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ABSTRACT 

This paper proposes a Hybrid Complete Coverage Path Planning (HCCPP) algorithm to enhance the efficiency 

and smoothness of suspended mowers operating in convex polygonal fields. Combining straight-in, nested, 

and outward-spiral strategies, it optimizes internal and boundary coverage while using Hybrid A* and Bézier 

curves for smooth transitions. The simulation experiment uses a suspended lawn mower (Dongfanghong 

LX804 rear lawn mower) as the test platform, with parameters: dimensions of 6.50 m × 2.17 m × 2.87 m, 

working width of 2.5 m, minimum turning radius of 6.2 m, and minimum row spacing of 12.5 m. The simulation 

experiment of running 5 times for each of the 3 plots shows that HCCPP achieves >99.7% coverage, <5.4% 

overlap, 4–9% shorter paths, and lower curvature variation, outperforming traditional methods and offering an 

efficient solution for autonomous agricultural path planning. 

 

摘要 

本文提出一种混合全覆盖路径规划算法（HCCPP），用于提升悬挂式割草机在凸多边形地块的作业效率与路径平滑性。该

方法结合直入、嵌套与外螺旋策略，优化内部与边界区域覆盖，并采用混合 A*与贝塞尔曲线实现平滑过渡。仿真实验以悬

挂式割草机（东方红 LX804后置割草机）为试验平台，参数：尺寸 6.50m×2.17m×2.87m，工作宽度 2.5m，最小转弯半径

6.2m，最小行距12.5m。对3个地块中的每一个进行5次运行的仿真实验表明，HCCPP在多种地块上实现覆盖率超99.7%，

重复率低于 5.4%，路径长度缩短 4%-9%，曲率波动小，优于传统方法，为农机自主路径规划提供高效方案。 

 

INTRODUCTION 

 Agricultural mechanization is an important way to improve agricultural production efficiency and reduce 

labor intensity. As a common agricultural machinery, suspended mower is widely used in forage harvesting, 

lawn mowing and other fields due to its flexible adaptability with power equipment such as tractors. With the 

development of intelligent agriculture, it is evolving from manual operation to semi-autonomous and fully 

autonomous modes. Path planning technology, being a core component, directly determines the efficiency, 

accuracy, and safety of operations. It is worth noting that the development of agricultural autonomous systems 

is a complex process that requires the integration of multiple specialized and interrelated subsystems, including path 

planning, path tracking, localization, and perception systems. This paper will focus on the path planning subsystem. 

 In agriculture, path-planning tasks are categorized into global path planning and local path planning 

(Vagale, Oucheikh et al., 2021). Among them, global path planning is path planning based on complete prior 

information when the operation environment is known, generally in agricultural machinery pre-operation 

planning (Li, Huang et al., 2022). Local path planning is a real-time path planning that uses sensors to sense 

environmental information in the work area in agricultural machinery operations (Ren, Chen et al., 2020, Chen, 

Gong et al., 2023). Complete Coverage Path Planning (CCPP) is a global path planning, which refers to 

planning one or more continuous paths within a given operation area, so that agricultural machinery can cover 

the entire operational area without omissions and with minimal overlap. Efficient path planning can reduce 

inefficient driving, reduce energy consumption and time, improve mowing quality, and is of great significance 

to improve agricultural mechanization level and reduce cost (Mier, Valente et al., 2022). 

 CCPP process includes two core parts: turn-path planning and traversal-path planning. Turning path 

planning mainly solves the problem of connecting between working paths. Common methods include 

semicircle, bow, pear and fishtail turns.  

 Studies have shown that: for rectangular and trapezoidal fields, bow and pear turns can significantly 

improve agricultural efficiency (Jing-fa, Jing et al., 2020); strategies based on right-angle turns and fishtail 
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turns can effectively optimize the outermost and inner corner paths of farmland and improve coverage (Cheng-

ming, Chen-wen et al., 2021); dynamic head-turning methods designed for four-wheeled vehicles (using 

asymmetric backcutting technology) minimize path length and operation time (He, Bao et al., 2023). Bow and 

pear turns can improve work efficiency by about 15% - 20%, while right-angle and fishtail turns strategies can 

increase coverage by about 10% - 15%. The dynamic heading turning method uses asymmetric back cutting 

technology, which can reduce path length and work time by about 20% - 25%. Different turning methods have 

different distances and application scenarios, but the existing research lacks adaptive turning models that can 

automatically match the needs of suspended mowers.  

 The common methods of traversal path planning include reciprocating, spiral, nested and partition. For 

example, Liu uses reciprocating ergodicity combined with improved ant colony algorithm to improve the 

adaptability of harvester to unloading position while reducing soil compaction (Ming-jie, 2021). Zhou et al. 

constructed an environmental model by grid method, and combined with the edge inner spiral algorithm to 

increase the coverage rate of cleaning robots to 99.3% and reduce the repetition rate to 1.1% (Xin-yuan, Ling 

et al., 2021). Yang divided sub-regions based on farmland grid, and optimized the traversal order by nested 

traversal and adaptive genetic algorithm to reduce the path length (Jie, 2018). The current ergodic path 

research faces challenges such as high complexity, variability and difficulty in implementation. Simple and 

efficient connection strategies are urgently needed.  

 Current CCPP research focuses on developing reciprocating or spiraling coverage schemes, but a 

single approach is difficult to balance coverage integrity and path efficiency over complex terrain (Höffmann, 

Patel et al., 2023). By linking different coverage modes (such as spiral and reciprocating), hybrid planning 

methods can customize the path according to the turning radius of agricultural machinery, and optimize fuel 

and time efficiency while ensuring complete coverage. However, traditional joining methods rely on geometric 

rules or simple curve fitting, and have three limitations: (1) direct joining leads to abrupt curvature change and 

increases mechanical wear; (2) the preset path lacks dynamic adjustment ability and is easy to produce 

coverage gaps; and (3) it is difficult to satisfy multiple constraints of seamless coverage, path minimization and 

motion smoothing simultaneously. In this paper, hybrid A* algorithm and third-order Bezier curve are 

introduced to optimize the joint path. Hybrid A* algorithm combines discrete graph search with continuous 

kinematic constraints to generate feasible paths satisfying turning radius constraints in high-dimensional 

space, especially for narrow transition regions (Yang, Pan et al., 2024). On this basis, a third-order Bézier 

curve, with its strong local shape-control capabilities, is used to smooth and optimize the search-generated 

path, ensuring continuous curvature and keeping the maximum curvature below the upper limit allowed by 

agricultural machinery dynamics. This significantly enhances driving smoothness and energy efficiency (Kong, 

Liu et al., 2024). The combination of these two methods achieves a unified balance between global optimality 

and local smoothness. 

 The purpose of this study is to propose a hybrid planning method, which combines lawn terrain 

characteristics and mower operation parameters into a complete coverage path planning system to optimize 

the path planning model of suspended mower operation scenarios. The specific objectives of this study are: 

(1) improve the traversal algorithm, and propose a complete coverage path planning algorithm model of 

"straight-in, minimum-row-spacing nesting, spiral-out"; (2) propose a hybrid complete coverage path planning 

algorithm for suspended mower operation scenarios by combining hybrid A* algorithm with Bezier curve 

optimization nested path and outer spiral path; (3) evaluate the system performance through simulation and 

comparison experiments. 

 

MATERIALS AND METHODS 

Algorithm flow 

 In order to optimize the traverse path of working rows, a path planning algorithm is proposed, which 

takes the minimum row spacing as the priority. Based on the working row connection path model and traversal 

path model, a novel hybrid complete coverage path algorithm is proposed, which innovatively combines cross-

row nesting and outer spiral methods.  

 The algorithm flow is as follows: (1) Get plot data and farm machinery operation parameters. (2) 

Calculate the parameters of hybrid complete coverage path planning algorithm. (3) Generate outer spiral path 

boundaries and nested path boundaries. (4) Nested paths are generated by minimum row spacing nesting 

algorithm and pear-shaped and bow-shaped turn models, and outer spiral paths are generated by outer spiral 

path algorithm and corner turn models. (5) Integrate the outer spiral and nested paths, optimize the connecting 

path, and generate the complete coverage path. 
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 Optimal coverage path planning meets the core requirements of complete coverage area, reduced 

number of turns, and shorter working paths (Lin and Huang, 2021, Chakraborty, Elangovan et al., 2022, 

Höffmann, Patel et al., 2024). According to the characteristics of lawn environment, the following assumptions 

were made to simplify the model (Cao, Guo et al., 2023): (1) Single agricultural machinery operation. (2) The 

operation plot is level and free of internal obstacles. (3) The fields are assumed to be regular convex polygons. 

(4) Farm machinery runs smoothly at a constant speed. (5) Agricultural machinery enters and exits the plot 

only through specified entrances and exits. 

 
An Improved Nesting Method Integrating Minimum Row Spacing Method 

 For large farm machinery such as suspended mowers, which has narrow working width but large 

minimum turning radius, bow turning is often selected as traversal path planning scheme. A path optimization 

algorithm based on minimum row spacing nesting is proposed in this paper. The longest boundary is selected 

as the reference path, and the working rows are divided according to the working width of agricultural 

machinery.  

 The minimum row spacing (𝐷𝑀𝑖𝑛[𝑚]) is not a fixed value and needs to be dynamically calculated in 

combination with the mechanical characteristics of agricultural machinery and operation requirements. The 

core constraints include: operation width (𝑏[𝑚]), mechanical turning radius (𝑅𝑀𝑖𝑛[𝑚]) and plot slope (𝛼[°]). In 

order to prevent missed cuts due to positioning errors, it is also necessary to introduce an overlap ratio 

coefficient (𝑘), usually reserving 5% - 20% overlap ratio. The minimum row spacing is the maximum of the 

constraints above, i.e.: 

𝐷𝑀𝑖𝑛 = 𝑚𝑎𝑥{𝑘𝑏, 2𝑅𝑀𝑖𝑛 , 𝑓(𝛼)}                                                            (1) 

 Typically, 0.8 ≤ 𝑘 ≤ 0.95 , 𝑓(𝛼)  is the slope correction function. The formula for calculating the 

minimum number of cross rows (𝑛) and the distance between rows (𝑊) is as follows:  

𝑛 = ⌈
𝐷𝑀𝑖𝑛

𝑏
⌉                                                                           (2) 

𝑊 = 𝑛𝑏                                                                            (3) 

where the symbol ⌈ ⌉ indicates rounding up.  

 The total number of working rows 𝑁 is calculated as: 

𝑁 = ⌈
𝐿

𝑏
⌉                                                                             (4) 

where 𝐿[𝑚] is the width of the work area in the direction perpendicular to the reference path, and the value is 

the maximum distance between two boundary points of the area in that direction. 

 
Fig. 1 - Schematic diagram of complete coverage path planning using minimum row spacing  

nesting method in different cases 
(a) When n=3, 1Cn, the planning result of the covering path. (b) When n=3, C=n+1, the planning result of the covering path.  

(c) When n=3, C=2n-1, the planning result of the covering path. (d) When n=3, C=2n, the planning result of the covering path. 
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 The nesting method based on a minimum spacing of 3 working rows is shown in Figure 1. According 

to this method, (2𝑛 + 1) working rows are needed to realize complete coverage. When 𝑚 groups of paths are 

executed using the minimum spacing, the total number of working rows becomes (2𝑛𝑚 + 𝑚). In this model, 

with a minimum of three spanning rows, 14 working rows are required to complete two nested paths. In this 

mode, the number of nested path groups (𝑚) with n rows can be calculated as follows:    

𝑚 = ⌊
𝑁

2𝑛+1
⌋                                                                              (5) 

where the symbol ⌊ ⌋ indicates rounding down. The number of remaining working rows (𝐶) is then calculated as: 

𝐶 = 𝑁 − 𝑀(2𝑛 + 1)                                                                   (6) 

 To facilitate the connection between the nested operation and the outer spiral method, the terminal 

working row should be set as the boundary row. Under the left-starting scheme, the (𝑛 + 1) row (counting from 

left to right) is defined as the starting row. The regular characteristics are analyzed as follows: 

 (1) When 1 ≤ 𝐶 ≤ 𝑛, add 𝐶 pear turns, as shown in Figure 1(a).  

 (2) When 𝑛 < 𝐶 < 2𝑛, planning requires 2 arcuate turns with span (𝑛) and (𝐶 − 2) pear turns, as 

shown in Figures 1(b) and 1(c). 

 (3) When 𝐶 = 2𝑛, planning requires 2 arcuate turns with span (𝑛 + 1), 3 arcuate turns with span (𝑛) 

and 1 pear turn, as shown in Figure 1(d).  

 This method simplifies the connection path into two basic forms: bow turns (when the number of 

working rows is (2𝑛𝑚 + 𝑚), with crossing spans of 𝑛 and (𝑛 + 1), respectively) and three types of turning 

paths that incorporate pear turns. Research has shown that traditional bow turns can be replaced by semi-

circular turns with larger turning radii (specifically 
𝑛𝑏

2
 and 

(𝑛+1)𝑏

2
 , where 

𝑛𝑏

2
> 𝑅𝑀𝑖𝑛), thereby further streamlining 

and unifying the turning-path types. 

 

Calculation of outer spiral overburden 

 In the mowing operation scenario shown in Figure 2, the combination of outer spiral method and corner 

turning along the edge area of the ground is adopted. The coverage width (𝑓[𝑚]) shall be greater than or equal 

to the turning width (𝑑[𝑚]) to ensure the operation efficiency. The optimal sequence of the working rows is 

determined first by nesting at minimum row spacing, and then by outer spiraling at overlay (𝐹). 

 
Fig. 2 - Schematic diagram of minimum row spacing nesting and outer spiral method complete coverage 

 

 Bow-shaped turns are primarily used for path connections when the spacing between parallel working 

rows exceeds twice the minimum turning radius (𝑊 > 2𝑅𝑀𝑖𝑛). When the nested-method connection path uses 

bow turns (as shown in Figs. 3a and 3b), the number of outer-spiral coverage layers 𝐹 is calculated using 

Eq.(7). When the connection path uses a semicircular turn, the number of outer-spiral coverage layers 𝐹 is 

calculated using Eq. (8). 

𝐹 = ⌈
(𝑊−𝑅𝑀𝑖𝑛) cos 𝛼+𝑅𝑀𝑖𝑛

𝑏
⌉                                                              (7) 

𝐹 = ⌈
(𝑊−𝑅) cos 𝛼+𝑅

𝑏
⌉                                                                   (8) 
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where 𝛼[𝑟𝑎𝑑] is the angle between the current working row and the boundary of the plot. The working path 

length for this type of turn consists of two components: one is a semicircular turning path with radius 𝑅, and a 

straight path segment. Due to the fixed turning radius (𝑅) , the length of the straight segment directly 

determines the row spacing required for cross-row operations. 

 Pear-shaped turns are mainly suitable when the spacing between parallel working rows is less than 

twice the minimum turning radius (𝑊 < 2𝑅min). This turning technique consists of three consecutive arc 

segments, with the curvatures of the first and last arc segments corresponding to angles 𝛽(rad) and 𝛾(rad), 

respectively. A larger curvature value results in smaller spacing between working rows, whereas a smaller 

curvature value increases the spacing. However, the spacing must always satisfy the condition 𝑊 < 2𝑅min. 

When the connection path adopts pear-shaped turns (as shown in Figs. 3c and 3d), the number of coverage 

layers in the outer spiral method 𝐹 is calculated using Eq. (9): 

𝐹 = ⌈
(4𝑅𝑀𝑖𝑛 sin 𝛾+𝑊 cot 𝛼) sin 𝛼

2𝑏
+

𝑅𝑀𝑖𝑛

𝑏
⌉                                                       (9) 

  
Fig. 3 - Turning methods 

(a) Bow turn with parcel boundary perpendicular to the working path;  

(b) Bow turn with parcel boundary not perpendicular to the working path;  

(c) Pear turn with parcel boundary perpendicular to the working path;  

(d) Pear turn with parcel boundary not perpendicular to the working path 

 

Constraints on Joining Path 

 In the improved nesting method based on a minimum of three spanning rows, the nested path ends 

on the same side as the starting point when the remaining number of rows C is even, and ending on the 

opposite side of the starting point when C is odd. According to the counterclockwise outer spiral operation rule, 

the theoretical initial loop of outer spiral can be deduced. Then a local search target area is constructed with 

the outer spiral starting point as the center. The size of this area should be determined according to the turning 

radius of the agricultural machinery, the working width and the required smoothness (Vahdanjoo, Gislum et 

al., 2024). The hybrid A* algorithm automatically searches for connecting paths to ensure continuity of 

coverage. 

 A joining path must satisfy three core constraints simultaneously:  

 (1) Geometric constraints: The path must lie entirely within the transition region between the outer-

spiral boundary and the nested boundary and must not exceed the parcel boundary. The turning radius must 

be greater than or equal to the minimum turning radius. 

 (2) Coverage constraints: The joining path must fully cover the theoretical starting loop. The lateral 

deviation must be ≤ 0.5 times the working width to avoid missed coverage or redundant coverage. 

 (3) Dynamic constraints: The path must maintain continuity, with a maximum curvature ≤ 0.33𝑚−1 and 

a rate of directional change ≤ 15° 𝑚⁄ , in order to reduce tractor steering energy consumption and mechanical 

wear. 

 

Implementation of Hybrid A * Algorithm 

 1. State space definition:  

 A three-dimensional state vector (𝑥, 𝑦, 𝜃) is used to describe the position and orientation of the 

agricultural machine, where (𝑥, 𝑦) are planar coordinates and 𝜃 is the heading angle (the angle relative to the 

x-axis). State transitions must comply with the kinematic constraints of the tractor. 

 2. Heuristic function design:  

 In the heuristic function 𝑓(𝑛) = 𝑔(𝑛) + ℎ(𝑛), 𝑔(𝑛) is the actual cost (including path length and turning-

penalty terms) from the nested endpoint to the current node, ℎ(𝑛) is the estimated cost from the current node 

to the outer spiral start point.  
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 A Euclidean distance with directional weighting is used:  

ℎ(𝑛) = 𝛼 ∙ √(𝑥𝑔 − 𝑥𝑛)
2

+ (𝑦𝑔 − 𝑦𝑛)
2

+ 𝛽 ∙ |𝜃𝑔 − 𝜃𝑛|                                           (10) 

where, 𝛼 = 0.6 and 𝛽 = 0.4 are weighing coefficients, weight 𝛼 > 𝛽  giving higher priority to distance cost. 

(𝑥𝑔 , 𝑦𝑔 , 𝜃𝑔) is the target state corresponding to the starting point of the outer spiral (where 𝜃𝑔  is the initial 

tangent direction of the outer spiral). 

 3. Node expansion and pruning:  

 A dynamic neighborhood-expansion strategy is adopted. A 14-neighborhood search is used in 

unobstructed areas to accelerate convergence, while an 8-neighborhood search is applied near boundaries to 

ensure accuracy. Nodes exhibiting excessive curvature are pruned, and, within each grid cell, the three states 

with the lowest cost are retained. 

 4. Path extraction: After the search reaches the starting point of the outer spiral, an initial connecting 

path consisting of approximately 15–20 key nodes is generated by tracing back through the parent nodes. 

 

Third-order Bezier curve smoothing 

1. Control point selection:  

Four key control points are extracted from the Hybrid A* generated path: 𝑃0  (nested-path endpoint), 

𝑃1  (direction feature point), 𝑃2  (transition feature point), 𝑃3  (outer-spiral starting point). Points 𝑃1  and 𝑃2  are 

optimized using a least-squares fitting approach. By sampling the intermediate nodes of the Hybrid A* path, 

the mean squared error between the Bézier curve and the sample points is minimized (≤ 0.5 m), ensuring that 

the smoothed curve does not deviate from the original optimized path direction. 

 2. Curve Generation and Curvature Constraints:  

 The third-order Bézier curve is defined as:  

𝐵(𝑡) = (1 − 𝑡)3𝑃0 + 3𝑡(1 − 𝑡)2𝑃1 + 3𝑡2(1 − 𝑡)𝑃2 + 𝑡3𝑃3    𝑡 ∈ [0,1]                                (11) 

 Derivation of the curve yields the first derivative 𝐵′(𝑡)  and the second derivative 𝐵′′(𝑡) , and by 

adjusting the coordinates of 𝑃1  and 𝑃2 , ensures that the curvature 𝛾(𝑡) = |𝐵′(𝑡) × 𝐵′′(𝑡)| |𝐵′(𝑡)|3⁄  satisfies 

𝛾(𝑡) ≤ 0.33𝑚−1.  

 3. Coverage accuracy correction:  

 Final correction is performed by offsetting control point 𝑃1 to ensure complete coverage of the bridging 

segment between the nested path and the outer spiral. 

 

Simulation test design 

  Three typical plots on the south lawn of the Yifu Library at Shandong University of Technology were 

selected as test sites and labeled Parcel No. 1, No. 2, and No. 3. The basis for parcel selection was as follows: 

Parcel 1 is a regular rectangle representing simple, flat terrain and was used to evaluate the basic performance 

of the algorithm under ideal conditions. Parcels 2 and 3 are irregular polygons with convex corners, simulating 

common irregular-field scenarios and focusing on verifying the algorithm’s adaptability to complex boundaries. 

The boundary coordinates of all plots were collected using RTK differential positioning with a sampling interval 

of 5 m, and vector models were constructed after boundary optimization using the Douglas-Peucker algorithm 

(Kai, Yin-shan et al., 2022). This algorithm enables polygon fitting by simplifying redundant linear features 

while preserving the original geometric structure of the boundary. 

  The experiment used a suspended mower (Dongfanghong LX804 rear-mounted mower) as the test 

platform. Its parameters are as follows: overall dimensions of 6.50 m × 2.17 m × 2.87 m, a working width of 

2.5 m, a minimum turning radius of 6.2 m, and a minimum row spacing of 12.5 m. The simulation environment 

consisted of a Windows 11 operating system (Intel Core i5-13400, 2.5 GHz, 32 GB RAM). MATLAB R2024a 

was used for algorithm simulation, while path generation and analysis were performed using custom MATLAB 

scripts. 

 The comparison framework was designed as follows: 

 1. Control group 1 (minimum row-spacing nesting method):  

 The optimal nesting algorithm proposed in Section 4.1 of this paper was used as the benchmark to 

evaluate the improvement provided by the “outer-spiral boundary coverage” module. Its parameter settings 

were consistent with HCCPP, with a minimum row spacing of 𝐷min = 12.5 m and a spanning-row number of 

𝑛 = 5. 
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 2. Control group 2 (outer-spiral + reciprocating hybrid):  

 The traditional hybrid strategy combining inner reciprocating paths with an outer spiral boundary was 

used to assess the effectiveness of HCCPP in optimizing transfer paths in non-working areas and reducing 

deadhead travel distance. The reciprocating section adopted pear-shaped turns, while the spiral layers were 

kept consistent with HCCPP. 

 3. Experimental group (HCCPP algorithm proposed in this paper):  

 The proposed “straight-in → minimum-row-spacing nesting → spiral-out” framework was employed. 

The connecting path was generated using the Hybrid A* algorithm followed by third-order Bézier curve 

optimization, with curvature constrained to ≤ 0.33𝑚−1. 

  Uniform operating constraints: 

 Working width 𝑏 = 2.5 m; overlap ratio 𝑘 = 0.9; minimum turning radius 𝑅min = 6.2 m; straight-line 

travel speed 𝑉𝑠 = 1.5 m/s; turning speed 𝑉𝑡 = 0.8 m/s.  

 Each method was executed independently five times on each plot, and the averaged results were 

reported to reduce random error interference. 

Evaluation index 

 1. Coverage rate: the ratio of the area effectively covered by the planned path to the total field area. 

The ideal value is 100%. Values below 99% indicate missed coverage. 

 2. Duplicate coverage: refers to the ratio of the total area actually traversed by the planned path to the 

area of the plot, reflecting route redundancy. Lower values indicate better performance. 

 3. Total path length: the total distance of the planned path (including both working rows and turning 

segments), measured in meters. This metric directly affects operation time and energy consumption. 

 4. Non-working path ratio: the ratio of the length of non-working travel (turning segments) to the total 

path length. A lower ratio indicates higher path efficiency. 

 5. Number of turns: the total number of turns in the path (including bow turns, pear turns, and corner 

turns). Fewer turns correspond to reduced mechanical wear and lower energy consumption. 

 6. Path smoothness: quantified by the standard deviation of curvature fluctuations along the path. 

Lower values indicate smoother, more stable trajectories. 
 

RESULTS 

Results analysis 

  The coverage and duplicate-coverage results of the three methods across the three test plots are 

presented in Table 1. The HCCPP method achieved a coverage rate exceeding 99.7% in all plots. In contrast, 

Control Group 1 exhibited missed coverage ranging from 1.4% to 2.2% in Plots 2 and 3, while Control Group 

2 suffered substantial missed coverage (98.5%–99.5%) due to gaps in the joining region. The duplicate-

coverage rate of HCCPP ranged from 3.5% to 5.4%, significantly lower than that of Control Group 1 (5.2% - 

8.7%) and Control Group 2 (6.8% - 9.5%).  

Table 1 
Comparison of Coverage Performance (mean ± standard deviation) 

Plot number Group Coverage rate [%] Duplicate coverage rate [%] 

1 Control Group 1 99.8 ± 0.15 5.2 ± 0.28 

Control Group 2 99.5 ± 0.22 6.8 ± 0.35 

Experimental Group 99.9 ± 0.08 3.5 ± 0.18 

2 Control Group 1 98.6 ± 0.31 7.5 ± 0.42 

Control Group 2 99.2 ± 0.25 8.3 ± 0.39 

Experimental Group 99.8 ± 0.12 4.8 ± 0.22 

3 Control Group 1 97.8 ± 0.45 8.7 ± 0.51 

Control Group 2 98.5 ± 0.38 9.5 ± 0.48 

Experimental Group 99.7 ± 0.18 5.4 ± 0.26 
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  The total path length, proportion of non-working paths, and number of turns for the three methods are 

summarized in Table 2. The total path length of the HCCPP method was 4% - 6% shorter than that of Control 

Group 1 and 7% - 9% shorter than that of Control Group 2. The proportion of non-working paths ranged from 

13.2% to 17.8%, which was lower than that of Control Group 1 (18.5% - 23.5%) and Control Group 2 (21% - 

26.2%). In addition, the number of turns in HCCPP was 15% - 19.4% lower than in Control Group 1 and 31.5% 

- 34.6% lower than in Control Group 2. 

Table 2 
Efficiency performance comparison (mean ± standard deviation) 

Plot number Group Total path length[m] Proportion of non-working 
paths [%] 

Number of 
turns 

1 Control Group 1 712.83 ± 8.45 18.5 ± 1.2 20 ± 1.8 

Control Group 2 737.26 ± 10.32 21.0 ± 1.5 26 ± 2.1 

Experimental Group 682.47 ± 5.23 13.2 ± 0.8 17 ± 1.2 

2 Control Group 1 781.39 ± 12.67 22.0 ± 1.8 32 ± 2.4 

Control Group 2 812.72 ± 15.84 24.8 ± 2.1 38 ± 2.9 

Experimental Group 743.18 ± 7.35 16.5 ± 1.1 26 ± 1.6 

3 Control Group 1 851.64 ± 18.23 23.5 ± 2.2 36 ± 3.1 

Control Group 2 883.93 ± 20.15 26.2 ± 2.5 43 ± 3.5 

Experimental Group 801.27 ± 9.87 17.8 ± 1.4 29 ± 1.9 

 

The standard deviation (SD) of curvature fluctuation for HCCPP was approximately 0.1 m⁻¹, which is 

lower than that of Control Group 1 (0.16 m⁻¹) and Control Group 2 (0.20 m⁻¹). The Bézier curve maintained 

curvature within 0.32 m⁻¹, satisfying the dynamic constraints. 

 
Fig. 4 - Comparison of Path Smoothness 

 
Parameter sensitivity analysis 

  After verifying the benchmark performance of the HCCPP algorithm, a sensitivity analysis of key 

operational parameters was conducted to evaluate the robustness of the algorithm and its response to 

parameter variations. The analysis focuses on two core parameters: the overlap ratio 𝑘 and the minimum row 

spacing 𝐷𝑀𝑖𝑛. Together, these parameters determine the effective coverage width and turning mode of the 

planned path, and they are critical for balancing working quality and operational efficiency. 
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  Analysis shows that the overlap ratio 𝑘 is a highly sensitive parameter. When its value deviates from 

the benchmark setting (𝑘 = 0.9), the algorithm exhibits a clear performance trade-off. When 𝑘 falls below 0.85, 

the total path length becomes the shortest; however, simulation results show a substantial increase in the risk 

of missed coverage, and overall coverage may drop below 98%. This is primarily due to reduced tolerance for 

machinery-positioning errors and steering drift. Conversely, when 𝑘 exceeds 0.93, coverage can still remain 

close to 100%, but the duplicate coverage rate increases almost linearly to an unacceptable level (>10%). This 

leads to path redundancy, reduced operational efficiency, and potential lawn damage caused by repeated 

compaction. Therefore, a “sweet zone” for the overlap ratio exists - approximately 0.88 - 0.92 - within which 

the algorithm achieves an optimal balance between high coverage and low duplicate coverage. 

 The minimum row spacing 𝐷𝑀𝑖𝑛 is a moderately sensitive parameter. In this study, the agricultural 

machinery parameters were fixed (𝑅𝑀𝑖𝑛 = 6.2𝑚, 𝑏 = 2.5𝑚) and 𝐷𝑀𝑖𝑛 was primarily determined by the minimum 

turning radius (2𝑅𝑀𝑖𝑛 = 12.4𝑚). This value, in turn, defines the minimum spanning number 𝑛 = 5and the 

corresponding bow-turning mode. If the effective turning radius increases due to variations in ground-adhesion 

conditions, both 𝐷𝑀𝑖𝑛 and 𝑛 will change accordingly. Such changes directly impact the global path structure, 

particularly by enlarging the turning region and increasing the proportion of non-working paths. It is worth 

noting that for smaller agricultural machines (with a smaller 𝑅𝑀𝑖𝑛), 𝐷𝑀𝑖𝑛  may instead be dominated by the 

product 𝑘 ∗ 𝑏. In such cases, even small fluctuations in the overlap ratio 𝑘 may trigger switching between 

turning strategies (bow vs. pear turns), thereby significantly increasing parameter sensitivity. 

  In summary, the strong performance of the HCCPP algorithm demonstrates good stability near the 

benchmark parameter settings; however, it is particularly sensitive to the overlap ratio 𝑘. This analysis provides 

important guidance for practical deployment: before field application, the optimal local value of 𝑘 should be 

identified through small-scale parameter scanning that accounts for the specific positioning accuracy of the 

agricultural machinery and the operational environment. This ensures that the algorithm can perform reliably 

under real-world conditions. The sensitivity analysis also indirectly verifies the effectiveness of the nested 

strategy based on minimum row spacing. While this strategy guarantees the feasibility of path planning through 

rigid geometric constraints, the ultimate operational and economic benefits depend on fine-tuning key 

parameters to match the machine and field characteristics. 

 

CONCLUSIONS  

 (1) To address the challenge of complete-coverage path planning in convex polygon fields, a hybrid 

navigation path-planning method suitable for suspended mower operations was proposed. Based on actual 

mowing requirements, a hybrid complete-coverage path-planning algorithm integrating minimum row-spacing 

nesting was developed. 

 (2) Simulation experiments on three real-world plots demonstrate that the proposed hybrid algorithm 

meets the operational requirements of suspended-mower mowing tasks. The method effectively optimizes the 

working path, significantly shortens the total path length, and reduces the proportion of non-working travel. 

Following the engineering principle that “path shortening is directly associated with reduced energy 

consumption,” this algorithm is expected to lower fuel consumption in practical applications while minimizing 

mechanical wear and soil-compaction effects - thus contributing to sustainable agricultural practices. However, 

these benefits require verification through future empirical field studies. 

 (3) The proposed complete-coverage path-planning method for suspended mowers is primarily 

designed for convex polygon plots and exhibits strong generality, making it applicable to convex plots of 

varying complexity and size. Although validation was conducted on small plots, the number and diversity of 

test cases were limited by available lawn area and plot complexity. Therefore, further evaluation on a broader 

range of plot shapes and real-world conditions is necessary to fully assess the method’s versatility. The current 

approach does not consider more complex scenarios such as concave polygon fields, internal obstacles, or 

dynamic obstacles. Future research may address these limitations by decomposing concave or obstacle-

containing plots into multiple convex polygons and by integrating dynamic obstacle-avoidance path-planning 

algorithms to enhance robustness and adaptability. 
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