究提出通过压实疏松土层来减少土壤沉

降差异，并以压实厚度作为压实程度的评价指标。压实

结构疏松的土壤可以提高土壤紧密性和稳定性[38]。诸多

因素可使土壤发生压实，如农机的接地比压、轴载、压
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实次数以及行驶速度[39-41]。通过建立各因素和土壤沉降

的关系，可为压实作业提供理论依据。然而，土壤压实

是由垂直应力引起的土壤压缩形变和水平应力引起的土

壤剪切形变共同作用的结果。其中，垂直方向的压缩形

变（压实厚度）对农田平整度影响显著。为研究不同疏

松土层厚度经不同程度压实的沉降情况，设置 100、150、
200、250和 300 mm共 5个疏松土层厚度，并对每个厚

度进行 4个压实水平处理，其中 4个压实水平分别代表

轻度、中度、重度及超重度，各处理重复 3次。

试验于 2023年 7月在 1号试验田内进行，选取二次

旋耕作业后的疏松土壤作为试验土样。采用土壤含水率

仪和土壤紧实度仪分别测定土样的平均含水率和土壤穿

透阻力。结果表明，平均土壤含水率为 6.25%，与田间

试验条件下的土壤基本一致。标准化土壤穿透阻力随疏

松土层厚度的增加而升高，最大值未超过 120 KPa。以

内尺寸为 250 mm×250 mm×320 mm的透明箱体为土壤容

器，容器外侧面粘贴刚性刻度尺（精度 1 mm）。试验步

骤如下：首先，将疏松土壤均匀铺入容器内，直至土层

达到预设厚度，并由铲平板整平表面；其次，在容器口

标记 9个固定测量点，采用钢直尺（精度 1 mm）测定土

层实际平均厚度；再次，为避免注水速度过快造成表层

扰动，沿容器内壁缓慢注水，直至水位稳定并高出土层

表面一定高度；最后，浸泡 24 h后，当土层厚度变化趋

于稳定，再次测定 9个固定测点的土层厚度，计算平均

沉降量。对于压实土壤试验组，在整平土层和灌水步骤

之间增加压实土壤的步骤，以模拟压实作用对土壤沉降

的影响。试验过程如图 2所示。
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图 2　试验过程及具体步骤

Fig.2    Test process and specific steps
 

 1.3.2　回归关系建立与验证

通过压实疏松土层减少土壤沉降差异，该过程需综

合考虑压实厚度和土壤沉降量的共同作用。因此，建立

疏松土层厚度、压实厚度与土壤沉降量之间的定量关系

是实现精准压实作业的关键。依据疏松土层及其压实灌

后沉降试验结果，拟建立三者之间的回归方程，以定量

揭示压实条件下的土壤沉降规律。

为验证所建回归方程的预测准确性，本研究开展容

器验证试验。根据回归方程与预设目标沉降量，对不同

疏松土层厚度进行相应压实与灌水处理。试验结束后，

比较实测沉降量与目标沉降量的差异，并以绝对偏差与

均方根误差为评价指标，对回归方程的预测准确性进行

评估，具体试验步骤如图 2所示。

 1.4　数据处理

对于农田地形变化的监测，本研究采用 Lei Infinity
软件导出全站仪在各阶段测得的地形点云数据，并采用

MATLAB软件对 3个阶段观测区的农田地形按照高度值

进行可视化渲染。为进一步分析地形变化特征，采用

ArcGIS软件先对 3个阶段的地形数据进行栅格化处理，

生成数字高程模型，并将旋耕后（灌水前）阶段的数字

高程模型分别与旋耕前和灌水后作差值处理，以获取各

阶段地形变化的空间分布特征。

对于采集的土壤物理参数数据，在 84个测量点中均

匀选取 6个代表性测点，对比旋耕前后的标准化穿透阻

力。随后，采用 Mann-Kendall突变检测法来确认疏松土

层的厚度。该方法是一种非参数检验方法，可用于检测

变量的趋势变化并确定数据序列中发生突变的位置[42]。

其主要优点是无需对数据序列进行特定的分布检验，广

泛用于分析水文、气象等数据变化趋势[43-44]。根据各采

样点穿透阻力在土壤剖面中的变化特征，可将其视为在

空间序列上的变化。因此，采用 Mann-Kendall突变检验

法可判断土壤穿透阻力发生突变的位置，从而确定疏松

土层的厚度。考虑到垂直序列中穿透阻力数据间的相关

性会影响检验结果[45]，在应用该方法前，采用去趋势预

置白法对数据进行预处理。采用的具体方法为一阶差分

法[46]，具体计算式为

Ys,t = Rs,t+1−Rs,t （2）

T s,t = Rs,t −Ys,t (t = 1,2, ...,n−1) （3）

Ys,t Rs,t式中 为不含趋势的新数据序列； 为标准化土壤穿

透阻力原始数据序列；Ts,t 为标准化土壤穿透阻力原始数

据序列的趋势序列；n 为序列长度；t 为序列中每个数据
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对应的次序。

在Mann-Kendall检验中，对于有 n-1个样本的空间

序列，构造一个样本统计量 sk：

sk =
k∑

i=1

pi k = 1,2, ...,n−1 （4）

pi =

1, if Ys,i ＞Ys, j

0, if Ys,i≤ Ys, j
i = 1,2, ...,n−1且 j = 1,2, ..., i （5）

式中 k 为当前累积样本数；pi 为比较符号函数。

在原序列独立的假设下，样本统计量 sk 定义为

u(k) =
sk −E(sk)√

var(sk)
（6）


E (sk) =

k (k−1)
4

var (sk) =
k (k−1)(2k+5)

72

（7）

u′ (k)式中 u(k)为正向统计序列； 为反向统计序列；E(sk)
为样本统计量 sk 的均值； var(sk)为样本统计量 sk 的

方差。

u′ (k) u′ (k)
u(k)的值是从序列的开始到结束计算，而从反序列

计算可得 。如果 u(k)和 两条曲线的交点在置信

区间（±1.96）内，则该点在本数据序列中突变显著。将

确定发生突变点的序列顺序转换为相应的深度，即疏松

土层厚度。

疏松土层及其压实灌后沉降试验数据采用 Excel
2019 进行基本处理，并采用 SPSS26.0软件对疏松土层

厚度、压实厚度和沉降量进行回归分析。

 2　结果与分析

 2.1　土壤沉降差异主要因素

 2.1.1　农田地形变化结果与分析

3个阶段的观测区地形高度可视化结果如图 3所示。

经旋耕作业后的田块地形高度明显升高，经过灌水后的

地形高度下降。数据统计结果显示，旋耕前、旋耕后和

灌水后 3个阶段的地形平均高度分别为 15.813、15.858
和 15.844 m。旋耕作业使地形平均升高 47 mm，而灌水

后农田地形平均降低 14 mm，这验证了农田疏松土层经

灌水后存在沉降现象。
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图 3　三个阶段的农田地形变化

Fig.3    Height of farmland topography in three phases
 

旋耕前后与灌水前后的地形变化空间分布特征如

图 4所示。以旋耕前的农田地形为基准，旋耕后田块各

区域的地形高度变化差异明显；同样，以旋耕后的地形

为基准，灌水后农田各区域的地形高度变化也存在差异。

因此，农田经旋耕和灌水作业后，不同区域间的沉降表

现出明显的空间差异性。此外，通过对比图 4a和图 4b
可知，旋耕后地形高度变化较大区域（红色区域），灌

水后所产生的沉降量也随之变大（红色区域），说明旋

耕作业形成的疏松土层较厚区域在灌水后更易发生显著

沉降。
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图 4　地形变化空间分布特征

Fig.4    Spatial distribution characteristics of topographic height changes
 

 2.1.2　土壤物理参数表征分析

土壤穿透阻力很大程度上受土壤含水率的影响[47]。

旱作区土壤含水率普遍较低，且旋耕作业对其影响较小。

图 5为旋耕前后两个阶段各个测点的土壤含水率情况。

通过数据统计，土壤含水率平均值为 6.21%，标准差为

0.56%，表明各区域间的土壤含水率差异性不显著。

旋耕前后 6个测量点位置的标准化穿透阻力对比结

果如图 6所示。旋耕前土壤穿透阻力在浅土层呈快速上
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升趋势，且随着深度增加持续保持在较高水平，表明其

处于较强固结状态。相比之下，旋耕后土壤穿透阻力在

一定范围内显著降低，并在超过一定深度后逐渐升高。

这表明旋耕后农田土壤在一定深度内的土壤较松散，超

过一定深度后的土壤松散程度与旋耕前的农田基本一致。

因此，旋耕前后土壤穿透阻力的差异性主要体现在疏松

土层厚度上。此外，根据旋耕后的土壤穿透阻力曲线，

不同测点的疏松土层厚度也存在一定差异。采用 Mann-
Kendall突变检验可确定土壤穿透阻力曲线中突变点的位

置，从而判定疏松土层厚度，判定结果如图 7所示。
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图 5　各测点位置的含水率情况

Fig.5    Soil moisture content at measuring points
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图 6　旋耕前后 6个测点位置的穿透阻力对比

Fig.6    Comparison of penetration resistance at six measurement points before and after rotary tillage
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图 7　疏松土层厚度的判断结果

Fig.7    Judgment results of the thickness of loose soil layer
 

由图 7可知，旋耕前的疏松土层厚度主要分布在

0~50 mm，而旋耕后增至 125~175 mm。已有研究表明，

旋耕前田块灌水后的沉降可忽略不计，而旋耕后则出现

明显沉降现象[23,48]。因此，同一田块内当疏松土层厚度

较小时，灌水后沉降不显著；随着疏松土层厚度的增加，

沉降现象愈加明显，且沉降量随厚度增加而增大。

 2.1.3　生产应用可行性分析

综上所述，从农田地形与土壤物理参数两个方面的

分析可知，导致土壤沉降差异的主要因素是疏松土层厚

度。实际生产中，由于田面高低起伏，农机在旋耕作业

过程中姿态变化会造成各区域耕作深度差异。旋耕形成

的疏松土层在随后的“挖高填低”平整作业中，其厚度

将发生显著变化，如图 8所示。目前，土壤紧实度和容

重的获取主要依赖定点取样测定，该方法效率低且难以

实现实时监测，因此难以用于推测农田各区域沉降量和

指导耕整作业。相比之下，利用多源传感技术可实现对

农田疏松土层厚度的实时、快速获取[49-50]。基于此，本

研究选取疏松土层厚度作为影响土壤沉降差异的主要因

素，并进一步量化其与土壤沉降量之间的定量关系。

 2.2　疏松土层厚度与土壤沉降关系

图 9展示了不同疏松土层厚度灌水后的沉降情况。

当疏松土层厚度为 50 mm时，土壤沉降几乎可以忽略不

计。由图 7可知，未旋耕农田的疏松土层厚度主要分布

在 0~50 mm范围内，处于不发生显著沉降的厚度区间。
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y = 0.15x−8.846
(
x≥50

)

这一结果与 WANG 等[23]、MOREIRA 等[48] 提出的研究

结论一致，均认为未旋耕农田在经历干湿循环后沉降量

可忽略不计。随着疏松土层厚度增加，土壤沉降量呈显

著上升趋势。二者之间表现出良好的线性相关性，线性

回 归 建 立 二 者 关 系 为： ，

R2=0.970。因此，农田经旋耕和平整作业后各区域疏松

土层厚度不一，会导致灌水后呈现不同程度的沉降现象。

此外，沉降差异的程度主要受未耕整农田原始地形起伏

的影响。对于地形起伏大的农田，经平整作业后各区域

形成的疏松土层厚度差异更为显著，尤其低洼区域经过

耕整作业后会出现较厚的疏松土层。根据线性关系可推

算，当疏松土层厚度达到 300 mm时，土壤沉降量可达

36.15 mm，这值已超过高标准农田建设对农田平整度

（±30 mm）的规范要求。
 
 

旋耕前Pre-tillage 旋耕后Post-tillage 平整后Post-leveling 
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旋耕
Tillage

耕作层Cultivation layer 疏松土层Loose soil layer硬底层Hard bottom layer

图 8　疏松土层厚度差异示意图

Fig.8    Schematic diagram of thickness differences in loose soil layers
 
 

0 50 100 150 200 250 300
−10

0

10

20

30

40

50

y=0.15x−8.846
R2=0.970
P<0.01

测量值Measured value

线性回归Linear regression

疏松土层厚度
Thickness of loose soil layer/mm

沉
降
值

S
u
b
si

d
en

ce
 v

al
u
e/

m
m

图 9　不同疏松土层厚度的沉降情况

Fig.9    Subsidence for different thicknesses of loose soil layers

 2.3　压实疏松土层对土壤沉降的影响

R2＞0.90

图 10展示了疏松土层经不同压实的沉降情况。图中

负沉降值表示土壤在灌水后发生膨胀，即土层厚度增加。

如图 10a所示，随着压实厚度增加，疏松土层沉降量逐

渐减小；当压实厚度超过一定阈值后，疏松土层发生膨

胀，且膨胀程度随压实厚度增加而增强。分别对 5 个疏

松土层厚度与沉降量关系进行拟合分析，各土层厚度的

拟合结果均表现出较高的相关性（ ）。由拟合

曲线可知，各疏松土层厚度的沉降变化趋势基本一致。
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图 10　疏松土层（100~300mm厚度）经不同压实的沉降情况

Fig.10    Subsidence of five loose soil layers (100–300 mm in thickness) subjected to different compaction
 

通过二次拟合曲线可计算出上述 5个疏松土层厚度

经不同压实的沉降量。在实际生产中，旋耕和平整作业

后会形成不同厚度的疏松土层。因此，有必要建立不同

疏松土层厚度经不同压实后的沉降关系。由试验结果可

知，土壤沉降量和疏松土层厚度呈线性关系，但疏松土

层厚度与压实厚度间同时影响沉降量，因此，建立如下

非线性回归方程：

ss = 0.0002st
2+0.007sc

2+0.075st−0.524sc−0.002st sc−4.605
（8）

ss st sc式中 为沉降量，mm； 为疏松土层厚度，mm； 为压
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实厚度，mm。

非线性回归方程的 R2=0.964，均方根误差为 2.4 mm，

表明拟合度较好。因此，可以利用式（8）关系来描述土

壤沉降。

 2.4　回归关系检验结果

如表 2 所示，回归关系验证试验中预设的土壤沉降

量分别为 5和 –9 mm，依据式（8）计算可得各土层对应

的压实厚度。
  

表 2    沉降一致时各土层厚度所需的压实厚度

Table 2    Compaction thickness required for each soil thickness
under uniform subsidence mm

沉降值
Subsidence

土层厚度
Thickness
of the soil
layer

压实厚度
Compaction
thickness

沉降值
Subsidence

土层厚度
Thickness of
the soil layer

压实厚度
Compaction
thickness

5

98.7 −0.35

−9

96.40 24.83
147.87 7.65 145.50 33.78
198.73 16.36 195.93 44.07
247.70 25.20 247.10 56.31
296.73 34.56 297.53 73.28

注：当压实厚度为负数时，不进行压实处理。
Note: No compaction shall be performed if the compaction thickness is a negative
value.
 

如图 11所示，实际压实厚度能与计算值基本一致，

均方根误差为 3.2 mm。
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a. 预设沉降值为5 mm

a. Preset subsidence value was 5 mm

b. 预设沉降值为−9 mm

b. Preset subsidence value was −9 mm

图 11　疏松土层经可控压实后的沉降情况

Fig.11    Subsidence of loose soil layers after controlled compaction
 

从图 11可知，在相同预设沉降值下，不同疏松土层

经压实后的土壤沉降基本一致。统计分析结果显示，两

个预设沉降试验的平均实测沉降值分别为 5.64和
−8.75 mm，与预设沉降值的绝对误差分别为 0.64和
0.25 mm，均方根误差分别为 1.43和 0.39 mm。结果表明

实测沉降值与预设沉降值吻合度高，说明本研究提出的

以疏松土层厚度为主要因素，并通过回归关系计算压实

量，可以准确控制沉降量。

 3　讨　论

本研究以疏松土层厚度为主要因素建立了土壤沉降

关系，提出了对疏松土层实施压实以控制土壤沉降量，

建立了土壤沉降、疏松土层厚度和压实厚度间的定量关

系。在同一农田中，农田各区域的土壤类型、土壤含水

率以及旋耕次数基本保持一致。本研究的土壤质地为砂

质壤土，土壤含水率为 6.25%，旋耕次数为两次。在多

地域农田尺度上，可进一步考虑土壤质地、农田含水率

以及旋耕次数等因素，对上述关系进行修正与优化。土

壤质地是以黏粒、粉砂和砂砾所占比值不同来划分的。

在土壤质地方面，适宜水稻生长的土壤质地主要有壤土

和砂壤土[51]，两者土壤颗粒组成差异小；在土壤含水率

方面，旱地平整作业需保证土壤含水率不宜过高，决定

了适宜旱地平整的土壤含水率适宜范围小；在旋耕次数

方面，现有研究表明，两次旋耕可达到理想耕整效果[52]，

进一步增加旋耕次数对土壤物理性质影响较小，这可认

为旋耕次数对土壤沉降的影响小。因此，本研究提出的

土壤沉降关系与疏松土层、压实厚度和土壤沉降的关系

模型主要适用于砂质壤土，后续可对不同土壤质地、土

壤含水率以及旋耕次数来优化本研究提出的关系模型，

并开展田间试验验证其适用性。

根据疏松土层、压实厚度与土壤沉降（膨胀）的关

系模型，可提出一种智能平整方案。具体步骤如下：首

先，以农田三维地形和疏松土层厚度为基础数据，结合

土方分布、土壤沉降、适度压实为约束条件，构建压实

作业前的地形设计面；其次，根据地形设计面信息制定

平整策略；最后，以土层-压实-沉降关系制定可控压实

策略，并开展农田平整压实作业。通过该方案，在灌水

后可保证农田表面平整度，从而解决稻田旱平方式在灌

水后平整度不能满足农业生产的问题。

未经压实的疏松土层与土壤沉降关系不仅可用于水

稻生产，也可用于起垄种植作物（如马铃薯、玉米、花

生与红薯等）生产提供科学指导。农田经旋耕和起垄作

业后形成田垄，其具有较厚的疏松土层。然而，田垄经

降雨后易产生土壤沉降现象，导致种子覆土厚度产生变

化。对于起垄种植作物，中耕培土既能优化土壤环境、

抑制杂草，又有助于促进作物生长。尤其在马铃薯生产

中，中耕培土是关键农艺环节，合理的培土次数与厚度

可显著提升产量和品质[53]。结合播种深度、土壤沉降和

气象信息，可以实时监测种子覆土厚度，并在时空尺度

实现精准管理。因此，研究和应用土壤沉降规律可显著

提高农情信息颗粒度，为田间作物的精准管理提供科学

支撑与技术保障。

 4　结　论

本研究通过田间试验和容器试验，研究了疏松土层

厚度是影响土壤沉降差异的主要因素，建立了其与土壤

沉降间的关系，并提出了减少沉降差异的方案。主要结

论如下：
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1）通过田间试验系统探究了稻田旱耕整及灌后的土

壤沉降特性。结果表明，稻田旱耕整及灌后土壤沉降存

在显著差异，疏松土层厚度是其主要因素，且以疏松土

层厚度为主要因素满足实际生产需要。

2）通过开展容器试验建立了疏松土层厚度与土壤沉

降量间的关系。疏松土层厚度与土壤沉降呈显著线性正

相关。当疏松土层厚度较小时，土壤沉降不显著；随着

厚度增加，沉降量逐渐增大。

3）研究提出了通过对疏松土层实施压实（定义为压

实厚度）可有效控制土壤沉降。容器试验表明，疏松土

层灌后沉降量随压实厚度增加而减小，且压实厚度达到

一定数值后，土壤出现膨胀现象。通过非线性回归，构

建了疏松土层、压实厚度与土壤沉降（膨胀）的关系模

型。模型验证结果显示，预设沉降量与实测沉降量的绝

对误差分别为 0.64和 0.25 mm，均方根误差分别为 1.43
和 0.39 mm，表明回归关系模型具有较高的预测精度与

可靠性。该关系模型可用于智能耕整技术的实施，精准

控制灌水后土壤沉降量，从而保证农田平整度。

[参    考    文    献 ]
 

 NAWAZ  A,  REHMAN  A  U,  REHMAN  A,  et  al.  Increasing
sustainability for rice production systems[J]. Journal of Cereal
Science, 2022, 103: 103400.

[1]

 景云鹏，刘刚，金志坤. GNSS双天线结合 AHRS测量农

田地形[J]. 农业工程学报，2019，35(21)：166-174.
JING Yunpeng, LIU Gang, JIN Zhikun. Topographic survey of
farmland  based  on  GNSS  dualantenna  combined  with
AHRS[J]. Transactions of  the Chinese Society of  Agricultural
Engineering (Transactions of the CSAE), 2019, 35(21): 166-174.
(in Chinese with English abstract)

[2]

 SHEIKH A T, MUGERA A, PANDIT R, et al. The adoption of
laser  land  leveler  technology  and  its  impact  on  groundwater
use  by  irrigated  farmland  in  Punjab,  Pakistan[J].  Land
Degradation & Development, 2022, 33(12): 2026-2038.

[3]

 CHEN  G  L,  HU  L,  LUO  X  W,  et  al.  A  review  of  global
precision  land-leveling  technologies  and  implements:  Current
status,  challenges  and  future  trends[J].  Computers  and
Electronics in Agriculture, 2024, 220: 108901.

[4]

 KHATRI-CHHETRI  A,  ARYAL  J  P,  SAPKOTA  T  B,  et  al.
Economic  benefits  of  climate-smart  agricultural  practices  to
smallholder  farmers  in  the  Indo-Gangetic  Plains  of  India[J].
Current Science (Bangalore), 2016, 110(7): 1251-1256.

[5]

 BHATT R, SINGH P, HOSSAIN A, et al. Rice–wheat system
in the northwest Indo-Gangetic plains of South Asia: issues and
technological  interventions  for  increasing  productivity  and
sustainability[J].  Paddy  and  Water  Environment,  2021,  19(3):
345-365.

[6]

 NGUYEN-VAN-HUNG, BALINGBING C, SANDRO J, et al.
Precision  land  leveling  for  sustainable  rice  production:  Case
studies  in  Cambodia,  Thailand,  Philippines,  Vietnam,  and
India[J]. Precision Agriculture, 2022, 23(5): 1633-1652.

[7]

 İRSEL  G,  ALTINBALIK  M  T. Adaptation  of  tilt  adjustment
and tracking force automation system on a laser-controlled land
leveling machine[J]. Computers and Electronics in Agriculture,
2018, 150: 374-386.

[8]

 胡炼，杜攀，罗锡文，等. 悬挂式多轮支撑旱地激光平地

机设计与试验[J]. 农业机械学报，2019，50(8)：15-21.
HU Lian, DU Pan, LUO Xinwen, et al. Design and experiment

[9]

on multi-wheel support laser land leveler hanging on tractor[J].
Transactions of the Chinese Society for Agricultural Machinery,
2019, 50(8): 15-21. (in Chinese with English abstract)
 HU L, XU, HE J, et al. Design and test of tractor-attached laser-
controlled  rotary  scraper  land  leveler  for  paddy  fields[J].
Journal  of  Irrigation  and Drainage  Engineering,  2020,  146(4):
04020002.

[10]

 罗锡文，胡炼，何杰，等. 中国大田无人农场关键技术研

究与建设实践[J]. 农业工程学报，2024，40(1)：1-16.
LUO  Xiwen,  HU  Lian,  HE  Jie,  et  al.  Key  technologies  and
practice  of  unmanned  farm  in  China[J].  Transactions  of  the
Chinese  Society  of  Agricultural  Engineering  (Transactions  of
the CSAE), 2024, 40(1): 1-16. (in Chinese with English abstract)

[11]

 TOMAR S, SINGH Y, NARESH R, et al. Impacts of laser land
levelling  technology  on  yield,  water  productivity,  soil  health
and profitability under arable cropping in alluvial soil of north
Madhya  Pradesh[J].  Journal  of  Pharmacognosy  and
Phytochemistry, 2020, 9(4): 1889-1898.

[12]

 SHARIFI  A,  GORJI  M,  ASADI  H,  et  al.  Land  leveling  and
changes  in  soil  properties  in  paddy  fields  of  Guilan  province,
Iran[J]. Paddy and Water Environment, 2014, 12(1): 139-145.

[13]

 BARUAH  S,  MOHANTY  S,  ROLA  A  C.  Small  Farmers
Large  Field  (SFLF):  A  synchronized  collective  action  model
for improving the livelihood of small farmers in India[J]. Food
Security, 2022, 14(2): 323-336.

[14]

 杨斌，郭维红，谭青媛，等. 高标准农田建设对耕地系统韧

性的影响及其机制[J]. 农业工程学报，2025，41(4)：269-278.
YANG Bin, GUO Weihong, TAN Qingyuan, et al. Impacts of
high-standard  farmland  construction  policy  on  cultivated  land
system  resilience[J].  Transactions  of  the  Chinese  Society  of
Agricultural  Engineering  (Transactions  of  the  CSAE),  2025,
41(4): 269-278. (in Chinese with English abstract)

[15]

 李笑，李宏鹏，牛东岭，等. 基于全球导航卫星系统的智

能化精细平地系统优化与试验[J]. 农业工程学报，2015，
31(3)：48-55.
LI  Xiao,  LI  Hongpeng,  NIU  Dongling,  et  al. Optimization  of
GNSS-controlled  land  leveling  system  and  related
experiments[J].  Transactions  of  the  Chinese  Society  of
Agricultural  Engineering  (Transactions  of  the  CSAE),  2015,
31(3): 48-55. (in Chinese with English abstract)

[16]

 HU L, YANG W, HE J, et al. Roll angle estimation using low
cost MEMS sensors for paddy field machine[J]. Computers and
Electronics in Agriculture, 2019, 158: 183-188.

[17]

 ZHAO R, HU L, LUO X, et al. Method for estimating vertical
kinematic  states  of  working  implements  based  on  laser
receivers and accelerometers[J]. Biosystems Engineering, 2021,
203: 9-21.

[18]

 汪沛，冯达文，陈高隆，等. 农田精准平整过程中三维地形

实时测量方法研究[J]. 农业机械学报，2023，54(3)：41-48.
WANG Pei,  FENG  Dawen,  CHEN  Gaolong,  et  al. Real-time
3d  terrain  measurement  method  and  experiment  in  farmland
leveling[J].  Transactions  of  the  Chinese  Society  for
Agricultural  Machinery,  2023,  54(3):  41-48.  (in  Chinese  with
English abstract)

[19]

 GREEN T R, AHUJA L R, BENJAMIN J G, et  al. Advances
and  challenges  in  predicting  agricultural  management  effects
on soil hydraulic properties[J]. Geoderma, 2003, 116(1-2): 3-27.

[20]

 MORET-FERNÁNDEZ D, PEÑA-SANCHO C, LÓPEZ M V.
Influence  of  the  wetting  process  on  estimation  of  the  water-
retention curve of tilled soils[J]. Soil Research, 2016, 54(7): 840.

[21]

 WILSON G V, ZHANG T, WELLS R R, et al. Consolidation
effects on relationships among soil  erosion properties and soil

[22]

　 102 农业工程学报（http://www.tcsae.org） 2025 年

231

https://doi.org/10.1016/j.jcs.2021.103400
https://doi.org/10.1016/j.jcs.2021.103400
https://doi.org/10.11975/j.issn.1002-6819.2019.21.020shu
https://doi.org/10.11975/j.issn.1002-6819.2019.21.020shu
https://doi.org/10.11975/j.issn.1002-6819.2019.21.020shu
https://doi.org/10.1016/j.compag.2024.108901
https://doi.org/10.1016/j.compag.2024.108901
https://doi.org/10.1007/s10333-021-00846-7
https://doi.org/10.1007/s11119-022-09900-8
https://doi.org/10.1016/j.compag.2018.04.021
https://doi.org/10.1007/s10333-013-0369-z
https://doi.org/10.1007/s12571-021-01236-x
https://doi.org/10.1007/s12571-021-01236-x
https://doi.org/10.1016/j.compag.2019.01.010
https://doi.org/10.1016/j.compag.2019.01.010
https://doi.org/10.1016/j.biosystemseng.2020.12.015
https://doi.org/10.1016/S0016-7061(03)00091-0
https://doi.org/10.1071/SR15274
http://www.tcsae.org


physical quality indicators[J]. Soil and Tillage Research, 2020,
198: 104550.
 WANG  Y,  ZHANG  Z,  GUO  Z,  et  al.  In-situ  measuring  and
predicting dynamics of  soil  bulk density in a non-rigid soil  as
affected  by  tillage  practices:  Effects  of  soil  subsidence  and
shrinkage[J]. Soil and Tillage Research, 2023, 234: 105818.

[23]

 SHIEL  R  S,  ADEY  M  A,  LODDER  M.  The  effect  of
successive  wet/dry  cycles  on  aggregate  size  distribution  in  a
clay texture soil[J]. Journal of Soil Science, 1988, 39(1): 71-80.

[24]

 COLLIS-GEORGE  N,  GREENE  R  S  B.  The  effect  of
aggregate size on the infiltration behavior of slaking soil and its
relevance  to  ponded  irrigation[J].  Australian  Journal  of  Soil
Research, 1979, 17: 65-73.

[25]

 KEMPER  W  D,  TROUT  T,  HUMPHERYS  A,  et  al.
Mechanisms  by  which  surge  irrigation  reduces  furrow
infiltration  rates  in  a  silty  loam  soil[J].  Transactions  of  the
ASAE, 1988, 31: 821-829.

[26]

 ASSOULINE S. Rainfall-induced soil surface sealing: a critical
review  of  observations,  conceptual  models,  and  solutions[J].
Vadose Zone Journal, 2004, 3(2): 570-591.

[27]

 AUGEARD  B,  BRESSON  L  M,  ASSOULINE  S,  et  al.
Dynamics  of  soil  surface  bulk  density:  Role  of  water  table
elevation  and  rainfall  duration[J].  Soil  Science  Society  of
America Journal, 2008, 72(2): 412-423.

[28]

 JIM  C  Y.  Soil  compactions  as  a  constraint  to  tree  growth  in
tropical  &  subtropical  urban  habitats[J].  Environmental
Conservation, 1993, 20(1): 35-49.

[29]

 ZHANG M,  LU Y,  HEITMAN J,  et  al. Temporal  changes  of
soil water retention behavior as affected by wetting and drying
following  tillage[J]. Soil  Science  Society  of  America  Journal,
2017, 81(6): 1288-1295.

[30]

 DU P, LUO H, HE J, et al. Different tillage induces regulation
in  2-acetyl-1-pyrroline  biosynthesis  in  direct-seeded  fragrant
rice[J]. BMC Plant Biology, 2019, 19(1): 308.

[31]

 高晨，李晓鹏，张红霞，等. 初始含水量和容重对黑土压

缩特性的影响[J]. 农业工程学报，2023，39(9)：102-111.
GAO Chen,  LI  Xiaopeng,  ZHANG Hongxia,  et  al. Effects  of
initial  moisture  and  bulk  density  on  the  soil  compression
characteristics  of  black  soil[J].  Transactions  of  the  Chinese
Society of Agricultural Engineering (Transactions of the CSAE),
2023, 39(9): 102-111. (in Chinese with English abstract)

[32]

 丁启朔，孙浩田，李毅念，等. 集约化生产条件下稻田土

壤机械压实预测模型构建与验证[J]. 农业工程学报，2023，
39(3)：42-51.
DING  Qishuo,  SUN  Haotian,  LI  Yinian,  et  al.  Establishment
and  verification  of  soil  mechanical  compaction  prediction
model in paddy field under intensive production conditions[J].
Transactions  of  the  Chinese  Society  of  Agricultural
Engineering  (Transactions  of  the  CSAE),  2023,  39(3):  42-51.
(in Chinese with English abstract)

[33]

 刘湘君，乔冠宇，郭丰浩，等. 基于最小数据集的黄淮海

旱作区耕层土壤质量评价及障碍分析[J]. 农业工程学报，

2023，39(12)：104-113.
LIU Xiangjun, QIAO Guanyu, GUO Fenghao, et al. Evaluation
and  obstacle  analysis  of  cultivated  horizon  soil  quality  based
on  MDS  in  the  dry  farming  areas  of  Huang-Huai-Hai
Region[J]. Transactions of the Chinese Society of Agricultural
Engineering (Transactions of the CSAE), 2023, 39(12): 104-113.
(in Chinese with English abstract)

[34]

 李勇，赵云泽，勾宇轩，等. 黄淮海旱作区农田耕层土壤

结构特征与其影响因素[J]. 农业机械学报，2022，53(3)：
321-330.

[35]

LI  Yong,  ZHAO  Yunze,  GOU  Yuxuan,  et  al.  Characteristics
and influencing factors  of  topsoil  structure  of  farmland in  dry
farming  region  of  Huang-Huai-Hai[J].  Transactions  of  the
Chinese Society for Agricultural Machinery, 2022, 53(3): 321-
330. (in Chinese with English abstract)
 BÖLENIUS  E,  WETTERLIND  J,  KELLER  T,  et  al.  Can
within  field  yield  variation  be  explained  using  horizontal
penetrometer  resistance  and  electrical  conductivity
measurements?  Results  from  three  Swedish  fields[J].  Acta
Agriculturae  Scandinavica.  Section B,  Soil  and Plant  Science,
2018, 68(8): 690-700.

[36]

 AKSAKAL  E  L,  ÖZTAŞ  T,  ÖZGÜL  M.  Time-dependent
changes  in  distribution  patterns  of  soil  bulk  density  and
penetration  resistance  in  a  rangeland  under  overgrazing[J].
Turkish Journal of Agriculture and Forestry, 2011, 35(2): 195-
204.

[37]

 付娟，马仁明，贾燕锋，等. 机械压实对农田土壤性质及

土壤侵蚀的影响研究进展[J]. 农业工程学报，2022，38(增
刊 1)：27-36.
FU Juan, MA Renming, JIA Yanfeng, et al. Research progress
in the effects of mechanical compaction on soil properties and
soil erosion in farmland[J]. Transactions of the Chinese Society
of Agricultural Engineering(Transactions of the CSAE), 2022,
38(Supp 1): 27-36. (in Chinese with English abstract)

[38]

 HAMZA  M  A,  ANDERSON  W  K.  Soil  compaction  in
cropping  systems[J].  Soil  and  Tillage  Research,  2005,  82(2):
121-145.

[39]

 张兴义，隋跃宇. 农田土壤机械压实研究进展[J]. 农业机械

学报，2005,36(6)：122-125.
ZHANG Xingyi,  SUI  Yueyu.  International  research  trends  of
soil  compaction  induced  by  moving  machine  during  field
operations[J].  Transactions  of  the  Chinese  Society  for
Agricultural Machinery, 2005,36(6): 122-125. (in Chinese with
English abstract)

[40]

 KELLER T, LAMANDÉ M. Challenges in the development of
analytical soil compaction models[J]. Soil and Tillage Research,
2010, 111(1): 54-64.

[41]

 ZHUO Z, XING A, CAO M, et al. Identifying the position of
the compacted layer by measuring soil penetration resistance in
a  dryland  farming  region  in  northeast  China[J].  Soil  Use  and
Management, 2020, 36(3): 494-506.

[42]

 DU L, RAJIB A, MERWADE V. Large scale spatially explicit
modeling of blue and green water dynamics in a temperate mid-
latitude basin[J]. Journal of Hydrology (Amsterdam), 2018, 562:
84-102.

[43]

 ULLAH  S,  YOU  Q,  ULLAH  W,  et  al.  Observed  changes  in
precipitation  in  China-Pakistan  economic  corridor  during
1980–2016[J]. Atmospheric Research, 2018, 210: 1-14.

[44]

 HAN L, ZHU H, ZHAO Y, et al. Analysis of variation in river
sediment  characteristics  and influential  factors  in Yan’an city,
China[J]. Environmental Earth Sciences, 2018, 77(13): 479.

[45]

 ZHAO Y, ZOU X, CAO L, et al. Spatiotemporal variations of
potential  evapotranspiration  and  aridity  index  in  relation  to
influencing factors over southwest China during 1960–2013[J].
Theoretical and Applied Climatology, 2018, 133(3/4): 711-726.

[46]

 杨金玲，张甘霖，赵玉国，等. 土壤压实指标在城市土壤评

价中的应用与比较[J]. 农业工程学报，2005，21(5)：51-55.
YANG  Jinling,  ZHANG  Ganlin,  ZHAO  Yuguo,  et  al.
Application and comparison of soil compaction indexes in the
evaluation  of  urban  soils[J].  Transactions  of  the  Chinese
Society of Agricultural Engineering (Transactions of the CSAE),
2005, 21(5): 51-55. (in Chinese with English abstract)

[47]

第 24 期 陈高隆等：疏松土层厚度及其压实量对灌水沉降的影响 103 　

232

https://doi.org/10.1016/j.still.2019.104550
https://doi.org/10.1016/j.still.2023.105818
https://doi.org/10.1111/j.1365-2389.1988.tb01195.x
https://doi.org/10.1071/SR9790065
https://doi.org/10.1071/SR9790065
https://doi.org/10.13031/2013.30787
https://doi.org/10.13031/2013.30787
https://doi.org/10.2136/sssaj2006.0429
https://doi.org/10.2136/sssaj2006.0429
https://doi.org/10.1017/S0376892900037206
https://doi.org/10.1017/S0376892900037206
https://doi.org/10.2136/sssaj2017.01.0038
https://doi.org/10.1186/s12870-019-1913-9
https://doi.org/10.1016/j.still.2004.08.009
https://doi.org/10.1016/j.still.2010.08.004
https://doi.org/10.1111/sum.12576
https://doi.org/10.1111/sum.12576
https://doi.org/10.1016/j.jhydrol.2018.02.071
https://doi.org/10.1016/j.atmosres.2018.04.007
https://doi.org/10.1007/s00704-017-2216-4


 MOREIRA  W  H,  TORMENA  C  A,  KARLEN  D  L,  et  al.
Seasonal changes in soil physical properties under long-term no-
tillage[J]. Soil and Tillage Research, 2016, 160: 53-64.

[48]

 CHEN G, CHEN Y, HUANG Z, et al. Integrated measurement
method for field surface topography and tillage depth in rotary
tillage operations[J]. Computers and Electronics in Agriculture,
2025, 239: 111000.

[49]

 KIM Y S, KIM T J, KIM Y J, et al. Development of a real-time
tillage  depth  measurement  system  for  agricultural  tractors:
application to the effect analysis of tillage depth on draft force
during plow tillage[J]. Sensors, 2020, 20(3): 912.

[50]

 DOU  F,  SORIANO  J,  TABIEN  R  E,  et  al.  Soil  texture  and
cultivar  effects  on  rice  (Oyza  sativa,  L.  )  Grain  yield,  yield
components  and  water  productivity  in  three  water  regimes[J].
Plos One, 2016, 11(3): e0150549.

[51]

 孙永健，郑洪帧，徐徽，等. 机械旱直播方式促进水稻生

长发育提高产量[J]. 农业工程学报，2014，30(20)：10-18.
SUN Yongjian, ZHENG Hongzhen, XU Hui, et al. Mechanical
dry  direct-sowing  modes  improving  growth,  development  and
yield  of  rice[J].  Transactions  of  the  Chinese  Society  of
Agricultural  Engineering  (Transactions  of  the  CSAE),  2014,
30(20): 10-18. (in Chinese with English abstract)

[52]

 高中超，刘峰，王秋菊，等. 马铃薯专用中耕培土犁的应

用及增产效果[J]. 农业工程学报，2016，32(20)：49-54.
GAO Zhongchao, LIU Feng, WANG Qiuju, et al. Application
and  yield  increasing  effect  on  potato  using  special-designed
ridging  cultivator[J].  Transactions  of  the  Chinese  Society  of
Agricultural  Engineering  (Transactions  of  the  CSAE),  2016,
32(20): 49-54. (in Chinese with English abstract)

[53]

 

Effects of loose soil layer thickness and compaction on
soil subsidence after irrigation

CHEN Gaolong , CHEN Yuqi , 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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软 件 名 称： 基于嵌入式工控机的组合导航系统 
1.0

著 作 权 人： 华南农业大学

权利取得方式： 原始取得

权 利 范 围： 全部权利

登 记 号： 2025SR1339244

根据《计算机软件保护条例》和《计算机软件著作权登记办法》的

规定，经中国版权保护中心审核，对以上事项予以登记。

证书号： 软著登字第15995442号

2025年07月23日
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软 件 名 称： YOLOV8缺秧检测系统 
1.0

著 作 权 人： 华南农业大学

权利取得方式： 原始取得

权 利 范 围： 全部权利

登 记 号： 2024SR1001338

根据《计算机软件保护条例》和《计算机软件著作权登记办法》的

规定，经中国版权保护中心审核，对以上事项予以登记。

证书号： 软著登字第13405211号

2024年07月15日
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证书号第6240737号

  发明专利证书

发 明 名 称：一种无人驾驶农机作业速度自主决策方法

发 明 人：何杰;汪沛;胡炼;黄培奎;李明锦;黄钰峰;丁帅奇

曾思晓

专 利 号：ZL 2023 1 0293891.3

专 利 申 请 日：2023年03月24日

专 利 权 人：华南农业大学

地 址：510642 广东省广州市天河区五山路483号

授 权 公 告 日：2023年08月15日 授 权 公 告 号：CN 116069043 B

国家知识产权局依照中华人民共和国专利法进行审查，决定授予专利权，颁发发明专利证书

并在专利登记簿上予以登记。专利权自授权公告之日起生效。专利权期限为二十年，自申请日起

算。

专利证书记载专利权登记时的法律状况。专利权的转移、质押、无效、终止、恢复和专利权

人的姓名或名称、国籍、地址变更等事项记载在专利登记簿上。

局长

申长雨

                                                           2023年08月15日

*2023102938913*
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证书号第6240737号

 

专利权人应当依照专利法及其实施细则规定缴纳年费。本专利的年费应当在每年03月24日前缴纳。

未按照规定缴纳年费的，专利权自应当缴纳年费期满之日起终止。

 

申请日时本专利记载的申请人、发明人信息如下：

申请人：

华南农业大学

发明人：

何杰;汪沛;胡炼;黄培奎;李明锦;黄钰峰;丁帅奇;曾思晓
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证书号第7150646号

专利公告信息

  发明专利证书

发 明 名 称：水稻直播机手自一体化设计方法、水稻直播机及作业方法

专 利 权 人：华南农业大学;华南农业大学黄埔创新研究院

地 址：510642 广东省广州市天河区五山路483号

发 明 人：何杰;胡炼;汪沛;黄钰峰;李明锦;杨文武;丁帅奇

专 利 号：ZL 2023 1 0240833.4 授权公告号： CN 116267109 B

专 利 申 请 日：2023年03月14日 授权公告日： 2024年06月28日

申请日时申请人： 华南农业大学;华南农业大学黄埔创新研究院

申请日时发明人： 何杰;胡炼;汪沛;黄钰峰;李明锦;杨文武;丁帅奇

国家知识产权局依照中华人民共和国专利法进行审查，决定授予专利权，并予以公告。

专利权自授权公告之日起生效。专利权有效性及专利权人变更等法律信息以专利登记簿记载为准。

局长

申长雨

                                                           2024年06月28日
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证书号第8170539号

专利公告信息

  发明专利证书

发 明 名 称：水田硬底层轮廓感知与数字化建模方法

专 利 权 人：华南农业大学

地 址：510642 广东省广州市天河区五山路483号

发 明 人：胡炼;涂团鹏;罗锡文;汪沛;何杰;黄培奎;王晨阳;李明锦

田力

专 利 号：ZL 2023 1 0001415.X 授权公告号： CN 116090206 B

专 利 申 请 日：2023年01月03日 授权公告日： 2025年08月19日

申请日时申请人： 华南农业大学

申请日时发明人： 胡炼;涂团鹏;罗锡文;汪沛;何杰;黄培奎;王晨阳;李明锦

田力

国家知识产权局依照中华人民共和国专利法进行审查，决定授予专利权，并予以公告。

专利权自授权公告之日起生效。专利权有效性及专利权人变更等法律信息以专利登记簿记载为准。

局长

申长雨

                                                           2025年08月19日
    

*202310001415X* 255
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证书号第6096802号

  发明专利证书

发 明 名 称：一种曲形农田边界的路径规划方法

发 明 人：何杰;李媛媛;胡炼;侯康;汪沛;黄培奎;李明锦;资乐

专 利 号：ZL 2023 1 0153495.0

专 利 申 请 日：2023年02月23日

专 利 权 人：华南农业大学

地 址：510642 广东省广州市天河区五山路483号

授 权 公 告 日：2023年06月27日 授 权 公 告 号：CN 115855067 B

国家知识产权局依照中华人民共和国专利法进行审查，决定授予专利权，颁发发明专利证书

并在专利登记簿上予以登记。专利权自授权公告之日起生效。专利权期限为二十年，自申请日起

算。

专利证书记载专利权登记时的法律状况。专利权的转移、质押、无效、终止、恢复和专利权

人的姓名或名称、国籍、地址变更等事项记载在专利登记簿上。

局长

申长雨

                                                           2023年06月27日

*2023101534950*
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证书号第6096802号

 

专利权人应当依照专利法及其实施细则规定缴纳年费。本专利的年费应当在每年02月23日前缴纳。

未按照规定缴纳年费的，专利权自应当缴纳年费期满之日起终止。

 

申请日时本专利记载的申请人、发明人信息如下：

申请人：

华南农业大学

发明人：

何杰;李媛媛;胡炼;侯康;汪沛;黄培奎;李明锦;资乐
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附件：2013 年第一批新组建广东省工程技术研究中心名单

（省属） 

 

序号 单位名称 项目名称 

1 广东工业大学材料与能源学院 
广东省金属成形与模具新技术工

程技术研究中心 

2 广东工业大学计算机学院 
广东省物联网与控制专用芯片及

系统智能化工程技术研究中心 

3 广东工业大学轻工化工学院 
广东省药食两用资源综合利用工

程技术研究中心 

4 
广东工业大学土木与交通工程

学院 

广东省建筑业土木工程技术研究

中心 

5 广东工业大学信息工程学院 
广东省集成电路高端芯片应用工

程技术研究中心 

6 广东海洋大学 
广东省珍珠养殖与加工工程技术

研究中心 

7 
广东省工业技术研究院金属加

工与成型技术研究所 

广东省金属复合材料加工与成型

工程技术研究中心 

8 广东省建筑科学研究院 
广东省南亚热带绿色建筑共性技

术工程技术研究中心 

9 广东石油化工学院 
广东省石油化工资源清洁利用工

程技术研究中心 

10 
华南理工大学材料科学与工程

学院 

广东省建筑材料低碳技术工程技

术研究中心 

11 
华南理工大学计算机科学与工

程学院 

广东省大数据分析与处理工程技

术研究中心 

12 华南理工大学环境与能源学院 
广东省环境风险防控与应急处置

工程技术研究中心 

13 
华南理工大学机械与汽车工程

学院 

广东省节能与新能源绿色制造工

程技术研究中心 

14 华南理工大学轻工与食品学院 
广东省食品绿色加工与营养调控

工程技术研究中心 

15 华南农业大学工程学院 
广东省农业航空应用工程技术研

究中心 

16 华南农业大学食品学院 
广东省食品安全检测与风险控制

工程技术研究中心 

17 华南师范大学教育信息学院 
广东省教育云服务工程技术研究

中心 

18 
南方医科大学生物医学工程学

院 

广东省放射诊断治疗设备工程技

术研究中心 
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附件

2024年度广东省工程技术研究中心认定名单
 序号  工程中心名称 依托单位 所在地市

1 广东省Mini LED新型显示工程技术研究中心 广州市鸿利显示电子有限公司 广州市

2 广东省新能源汽车充电设备及管理系统（万城万充）工程技术研究中心 广州万城万充新能源科技有限公司 广州市

3 广东省智慧能源技术与应用工程技术研究中心 广东电网能源投资有限公司 广州市

4 广东省综合智慧能源工程技术研究中心 广州发展集团股份有限公司 广州市

5 广东省生物质能复合应用工程技术研究中心 广州环峰能源科技股份有限公司 广州市

6 广东省光伏电站AI智慧运维工程技术研究中心 广东省电力开发有限公司 广州市

7 广东省户用储能及其控制系统工程技术研究中心 广州疆海科技有限公司 广州市

8 广东省高效燃气输配工程技术研究中心 广州东部发展燃气有限公司 广州市

9 广东省汽车座椅舒适系统线束工程技术研究中心 广州市信征汽车零件有限公司 广州市

10 广东省新能源汽车动力总成自动化成套装备工程技术研究中心 广州市创智机电设备有限公司 广州市

11 广东省汽车电器分配系统（整车线束）工程技术研究中心 广州新李汽车零部件有限公司 广州市

12 广东省智能大屏应用工程技术研究中心 广州欢网科技有限责任公司 广州市

13 广东省新一代信息技术与数字化应用（科城数科）工程技术研究中心 科学城（广州）数字科技集团有限公司 广州市

14 广东省民航数字经济工程技术研究中心 广州民航信息技术有限公司 广州市

15 广东省效果营销工程技术研究中心 省广营销集团有限公司 广州市
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 序号  工程中心名称 依托单位 所在地市

118 广东省节能建筑工程质量检测工程技术研究中心 广东惠和工程检测有限公司 广州市

119 广东省公路数智化养护工程技术研究中心 广东和立交通养护科技有限公司 广州市

120 广东省智能认知与行为决策工程技术研究中心 华南理工大学 广州市

121 广东省集成电路设计自动化工程技术研究中心 广东工业大学 广州市

122 广东省无人系统群体智能应用工程技术研究中心 中山大学 广州市

123 广东省毫米波太赫兹器件与系统工程技术研究中心 广东大湾区空天信息研究院 广州市

124 广东省人工智能赋能智慧物流工程技术研究中心 暨南大学 广州市

125 广东省新型显示工程技术研究中心 广东聚华新型显示研究院 广州市

126 广东省空天飞行器工程技术研究中心 广东空天科技研究院（南沙） 广州市

127 广东省近海基础设施韧性提升工程技术研究中心 广州航海学院 广州市

128 广东省无人化智慧农场工程技术研究中心 华南农业大学 广州市

129 广东省聚集诱导发光工程技术研究中心
广东省大湾区华南理工大学
聚集诱导发光高等研究院

广州市

130 广东省智慧设施农业工程技术研究中心 广东省农业科学院设施农业研究所 广州市

131 广东省未来植源性化妆品创制工程技术研究中心 中新国际联合研究院 广州市

132 广东省粤北地方家禽健康养殖工程技术研究中心 广东科贸职业学院 广州市

133 广东省高性能纸用功能材料工程技术研究中心 广东轻工职业技术大学 广州市
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广东省工程技术研究中心认定申请书

广东省工程技术研究中心认定申请书

中心名称： 广东省无人化智慧农场工程技术研究中心

研究开发方向： 农业技术

所属领域： 农业装备(农业机械、设备及材料等)

依托单位： 华南农业大学

联合共建单位：

通信地址： 广东省广州市天河区五山路483号

邮政编码： 510642

联 系 人： 胡炼

联系电话： 915767370

申报日期： 2024-09-17

广  东  省  科  学  技  术  厅

2024年7月制

4

70
28
10
97
草
稿
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广东省工程技术研究中心认定申请书

一、申报单位基本情况

依托单位 华南农业大学

法人代表 薛红卫 法人代码 124400004554165634

主管部门

通信地址 广东省广州市天河区五山路483号

邮政编码 510642 传真 020-85281885

单位性质 高等院校 申报单位类型 高校/科研院所/医院

联系人 胡炼 联系电话 15915767370

电子邮件 lianhu@scau.edu.cn

经济类型 高等院校

成立时间 1952-07-01

注册资本 311733.00万人民币

职工总数 3380

工程技术人员数 2360

市（区）级科研平
台建设情况

否

批准成立名称

批准成立时间

获得资助金额 （万元）

其他研发机构建设
情况：

市（区）
级科研平

台：
否

省级科研
平台：

是 成立名称：南方农业机械与装备关键技术教育部重点实验室
    成立时间：2006-05-01

国家级科
研平台：

是 成立名称：农业装备技术全国重点实验室
    成立时间：2022-11-30

其他

“专精特新”企业
建设情况：

省级专精
特新中小

企业：
否

国家级专
精特新“
小巨人”

企业：

否

是否上市公司： 否

依托单位和联合共建单位分工

序
号

单位名称 分工

1/55
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广东省工程技术研究中心认定申请书

中心主要研究人员

序号 姓名 性别 年龄 职称 职务 学历
现从事
专业

在中心
承担的
任务

所在单
位

签名

1 胡炼 男 40 研究员
工程学
院副院
长

博士研
究生

农业电
气化与
自动化

中心副
主任
大田作
物无人
化智慧
农场首
席科学
家

华南农
业大学
工程学
院

2 李君 男 45 教授
工程学
院院长

博士研
究生

农业机
械化工

程

中心副
主任
无人化
智慧果
园首席
专家

华南农
业大学
工程学
院

3 何杰 男 39 副教授 无
博士研
究生

农业电
气化与
自动化

中心副
主任
智能装
备共性
技术首
席专家

华南农
业大学
工程学
院

4 肖德琴 女 52 教授 无
博士研
究生

农业电
气化与
自动化

智慧养
殖场首
席专家

华南农
业大学
数学与
信息学
院

5 汪沛 女 41 副教授 无
博士研
究生

农业电
气化与
自动化

无人农
场管控
平台

华南农
业大学
工程学
院

6 黄培奎 男 34
高级工
程师

无
博士研
究生

农业电
气化与
自动化

农业机
械智能
导航及
自动作
业

华南农
业大学
工程学
院

7 赵润茂 男 34 副教授 无
博士研
究生

农业电
气化与
自动化

农田土
壤信息
智能感
知及决
策

华南农
业大学
工程学
院

8 臧英 女 51 教授

重点实
验室常
务副主
任

博士研
究生

农业机
械化工

程

农情信
息感知
及精准
管控

华南农
业大学
工程学
院

9 张智刚 男 47 副教授 无
博士研
究生

农业电
气化与
自动化

农业机
械智能
导航及
自动作
业

华南农
业大学
工程学
院
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广东省科技计划项目合同书（科技创新平台类）

（广东科技微信公众号）

广东省科学技术厅
二〇一九年九月制

（受理纸质材料二维码）

受理编号: c2133250100012

项目编号: 2021B1212040009

项目下达文号:粤科资字〔2021〕51号

广东省科技计划项目

合同书

（科技创新平台类）

项目名称: 广东省农业人工智能重点实验室（2021年度）

专项名称: 重点实验室认定

项目起止时间: 2021年 01月 01日   至   2023年 12月 31日

管理单位(甲方): 广东省科学技术厅

项目承担单位
（乙方）:

华南农业大学

项目推荐（主管）单位
（丙方）:

华南农业大学

通讯地址: 广东省-广州市-天河区五山路483号

邮政编码: 510642 单位电话: 020-85283435

项目负责人: 罗锡文 联系电话: 020-85280158

项目联系人: 周志艳 联系电话: 02038676975

电子邮箱: zyzhou@scau.edu.cn
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广东省科技计划项目合同书（科技创新平台类）

一、项目基本情况表

项目名称 广东省农业人工智能重点实验室（2021年度）

项目起止时间 2021-01-01  至   2023-12-31

项目总经费预算 1636.00 万元 申请经费资助 300.00 万元

社会经济目标 农林牧渔业体系支撑

项目摘要

定位在农业人工智能领域，开展农情信息感知、农业大数据、农业机械智能作业及
无人农场等基础理论及关键技术研究和应用推广，解决中国特别是广东省农业人工
智能产业发展中的“共性”、“瓶颈”技术，将实验室建设成为高水平的农业人工
智能研究、推广和应用示范的基地，聚集和培养优秀农业人工智能专家的基地，促
进农业人工智能专家学术交流的平台，为中国现代农业的“可持续发展”提供“可
持续的支撑”。

关键字 人工智能 ； 无人农场 ； 农业大数据 ； 农情信息感知 ； 精准管控

平台情况

技术领域

软件开发,数据库系统及
数据处理,自动化与智能
控制技术,智能制造装备,
农业装备(农业机械、设
备及材料等),农业信息(
农业信息技术、农业网络
建设等）

学科

农业信息学,农业系统工
程,机器智能基础理论与
方法,模式识别基础,生物
特征识别,人工智能基础,
知识的表示、发现与获取
,数据挖掘与机器学习,逻
辑、推理与问题求解,神
经网络基础及应用,人机
交互与人机系统,智能系
统及应用,智能与自主机
器人,光谱诊断技术

研究活动类型
应用研究,研究与实验发
展成果应用

项目研究阶段 小试

技术来源 自有技术 行业领域
稻谷种植,农业科学研究
和试验发展

预期成果形式
新产品，新装置，技术标准(国际标准、国家标准、行业标准、企业标准)，专利，
计算机软件 ，论文论著，研究报告 
简要说明：无

项目已受财政资金
资助情况

国家(部委)财政资金资助 
简要说明：“南方水稻生产全程机械化科研基地”，农业部全国农业科技创新能力
条件建设规划项目，1136万元，2016.01-2017.12，负责人：罗锡文。

其它需要说明的问题

无

本项目是否涉及实验动物：□是 ■否
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广东省科技计划项目合同书（科技创新平台类）

 新增经费预算（单位：万元）

新增经费总额 省科技厅经费

支出经费 经费额 用途说明 经费额 用途说明

基建费 ------ ------

1、直接费用 455.00 260.00

    （1）设备费 95.00
人工智能研究相关
仪器设备

50.00
人工智能研究相关
仪器设备

    （2）材料费 130.00
开展技术研发试验
及样机制作等消耗
材料

90.00
开展技术研发试验
及样机制作等消耗
材料

    （3）测试化验
加工外协费

25.00
科学试验等测试费
、化验及 加工等

10.00
科学试验等测试费
、化验及 加工等

  （4）燃料动力费 5.00
田间试验及实验室
动力能源消耗

4.00
田间试验及实验室
动力能源消耗

    （5）差旅费/
会议费/国际合作与

交流费
55.00

项目调研、考察、
田间试验、学术交
流等差旅支出

25.00
项目调研、考察、
田间试验、学术交
流等差旅支出

    （6）出版/文
献/信息传播/知识

产权事务费
30.00

资料复印、装订、
论文发表、知识产
权申请维护等费用

10.00
资料复印、装订、
论文发表、知识产
权申请维护等费用

    （7）劳务费 110.00
研究生、临时用工
劳务补助

66.00
研究生、临时用工
劳务补助

    （8）人员费

  （9）专家咨询费 5.00 课题专家咨询 5.00 课题专家咨询

    （10）直接费
用其他支出

   （11）科技金融
服务体系其他费用

0.00 无 0.00 无

  ①信用评级补贴

    ②大赛场租

    ③特派员奖励
与补贴

2、间接费用 45.00 无 40.00 无

    （1）间接成本

    （2）管理成本 15.00
科研管理部门提取5
%管理费

15.00
科研管理部门提取5
%管理费

    （3）绩效支出 30.00
实验室成员绩效奖
励

25.00
实验室成员绩效奖
励

合计 500.00 300.00
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广东省科技计划项目合同书（科技创新平台类）

六 、项目组人员情况

项目负责人

序
号

姓名 职称 职务 学位/学历
现从事
专业

所在单位
证件
类型

证件号码
在本项目中
承担的工作

任务
签名

1 罗锡文 教授

教育部
重点实
验室主
任

硕士/硕士
研究生

农业工
程

华南农业大
学

身份
证

实验室主任

2 王海林 教授 院长
博士/博士
研究生

智能农
机装备

华南农业大
学

身份
证

实验室副主
任

3 周志艳 教授 副主任
博士/博士
研究生

农业电
气化与
自动化

华南农业大
学

身份
证

实验室副主
任

主要参与人员

序
号

姓名 职称 职务 学位/学历
现从事
专业

所在单位
证件
类型

证件号码
在本项目中
承担的工作

任务
签名

1 胡炼 教授 副主任
博士/博士
研究生

农业电
气化与
自动化

华南农业大
学

身份
证

实验室副主
任兼学术委
员会秘书

2 臧英 教授 副主任
博士/博士
研究生

农业机
械化工
程

华南农业大
学

身份
证

农情信息感
知及精准管
控首席专家

3 李君 教授 副院长
博士/博士
研究生

农业电
气化与
自动化

华南农业大
学

身份
证

果园信息化
系统与智能

装备

4 闫国琦 副教授 副院长
博士/博士
研究生

智能农
机装备

华南农业大
学

身份
证

南药智能作
业装备

5 张智刚 副教授 无
博士/博士
研究生

智能农
机装备

华南农业大
学

身份
证

农业机械智
能作业首席

专家

6 肖德琴 教授 无
博士/博士
研究生

计算机
应用

华南农业大
学

身份
证

农业大数据
及云平台首
席专家

7 张波
高级工
程师

主任
博士/博士
研究生

计算机
科学与
技术

华南农业大
学

身份
证

农业大数据
及云平台

8 汪沛 讲师 无
博士/博士
研究生

农业电
气化与
自动化

华南农业大
学

身份
证

作物长势信
息感知

9 何杰 实验师 无
硕士/硕士
研究生

智能农
机装备

华南农业大
学

身份
证

水田作业机
械智能导航
及自动作业
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合成时间：2025 年 12 月 12 日 16 时 25 分 20 秒

全国重点实验室人员信息表

全国重点实验室名称：农业装备技术全国重点实验室

1. 固定人员

序号 姓名 性别 国籍 证件号码 工作单位
实验室

职务
职称 学历 学术荣誉

研究领域及

科研方向
联系方式

1 苑严伟 男
中华人民

共和国

中国农业机械化

科学研究院集团

有限公司

主任
正高

级

博士研

究生

国家高层次

人才特殊支

持计划

制造

2 韩亚芬 女
中华人民

共和国

中国农业机械化

科学研究院集团

有限公司

其他
副高

级

博士研

究生
无 制造

3 陈志 男
中华人民

共和国

中国农业机械化

科学研究院集团

有限公司

其他
正高

级

博士研

究生
无 制造

国
重
点
实
验
室
人
员
信
息
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合成时间：2025 年 12 月 12 日 16 时 25 分 20 秒

95 夏红梅 女
中华人民

共和国
华南农业大学 其他

正高

级

博士研

究生
无 制造

96 张智刚 男
中华人民

共和国
华南农业大学 其他

副高

级

博士研

究生
无 制造

97 王春桃 男
中华人民

共和国
华南农业大学 其他

副高

级

博士研

究生
无 制造

98 何杰 男
中华人民

共和国
华南农业大学 其他

副高

级

博士研

究生
无 制造

99 汪沛 女
中华人民

共和国
华南农业大学 其他

副高

级

博士研

究生
无 制造

100 张闻宇 男
中华人民

共和国
华南农业大学 其他 中级

博士研

究生
无 制造

101 马旭 男
中华人民

共和国
华南农业大学 其他

正高

级

博士研

究生
无 制造

国
重
点
实
验
室
人
员
信
息
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Y2509T1498742

华南农业大学

西园战队

农业机器人-节水灌溉机器人(总决赛)

一等奖
指导教师：汪沛

队    员：林炳钿 罗东宇 黄展鸿
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一～  月⑧里里子二乙屡于琢二 

~;==； 老三更二豆互 三泥王f' 

;O2OA4吞S了三；

机甲大师超级对抗赛 

/ 	A-、 
畏 

特发此状，以资鼓励。 

指导单位： 

中国高等教育学会 

中国工程院战略咨询中心 

华南农业大学丁aurus  战队 

汪沛  老师 

您指导的队伍在 “第二十三届全国大学生机器人大赛 

RoboMaster 2024 机甲大师超级对抗赛 ・ 全国赛”中，荣

获 

等奖 
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汪沛  老师 

您指导的队伍在 “第二十三届全国大学生机器人大赛 

RoboMaster 2024 机甲大师超级对抗赛 ・ 区域赛（南部赛 
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在第二十七届中国机器人及人工智能大赛全国总决赛中，表现优异，成绩突
出，荣获 机器人任务挑战赛（智慧药房） 

华南农业大学 代表队： 

一等奖 
团队成员：蔡昭锐、何浩文、李子豪 

指导老师：胡炼、汪沛 

特发此证，以资鼓励。 

中国机器人及人工智能大赛组委会 

二〇二五年八月 证书编号： CRAIC2025-NF-JUAWWD 

获 奖 证 书 

CERTIFICATE OF AWARD 
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二等奖

华南农业大学

果树对靶变量施药机器人

张冠豪,曾竟源,马锐涛,连炜生,赖展鹏

何杰,汪沛

NZDS2025-B-015
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Y2509T1434800

华南农业大学

稻香园最好吃

自动分拣机器人-立体仓库赛项

三等奖
指导教师：何杰 汪沛

队    员：林浩俊 谢卓 许凯泓 赖炜健 陈浩洋
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口写吹臼母胃写 
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袱令橄攀 

簿账于信 

仁甚书识：理日险十随：州龄拭母艇长认割霭想当姚婀泪：呱片川：州目 

绷落妞识系卿扣鳗相州龄枷于拭报认母胃写担任』御境坦扑拭创钾但黔 

涯给诉 

293



 
 

 
 

谕 

 

 
 

 
 

 

 
 

 
 

   

 
 

 
 

 

 
 

 
 

 

。尾摄栩芬 闪二坦娜冀 

’ 、 ’卜 月．llll 协 

略长只粗吗械叫井幕例状州补补长引译惬黔浴联 

”怕匝 坦 田｝ 

294



中国机器人及人工智能大赛组委会 

二〇二五年十一月 

获 奖 证 书 

CERTIFICATE OF AWARD 

华南农业大学汪沛老师 指导的团队在第二十七届中国机器人及人工智能大
赛中取得了优异成绩，被评为 

优秀指导教师 

特发此证，以资鼓励。 

证书编号：CRAIC2025-EI-64K3AJ  

295



296



口写吹洲母胃写 

尸、 

恻偌垄尸彬 寡尸埠 用喜』御昨血份 

｝昼根朔西叭肖组绷聋 

血肾匙唱橄攀 

澎账于霭仁区书识叭叭理 日次十随；州外拭 

毋艇长认蒯霭想当姚婀泪叭叭呱卜 川；州叫绷落妞材踩卿御鳗相州扑枷于拭 

长认母的闪写担《冰紧雾呱只每只丫维寒l——嘟邻只服》龄拭创邻僵瞥 

涯以绛诉 

297



卜
 

-
 
-
 
 r

 

O

每喇嘛葵叭叫下叹州卖 

。咖礴晒亦：妙姊对夕，余珍澎 

令呵珍叭叭丈如可””价寸闪写今叫城礴喀铃礴 

碱禽休喊侧醒今艇以 

298



雳
魂
颧
豁
曝
i蓬

窿
躁

；
蓬

窿
瘾
藏

'
 
'

4
 
4

 	
4
 	

4
 

e
I

(
 
e

I
 

龟
时
’
七
时
’
命
哮
拳
彝
戴
瞬
翼
罐
赣
哮
黑
军
命
雕
缈
黔
彝
 

299


	
	打印
	附件1.2025年度校级本科教学改革项目立项名单
	附件2.2025年度校级本科质量工程项目立项名单

	本科教学成果奖
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	华南农业大学青年教师比赛三等奖
	Page 1

	收获环境感知与自主协同作业技术系统研发
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10



	收获环境感知与自主协同作业技术系统研发任务书
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10



	收获环境感知与自主协同作业技术系统研发
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10



	缓坡旱地导航项目
	
	Page 1
	Page 2


	技术服务合同
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7

	建设会昌县小密乡水稻智慧农场服务合同
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	揭榜挂帅项目盖章任务书
	合同书
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8


	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	新配置文件
	Page 1
	Page 2
	Page 3
	Page 4


	论文检索证明
	检索证明
	Page 1
	Page 2
	Page 3


	
	Introduction 
	Materials and Methods 
	Technical Routes 
	Platform Infrastructure 
	High-Precision Map Construction 
	Farm Image Acquisition and Original Map Construction 
	Identification of Field and Road Boundaries 
	Farm Information Map Integration 

	Remote Management and Control 
	Standardized Access for Smart Farm Machinery 
	Remote Management and Control Model 
	Multi-Agricultural Machinery Management and Control 

	Experimental Area and Materials 
	Experimental Design 
	High-Precision Map Construction Test 
	Remote Control Experiment 


	Results 
	High-Precision Map Construction Results 
	Remote Management Test Results 

	Discuss 
	Analysis of Results 
	Platform Comparison 

	Conclusions 
	References

	
	Integrated measurement method for field surface topography and tillage depth in rotary tillage operations
	1 Introduction
	1.1 Background
	1.2 Related work
	1.3 Research objectives

	2 Materials and methods
	2.1 Approach overview
	2.2 Sensors and mounting
	2.3 Coordinate systems and transformation
	2.4 Algorithmic workflow
	2.4.1 FS-TBLSM method
	2.4.2 DAG-PT method
	2.4.3 SA-GPR algorithm

	2.5 Accuracy verification test of the FS-TBLSM method
	2.5.1 Test material
	2.5.2 Test method

	2.6 Field test
	2.6.1 Test material
	2.6.2 Test method


	3 Results
	3.1 Measurement accuracy of the FS-TBLSM method
	3.1.1 Static measurement accuracy
	3.1.2 Dynamic measurement accuracy
	3.1.3 Comparison of dynamic and static measurement errors

	3.2 Field test results
	3.2.1 Field surface topography measurement accuracy
	3.2.2 The impact of grid spacing on the accuracy of the SA-GPR algorithm
	3.2.3 The estimation accuracy of topographic height and tillage depth


	4 Discussion
	4.1 Comparison of measurement methods
	4.2 Advantages of integrated measurement method
	4.2.1 Advantages of the FS-TBLSM method
	4.2.2 Advantages of the DAG-PT method
	4.2.3 Advantages of the SA-GPR algorithm

	4.3 Limitations and future work

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


	
	Introduction 
	Materials and Methods 
	Algorithm Framework 
	SLAM/GNSS Fusion Localization Algorithm 
	LiDAR-Inertial Odometry 
	Coordinate System Alignment 
	SLAM Pose Optimization 
	Neural Network-Based Dynamic Weight Adjustment 

	Robotic Platform Experiments 
	Experimental Platform 
	Experimental Protocol 

	Orchard Experiments 
	Experimental Platform 
	Experimental Protocol 


	Results and Discussion 
	Analysis of Neural Network Model Training Results 
	Analysis of Robotic Platform Experimental Results 
	Analysis of Orchard Experimental Results 
	Discussion 

	Conclusions 
	References

	
	0 引　言
	1 材料与方法
	1.1 试验地概况
	1.2 土壤沉降差异探究试验
	1.2.1 农田地形变化监测
	1.2.2 土壤物理参数采集

	1.3 疏松土层及其压实灌后沉降试验
	1.3.1 疏松土层及其压实对灌后沉降的影响
	1.3.2 回归关系建立与验证

	1.4 数据处理

	2 结果与分析
	2.1 土壤沉降差异主要因素
	2.1.1 农田地形变化结果与分析
	2.1.2 土壤物理参数表征分析
	2.1.3 生产应用可行性分析

	2.2 疏松土层厚度与土壤沉降关系
	2.3 压实疏松土层对土壤沉降的影响
	2.4 回归关系检验结果

	3 讨　论
	4 结　论
	参考文献

	高等学校科学研究优秀成果奖（科学技术）科学技术进步奖一
	Page 1
	农田平整
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15


	广东省无人化智慧农场工程技术研究中心
	20250224142418
	附件：2024年度广东省工程技术中心认定名单

	广东省人工智能实验室
	人工智能--关于下达2021年省科技创新战略专项资金（省重点实验室立项与运行评估）项目计划的通知
	广东省人工智能重点实验室--合同

	
	全国重点实验室人员信息表
	全国重点实验室名称：农业装备技术全国重点实验室
	1. 固定人员
	2. 流动人员


	汪沛
	Page 1

	广东省三下乡优秀个人
	Page 1

	华南农业大学学生党支部书记素质能力大赛三等奖
	Page 1

	三育人
	Page 1

	授予实验室团队第二十五届“广东青年五四奖章集体”
	Page 1

	无人农场优秀品牌项目证书
	Page 1

	汪沛
	Page 1

	空白页面
	空白页面


 
 
    
   HistoryItem_V1
   AddNumbers
        
     范围： 所有页
     字体： Times-Roman字号11.0点
     来源： 底中
     偏移： 水平 0.00 点, 垂直 28.35 点
     前缀文本： ''
     后缀文本： ''
     使用注册色： 无
      

        
     1
     0
     
     BC
     
     1
     1
     TR
     1
     0
     806
     178
     0
     1
     11.0000
            
                
         Both
         2
         AllDoc
         19
              

       CurrentAVDoc
          

     [Doc:NumPages]
     0.0000
     28.3465
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     213
     299
     298
     299
      

   1
  

    
   HistoryItem_V1
   DelPageNumbers
        
     范围： 所有页
      

        
     1
     798
     390
            
                
         52
         AllDoc
         695
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     283
     299
     298
     299
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         282
         SubDoc
         286
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     281
     299
     285
     5
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 11.693 x 8.268 inches / 297.0 x 210.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         282
         CurrentPage
         286
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     278
     299
     278
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 11.693 x 8.268 inches / 297.0 x 210.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         282
         CurrentPage
         286
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     280
     299
     280
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 11.693 x 8.268 inches / 297.0 x 210.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         293
         SubDoc
         295
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     292
     299
     294
     3
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 11.693 x 8.268 inches / 297.0 x 210.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         297
         SubDoc
         299
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     296
     299
     298
     3
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         297
         CurrentPage
         299
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     242
     299
     242
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         244
         SubDoc
         248
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     243
     299
     247
     5
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         244
         CurrentPage
         248
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     216
     299
     216
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         244
         CurrentPage
         248
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     197
     299
     197
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         177
         SubDoc
         180
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     176
     299
     179
     4
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         177
         CurrentPage
         180
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     162
     299
     162
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    不缩放(裁切或填补)
     旋转：                不变
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     None
            
                
         143
         SubDoc
         162
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     142
     299
     161
     20
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         126
         SubDoc
         128
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     126
     299
     127
     3
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    不缩放(裁切或填补)
     旋转：                不变
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     None
            
                
         129
         SubDoc
         130
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     128
     299
     129
     2
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    不缩放(裁切或填补)
     旋转：                不变
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     None
            
                
         92
         SubDoc
         99
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     91
     299
     98
     8
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         92
         CurrentPage
         99
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     98
     299
     98
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         92
         CurrentPage
         99
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     99
     299
     99
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第58页 到第58页
     胶带坐标： 左下角 (581.24 -4.37) 右上角 (704.29 837.38) points
      

        
     0
     581.239 -4.3674 704.294 837.3818 
            
                
         58
         SubDoc
         58
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     57
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第58页 到第58页
     胶带坐标： 左下角 (-272.29 833.45) 右上角 (619.20 845.24) points
      

        
     0
     -272.2921 833.4545 619.2028 845.2364 
            
                
         58
         SubDoc
         58
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     57
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第58页 到第58页
     胶带坐标： 左下角 (-47.13 696.00) 右上角 (20.95 845.24) points
      

        
     0
     -47.1275 695.9994 20.9455 845.2364 
            
                
         58
         SubDoc
         58
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     57
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第58页 到第58页
     胶带坐标： 左下角 (-213.38 21.81) 右上角 (22.25 762.76) points
      

        
     0
     -213.3828 21.8146 22.2546 762.7633 
            
                
         58
         SubDoc
         58
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     57
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第58页 到第58页
     胶带坐标： 左下角 (-162.33 -4.37) 右上角 (621.82 41.45) points
      

        
     0
     -162.328 -4.3674 621.8209 41.451 
            
                
         58
         SubDoc
         58
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     57
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第60页 到第60页
     胶带坐标： 左下角 (568.15 -1.75) 右上角 (646.69 845.24) points
      

        
     0
     568.1479 -1.7492 646.6938 845.2364 
            
                
         60
         SubDoc
         60
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     59
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第60页 到第60页
     胶带坐标： 左下角 (-388.80 836.07) 右上角 (611.35 845.24) points
      

        
     0
     -388.8017 836.0727 611.3481 845.2364 
            
                
         60
         SubDoc
         60
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     59
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第60页 到第60页
     胶带坐标： 左下角 (-145.31 -4.37) 右上角 (32.73 845.24) points
      

        
     0
     -145.3097 -4.3674 32.7274 845.2364 
            
                
         60
         SubDoc
         60
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     59
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第60页 到第60页
     胶带坐标： 左下角 (-174.11 -4.37) 右上角 (608.73 33.60) points
      

        
     0
     -174.1099 -4.3674 608.73 33.5964 
            
                
         60
         SubDoc
         60
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     59
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第61页 到第61页
     胶带坐标： 左下角 (581.24 -4.37) 右上角 (773.68 837.38) points
      

        
     0
     581.239 -4.3674 773.6761 837.3818 
            
                
         61
         SubDoc
         61
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     60
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第61页 到第61页
     胶带坐标： 左下角 (-7.85 -4.37) 右上角 (642.77 23.12) points
      

        
     0
     -7.8546 -4.3674 642.7665 23.1237 
            
                
         61
         SubDoc
         61
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     60
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第61页 到第61页
     胶带坐标： 左下角 (-115.20 -4.37) 右上角 (41.89 830.84) points
      

        
     0
     -115.2005 -4.3674 41.8911 830.8363 
            
                
         61
         SubDoc
         61
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     60
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第61页 到第61页
     胶带坐标： 左下角 (-257.89 821.67) 右上角 (638.84 838.69) points
      

        
     0
     -257.8921 821.6727 638.8392 838.6909 
            
                
         61
         SubDoc
         61
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     60
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第62页 到第62页
     胶带坐标： 左下角 (556.37 -4.37) 右上角 (805.09 838.69) points
      

        
     0
     556.3661 -4.3674 805.0945 838.6909 
            
                
         62
         SubDoc
         62
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     61
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第62页 到第62页
     胶带坐标： 左下角 (552.44 842.62) 右上角 (717.38 845.24) points
      

        
     0
     552.4388 842.6182 717.385 845.2364 
            
                
         62
         SubDoc
         62
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     61
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第62页 到第62页
     胶带坐标： 左下角 (-27.49 -4.37) 右上角 (867.93 23.12) points
      

        
     0
     -27.491 -4.3674 867.9311 23.1237 
            
                
         62
         SubDoc
         62
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     61
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第62页 到第62页
     胶带坐标： 左下角 (-272.29 -4.37) 右上角 (14.40 838.69) points
      

        
     0
     -272.2921 -4.3674 14.4001 838.6909 
            
                
         62
         SubDoc
         62
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     61
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第62页 到第62页
     胶带坐标： 左下角 (-435.93 830.84) 右上角 (611.35 845.24) points
      

        
     0
     -435.9292 830.8363 611.3481 845.2364 
            
                
         62
         SubDoc
         62
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     57
     299
     61
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         92
         CurrentPage
         99
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     42
     299
     42
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         26
         SubDoc
         42
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     41
     299
     41
     17
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第27页 到第27页
     胶带坐标： 左下角 (574.69 -7.25) 右上角 (689.89 834.50) points
      

        
     0
     574.6934 -7.2538 689.894 834.4954 
            
                
         27
         SubDoc
         27
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     26
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第29页 到第29页
     胶带坐标： 左下角 (-144.00 -7.25) 右上角 (20.95 841.04) points
      

        
     0
     -144.0006 -7.2538 20.9455 841.0408 
            
                
         29
         SubDoc
         29
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     28
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第33页 到第33页
     胶带坐标： 左下角 (583.86 -7.25) 右上角 (617.89 839.73) points
      

        
     0
     583.8571 -7.2538 617.8936 839.7318 
            
                
         33
         SubDoc
         33
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     32
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第32页 到第32页
     胶带坐标： 左下角 (577.31 -7.25) 右上角 (599.57 -0.71) points
      

        
     0
     577.3116 -7.2538 599.5663 -0.7083 
            
                
         32
         SubDoc
         32
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     31
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第35页 到第35页
     胶带坐标： 左下角 (574.69 -7.25) 右上角 (685.97 844.97) points
      

        
     0
     574.6934 -7.2538 685.9667 844.9681 
            
                
         35
         SubDoc
         35
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     34
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第36页 到第36页
     胶带坐标： 左下角 (579.93 -7.25) 右上角 (623.13 844.97) points
      

        
     0
     579.9298 -7.2538 623.13 844.9681 
            
                
         36
         SubDoc
         36
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     35
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第40页 到第40页
     胶带坐标： 左下角 (561.60 -17.18) 右上角 (632.29 823.27) points
      

        
     0
     561.6025 -17.175 632.2937 823.2651 
            
                
         40
         SubDoc
         40
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     39
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     范围： 从第42页 到第42页
     胶带坐标： 左下角 (564.22 -17.05) 右上角 (716.08 827.32) points
      

        
     0
     564.2207 -17.0514 716.0759 827.316 
            
                
         42
         SubDoc
         42
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     25
     299
     41
     1
      

   1
  

    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    宽和高等比例缩放
     旋转：                顺时针方向
     尺寸： 11.693 x 8.268 inches / 297.0 x 210.0 mm
      

        
     AllSame
     1
            
       D:20260327085220
       841.8898
       a4
       Blank
       595.2756
          

     Wide
     1
     0
     0
     850
     294
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     Uniform
            
                
         17
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     17
     299
     17
     2
      

   1
  

    
   HistoryItem_V1
   AddNumbers
        
     范围： 所有页
     字体： Times-Roman字号11.0点
     来源： 底中
     偏移： 水平 0.00 点, 垂直 28.35 点
     前缀文本： ''
     后缀文本： ''
     使用注册色： 无
      

        
     1
     0
     
     BC
     
     1
     1
     TR
     1
     0
     806
     178
    
     0
     1
     11.0000
            
                
         Both
         2
         AllDoc
         19
              

       CurrentAVDoc
          

     [Doc:NumPages]
     0.0000
     28.3465
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     1
     299
     298
     299
      

   1
  

 HistoryList_V1
 qi2base





