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In the field of robotics and automation, path planning holds significant potential for optimizing field operations. These
operations must cover the work area comprehensively and efficiently with minimal movement. To achieve these goals,
coverage path planning (CPP) utilizing the Boustrophedon method is essential. However, in an experimental environment,
CPP often results in missed work areas due to cumulative sensor errors and structural inconsistencies. This paper aimed to
improve CPP by employing the Douglas-Peucker algorithm to simplify the work path and minimizing missed areas.
Additionally, Edge Zone Path method was used to generate edge paths, enhancing safety of the trajectory. For
experimental purposes, data were acquired from an actual barn. The work area was divided using three segmentation
algorithms. Among these, the Voronoi Segmentation, which demonstrated superior performance, was used to extract the
data. Experimental results indicated that the proposed optimized CPP improved path safety by maintaining a safe distance
from obstacles during frequent turns. Additionally, the Coverage Ratio increased the coverage area of the autonomous
robot by an average of 17% compared to the original CPP. These findings suggest that the proposed method can generate
more efficient and safe work paths.
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NOMENCLATURE SA = Segment Area

] SP = Segment Perimeter
¢ = Epsilon NoE = Number of Edges
DP = Douglas Peucker Nm = Normalized
CPP = Coverage Path Planning INm = Inverse Normalized

= Robot Width NEZP = Number of Edge Zone Passes

L = Robot Length EZP = Edge Zone Path
T = Turning Radius DIT = Design Infield Track
NoS = Number of Segments NoT = Number of Turns
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Fig. 1 Specifications and mounted sensors of the manure handling
robot for barns
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3. SLAM
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Fig. 3 Interactive SLAM based point cloud map
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Fig. 4 Results of filtering the point cloud map by applying the K-D
Tree algorithm
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Fig. 5 Point cloud map of converted grid data & out line points
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4.2 Drivable Area Detection
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Fig. 6 Drivable area determination based on contour line detection
using OpenCV

Fig. 7 Drivable areas in white, obstacles in black, and other areas in
gray
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Fig. 8 Distance segmentation is the result of area division
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g. 14 Results of applying douglas-peucker algorithm to three
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Fig. 15 Architecture for path planning, explaining the overall path
creation sequence

5. Coverage Path Planning

5.1 Coverage Path Planning Architecture
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Fig. 16 Edge zone path is an edge path that ensures safety from
frequent turning sections

L

Fig. 17 Detecting the longest axis by repeatedly rotating as much as
0 using minrect

A2 A= WiE Sk 24 3 AFFE MinRects -3
3l= Zlojth. MinRect= 5.29] W40 2 JLAE QI 539 2]
(14)°] 5.2004 F52F EZP HEE Hidsto], Adge 8
4 Qe FARES gk 2)(16)2 Zo] 2E3IAT) o2 T&
ot B¥= Fig. 18914 7HgAE] =29 Wi Aoz 2el
g 4= itk o]ZA Hojzl MinRectd] 7 H2 714 A&
el Wit d= S 9% =8 Ho= FEE3 oF, 4
(19y& Z-83to] 7% MinRectE 0] uhet W**l?lﬂﬂl 7V
] A= o] AT = Q= P 71 We =S A
O 7+ A= Fig. 180414 gl = 9l

MinRect = {(x1,¥1), (X2,1,), (X3,73), (¥4, 4) } (16)
dy = =5+ 03 (17)
dy = (=) + (13- 3,) (18)
tanil(yzi—yl)) ifd,>d,
Xy —X,
o=1 (19)
tan (y“_—y”)ifdl >d,
X4—X5

%B‘H x—i? =
AJstdct. 0#71*1 = “T Ywa = i—“%" Z WE g8l A
AbElct Hhd, d2 7} 7W 71 Zolzbd A2hHE B3l y&E A&

=N

C—

Fig. 18 Create a path within the edge zone path as a result of the
design infield path
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Fig. 19 A* is used to connect the coverage paths in each area to
create the final working coverage path
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5.4 Path Connection Algorithm
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5.5 Astar Algorithm
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Table 2 The path creation evaluation results of blue boundary

Blue Original DP NonDP-EZP DP-EZP
CPP CPP CPP CPP
Runtime [s] 0.07 0.37 2.51 2.47
Length [m] 15.24 16.67 17.81 17.24
NoT 6 6 14 10
Coverage [%]  79.365 67.3 96.913 98.748

Ratios A5t} 7 w2 71218 AAskitt
A B ASE Aot 44 e e HzAo
2 RE e Rt 4] ScoreE AbESle] F= Y AuE
u] ol
_ Original Value— Min Value
Nem Max Value— Min Value 27)
Original Value— Min
INm = 1- 2
" Max Value — Min Value (28)
Runtime Score = (w, x Inm Time) (29)
Length Score = (W, xINm Length) (30)
NoT Score = (wyx INm Not) 31
Coverage Score = (w,x Nm Coverage) (32)
All Score = (29) + (30) + (31) + (32) (33)
Table 2+= Blue Boundary®| tigt v 235 YERH oot

Original CPP2] Runtime, Length, NoT2] A% 71 =3}
91}, Coverage Ratio”} Non DP-EZP CPP, DP-EZP CPPoj H|
af AAT] W& A FHlski.

Fig. 21+= Blue Boundaryo] thgt v A HE F &S Table 2
£ Z8ste] JZ2 ZFSE Aot} Score A7} Original
CPP+= 0.599, DP CPP+= 0.282, Non DP-EZP CPP+= 0.612,
DP-EZP CPP+= 0.748% b}E]-"H:]— Original CPP+= Runtime,
Path Length, NoTol|A] 7} 943t 452 29 21}, Coverage
Ratio”} =53}7] 9grom, Anlzloz =gtg zke] ojojo] wf
Aot weta] 2 =FoA& Coverage RatioZ} 71 &2
Non DP-EZP CPP2} DP-EZP CPP &a18]&9] ZA7ke =74
O F H|wslygon, o] = NoT7} 22 DP-EZP CPP &18]&
of 7H HAsiE el A= A4 2IE 1L TSt

Table 3= Green Boundaryo] tigt v Z1}E YeRH H0]
t}. Original CPP2] Runtime, Length®] A-50] 71 94351352
u NoTZ eI3k eHAAL DP CPP/} 714 2aialc}. aha)uh
= 79 X% Coverage Ratio’} Non DP-EZP CPP, DP-EZP
CPPo]| 5l & 215 2Hlskict.

Flg 22+ Green Boundaryo] tgt H|n ARE EFH3T} Table 3
2 g8slo] alZ2 FFSH Ao}, Score A7} Original
CPP{E 0.275, DP CPP+= 0.619, Non DP-EZP CPP+= 0.627, DP-
EZP CPP:= 0.764% UERt}. Original CPP:= Runtime, Path
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Fig. 21 Graph of path creation for blue boundary evaluation results

Table 3 This table expressing the path creation evaluation results of
green boundary coordinates

Green Original DP NonDP-EZP DP-EZP
CPP CPP CPP CPP
Runtime [s] 0.09 0.79 3.51 3.19
Length [m] 68.248 71.75 73.963 73.327
NoT 12 8 16 11
Coverage [%]  84.269 92.56 99.082 99.609

Lengthol| A 714 431 A58 H o, Coverage Ratio?} &
2ok ottt A Axel uR7EA = Non DP-EZP CPP2}
DP-EZP CPP2] Coverage Ratio 7}o] 7} =0} o] 52 H|w3}
%t} 3149k Non DP-EZP CPPS] NoT Zto] o} ZAnjxom
DP-EZP CPP7} 7} 22315 2] A= 9lL shelslyict.

Table 4= Orange Boundary®]] tf3gt vl A3}E UEeERH 79|
t}. o4 T Boundary Zyke} EU3}A  Original CPP2)
Path Length7} 7P} 9438t AL Hgon)
Coverage Ratio2] 2|7} Yo} 219 A2 &-g35}7] o8 AL
2 glstqlr.

Fig. 232 Orange Boundaryo] t3t v ZRE 3 &3} Table
5 &8sl Oz xHSE Zlolt). Score 217} Original
CPP+= 0.32, DP CPP+= 0.665, Non DP-EZP CPP+= 0.606, DP-
EZP CPPx= 0.7442 yEPytt}. Original CPP&= Runtime, Path

Runtime,



838 / November 2024 StEYUIEEX| M43 M1
3 T 2.5 .E25
- E60- w =
) . 250 T 20
2 g & &
w2 w 40 U1s - 15-
Y= o - )
o £ H 1.0 510
£1 220- E 2
) l 3 oS 3
0l m— o 0.0
4 2 > (2
& 9 & & s ¢ & & & ¢ & &
& % Q & Q > & % >
< Q S} Q Q Q
\\OQ\ $°0 e0(\
-8 .
s _100- a 100
v 15 IS vi2s =
e = X ° a 80
E E . 210.0 8
. £ 60-
E10 5 60 g 75 E
] s .
s & 40- ° 5.0 g
55 2 g ]
-g g 20 € 25 2 20
E v 2 0 °
0! N N 0 .
&9 S
& & &
S) Q Q
0(‘
0.8
0.6
0.5
o
g §04
50.4 s
0.2
0.2 I
0.0
0.0 W 2 o
&9 S &
O < QQ’
o 9
&

Fig. 22 Graph of path creation for green boundary evaluation results

Table 4 The path creation evaluation results of orange boundary

Orange Original Dp NonDP-EZP DP-EZP
CPP CPP CPP CPP
Runtime [s] 0.07 0.36 2.68 2.66
Length [m] 19.57 22.07 25.824 25.584
NoT 6 4 14 8
Coverage [%]  82.25 91.78 98.028 99.158

Lengtho| A 7} $<=3F d5-& HE 01}, Coverage Ratio’} %
Balx] okolr). obd ZAuke} UP&7}X]E Non DP-EZP CPP&}
DP-EZP CPP2] Coverage Ratio 7}o] 714 o} o] £ w|n3s}
9}, 1|5k Non DP-EZP CPPC] NoT gho] iso} Anjzoz
DP-EZP CPP7} 714 212i3kel 2] 42918 Bielatgict.

7. Conclusion
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Fig. 23 Graph of path creation for orange boundary evaluation
results

Fig. 24 Experimental method using the final coverage path creation
results
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