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Abstract

With the recent growth of electrical and electronic systems such as electric vehicles, the demand for automatic cable routing for
electrical wiring design is increasing. However, real industry use cases of automatic cable routing are still rare especially in three-
dimensional design. In this study, we propose a new pathfinding algorithm, JPS-Theta*, which combines the existing pathfinding
algorithms, Jump Point Search and Theta*, that is better suited for cable routing. In addition, we propose a B-spline optimization
algorithm to create natural cable shapes while avoiding collisions. In the experiments, it was found that the proposed pathfinding
algorithm complements the existing algorithms and is thought to be more suitable for the purpose of automatic cable routing. Ad-
ditionally, ant colony optimization for continuous domains, a meta-heuristic algorithm, was successfully used for optimizing the
B-spline to obtain cable shapes without collision. Lastly, as a case study, the proposed method was directly applied to the electrical
panel design to show its effectiveness. We expect that the proposed method will be able to improve the efficiency and quality of
electrical wiring design.

Keywords: automatic cable routing, pathfinding algorithm, Jump Point Search, Theta*, B-spline optimization, ant colony optimization

The Dijkstra algorithm has been widely adopted for routing
tasks although itis relatively old (Dijkstra, 2022). The A* algorithm
is used in various fields that utilize the optimal path. It further
considers potential heuristic costs in Dijkstra’s algorithm (Hart
et al.,, 1968). The JPS algorithm is a relatively recent algorithm that
shows overwhelming performance compared to other algorithms
in the grid environment and guarantees the optimal path (Hara-
bor & Grastien, 2011). The Theta* algorithm is one of the variants
of A* and returns a path without angle constraints by consider-
ing line of sight (LOS) during the node traversal. It excludes nodes
that are not necessary for the final path (Daniel et al., 2010).

Compared to pipe routing, cable routing path has relatively
less restrictions on direction. In pathfinding algorithms, execution

1. Introduction

In the electrical wiring design process, cable routing is one of the
tasks that requires a lot of time in various industries such as ve-
hicles, aviation, and construction. Similarly, it is known that pipe
routing in the design of the plant industry accounts for 50% of the
entire design process (Park & Storch, 2002). Recently, many sys-
tems that previously operated on fossil fuels are being substituted
by systems using electricity. As demand for electrical and elec-
tronic systems increases, the demand for automatic cable rout-
ing systems is increasing. Fig. 1 shows examples of automatic ca-
ble routing applied in the automotive industry (Hermansson et al.,
2013, 2016; Kim et al., 2021b). However, up until now, it is rare to
see universal applications of automatic cable routing in 3D (three-

dimensional) design (Kim et al., 2021b).

The automatic cable routing problem is to find a cable path that
satisfles constraints such as cost, obstacle avoidance, and natural
cable shape in a 3D design space (Kim et al., 2021a). To suggest the
optimal route, existing research on automatic routing mainly used
pathfinding algorithms and meta-heuristic algorithm. The exist-
ing pathfinding algorithms suggest an optimal path that does not
pass through the obstacles, given the start and end points in a
design space. Representative pathfinding algorithms include Di-
jkstra, A*, Theta*, and Jump Point Search (JPS) algorithms.

time and length of the path are important evaluation indicators.
Therefore, they are considered in optimizing cable routing as well
as reducing cable costs. In this study, we propose a new pathfind-
ingalgorithm that combines the JPS and Theta* algorithms to fully
leverage the advantages of both to reduce execution time and the
length of the path. This combination utilizes the characteristics
of existing Theta* to eliminate unnecessary intermediate points,
making it easier to optimize by reducing the complexity of the
generated cable model, and shows a relatively fast execution time
due to it is based on JPS.
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Figure 1: Examples of cable, harness, and hose routing.

The main contributions of this paper can be summarized as
follows.

(1) We proposed JPS-Theta*, a new pathfinding algorithm
combining JPS and Theta* that excludes unnecessary in-
termediate interpolation points for a simplified and stable
cable path.

(2) We propose a new cable shape optimization considering
collision avoidance and verify the effectiveness of the pro-
posed method through experiments.

(3) We presented a case in which JPS-Theta* and B-spline op-
timization were applied to actual electrical panel design to
show the effectiveness of the proposed.

The overall process of the automatic cable routing proposed in
this study is shown in Fig. 2. In the data import stage, the cable
input/output terminals and design geometry information are im-
ported in XML (eXtensible Markup Language) and ISO 10303 STEP
(STandard for the Exchange of Product model data) formats, re-
spectively. Then, in the pre-processing stage, point clouds and vox-
els are generated based on the design geometry to apply pathfind-
ing and optimization algorithms. In the path planning stage, an
initial B-spline shape passing through the initial path points is
obtained using a pathfinding algorithm. Finally, in the cable opti-
mization stage, cable shape optimization is performed to achieve

In cable routing, it is important to present an optimized cable a shape that satisfies the design conditions, i.e., collision avoid-
shape that satisfies design conditions, and this has been treated ance.
as an important issue in previous studies. In this study, interfer- This paper is structured as follows. First, Section 2 introduces
ence, length, and minimum bend radius of the cable were used to related study. Section 3 introduces the A*, JPS, and Theta* al-
design constraints and objective functions, considering stability, gorithms, presents a new LOS-based JPS algorithm, JPS-Theta*,
cost-effectiveness, and feasibility. Additionally, we propose a pre- that combines the advantages of JPS and Theta*, and intro-
processing step before optimization to achieve better optimiza- duces experimental results to verify the effectiveness of the
tion results with lower computational cost. We use random fol- proposed pathfinding algorithm. In Section 4, we proposed a
lower ACOR (RFACOR), derived from ant colony optimization for method to generate an optimized cable shape that satisfies con-
continuous domains (ACOR), a type of meta-heuristic algorithm straints and design conditions such as maximum curvature, cable

to optimize the B-spline cable shape (Zhou et al., 2023).

length, and obstacle collisions using RFACOR, the state-of-the-art
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Figure 2: Overall process of the proposed automatic cable routing.
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meta-heuristic algorithm, and introduces experimental results to
verify the effectiveness of the cable optimization algorithm. Sec-
tion 5 introduces a case study applied to actual electrical panel de-
sign. Finally, Section 6 concludes this study with future research
directions.

2. Related work

In this section, we introduce related studies, categorized into do-
mains of pipe and cable routing, pathfinding algorithms, and path
smoothing algorithms.

2.1 Pipe and cable routing

In response to needs in numerous industries including piping and
electrical design, automatic routing for pipes and cables has been
developed. Similar algorithms are used with the goal of generating
pipes or cables that travel around obstacles given start and end
points, while specific requirements differ by field. The algorithms
used for routing can be broadly divided into two types. First, there
are studies that search for the optimal routing path within a graph
or network structure. Second, there are studies proposing the op-
timal routing path within a 2D (two-dimensional) or 3D grid envi-
ronment (Kim et al., 2021a).

In studies where the design space is represented as a graph,
the graph analysis is typically conducted first, followed by search-
ing for the optimal route considering the constraints of the graph
nodes and edges. There was a study that interpreted a cooling
system as a graph and performed optimized routing using the
genetic algorithm (Chan et al., 2007). Another study represented
circumferential spaces, such as an aero engine, as a graph to ob-
tain the optimal route (Liu & Wang, 2015). More recently, a study
has been presented proposing a multi-cable routing algorithm in
a graph space for automatic cable routing in commercial vehicles
like trucks (Kim et al., 2021a,b).

Research employing 2D or 3D grids for routing have been
vigorously conducted, with many instances stemming from the
shipbuilding sector. In the shipbuilding domain, there was a
study that categorized obstacles in the areas where pipes should
pass as special obstacle nodes, introducing an algorithm that
leads to natural obstacle avoidance (Kang et al.,, 1999; Fan et al,,
2006). Another study applied the JPS for ship pipe auto-routing. In
this study, a modified JPS was presented in line with pipe design
constraints such as reducing the number of elbows, excluding
diagonal routes, and setting preferred areas (Min et al., 2020). Re-
cently, research has been conducted applying curriculum-based
reinforcement learning for ship pipe routing (Kim et al.,, 2023).
Additionally, there have been studies conducted to further opti-
mize the calculated routing path. In the routing design process
of electrical wiring interconnection system, there was a study
that dealt with additional global optimization in the initial local
optimization-based path (Zhu et al., 2017). Additionally, a method
to solve the cable routing problem defined as a Bi-optimization
problem was presented using a deterministic algorithm
(Karlsson et al., 2024).

Among meta-heuristic algorithms, ACOR is one of the repre-
sentative methods for solving the optimization problem in ca-
ble routing domain (Socha & Dorigo, 2008). ACOR is a variant
of ant colony optimization to solve continuous domain prob-
lems rather than discrete domain. In this study, RFACOR was
utilized among several variations of ACOR (Zhou et al., 2023),
which showed improved performance compared to other variant
algorithms.

2.2 Pathfinding algorithms

Pathfinding algorithms are utilized not only in routing but also
in various domains such as gaming, robotics, and artificial intelli-
gence (Nobes et al., 2022). In 3D space, typical environments where
pathfinding algorithms operate are octree and voxel grids. The
octree has been extensively used in sectors, like the unmanned
aerial vehicle domain, where analysis of vast areas is essential
(Rodenberg et al., 2016). Unlike the uniformly structured voxel
grids, the octree is nonuniform, requiring separate algorithms to
find neighboring nodes for pathfinding (Samet, 1989; Kang et al.,
1999; Nandari et al., 2015).

The voxel grids environment, with its uniform structure in ev-
ery direction, is relatively convenient for applying pathfinding al-
gorithms. The A* algorithm is the most popular and classical algo-
rithm that can be employed in voxel grids (Hart et al., 1968). A* is
a variant of the Dijkstra algorithm, where a heuristic cost consid-
ering the distance to destination is included during pathfinding.
As a result, there are instances where weights tailored to the ap-
plication domain are applied (Liu et al., 2019). Theta*, one of the
variations of A*, expands the node search area based on LOS and
offers the advantage of returning a path closely resembling the
actual optimal distance without direction constraints.

The JPS is a representative algorithm that effectively handles
symmetric paths arising due to the uniform properties of voxel
grids. JPS achieves a significant reduction in execution time with
an efficient pruning strategy based on the symmetry of paths
(Harabor & Grastien, 2011). There is a case that introduces a
method of applying angle-based LOS judgment for path smooth-
ing on the optimal route obtained through the JPS algorithm for
mobile robot pathfinding (Luo et al., 2022). In this study, we in-
troduce a new algorithm that applies the LOS check process like
Theta* to the search process of JPS.

Paths obtained from pathfinding algorithms in obstacle en-
vironments are combinations of straight paths, necessitating
smoothing for a more fluid trajectory. Especially in robot path
planning, studies have been proposed for path smoothing to en-
sure more natural movements. Previous research introduced al-
gorithms that interpolate by inserting midpoints between path
points. One study devised an algorithm that generates a B-spline
path in environments with obstacles, and for the path segments
that collide with obstacles, they inserted midpoints to avoid these
collisions (Noreen, 2020). Another study proposed an interpola-
tion method that smooths the B-spline by interpolating additional
points when the maximum curvature is exceeded, building upon
the conventional algorithm of adding midpoints for interpolation
(Elbanhawi et al., 2015). Similarly, this study uses a post smoothing
algorithm to eliminate excessive path points for generating natu-
ral B-spline shape.

3. JPS-Theta*: LOS-based JPS algorithm

We introduce the JPS and Theta* algorithms in this section. Then
we provide JPS-Theta*, a LOS-based JPS algorithm proposed in this
paper, which is based on these two algorithms.

3.1 JPS algorithm

By performing pruning strategy in the expansion, JPS significantly
decreases the search area in voxel grids and creates jump points
upon identifying nodes with forced neighbors. The definition of
the forced neighbor is as follows where the path is denoted as
7, the parent node as p, arbitrary nodes x, y are introduced with
parent node p, and any additional arbitrary node is denoted as n.
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(e)

Figure 3: JPS algorithm overview and comparison: (a) pruned regions (gray) and a jump point (green), (b) and (c) compare the number of search nodes
of JPS and A* within the same environment, (d) and (e) illustrate jump points recognized by a forced neighbor (red) during diagonal and straight moves,

Obstacles are represented in dark gray.

@)
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Figure 4: LOS check in 3D and 2D: (a) the red nodes represent nodes for which LOS has not been secured and the blue nodes represent nodes for which

LOS has been confirmed, (b) illustrates LOS checks in 2D.

Definition 1 For n € neighbors(x), n is a forced neighbor if the fol-
lowing conditions hold (Harabor & Grastien, 2011).

(1) nisnota natural neighbor.

(2) When compared to the path = = (p, x, n) containing x, if
the path 7’ = (p, x, n) is not valid due to obstacles and is
shorter or equal, then n is considered a forced neighbor.

JPS performs pathfinding using only generated jump points
when expansion, considering the distance between jump points
and the destination as a heuristic cost. These characteristics are
shown in Fig. 3. Jump points generated by forced neighbor are
shown in Fig. 3a, whereas search nodes for JPS and A* are shown
in Fig. 3b and c, respectively, within the same environment. When
comparing the number of search nodes in Fig. 3b and ¢, it can be
seen that JPS shows a lot less nodes than A*. Given its characteris-
tics, JPS performs a faster search time than A* (Nobes et al., 2022).
Figure 3d and e show example of the forced neighbors found dur-
ing the search in 2D space. The details of JPS, which include the

pruning rule, detailed definition of forced neighbors, and jumping
rule in 3D, can be found in the previous paper (Nobes et al., 2022).

3.2 Theta* algorithm

Theta* is a variant of the A* algorithm. In A*, the optimal path is
determined exclusively in fixed directions: 8 for 2D and 26 for 3D.
Thus, path derived by A* may deviate from the true shortest path.
To address this, Theta* combines the node expansion method of
A* with LOS check. LOS check refers to verifying the LOS between
two nodes, as shown in Fig. 4. The Bresenham algorithm, a well-
known line-drawing algorithm, is employed for the LOS check.
Theta* check LOS between the child and parent of a reference
node during node expansion, if LOS is confirmed, update the path
between the parent node and the extended node, excluding in-
termediate nodes. As a result, it can find any-angle paths in its
expansion and returns shorter paths than JPS and A*. The pro-
cess of continuously removing intermediate nodes through LOS
checks to simplify the path is referred to as PS (Post Smoothing).
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Figure 5: Post smoothing process based on LOS check.

PS can also be employed to remove intermediate nodes on the fi-
nal path of JPS and A*. Applying PS to the final path obtained from
A* and JPS can obtain any-angle path. Theta*, on the other hand,
is known to provide shorter paths because it continuously evalu-
ates the simplified path against other possible paths during node
expansion and removes intermediate nodes. PS process is shown
in Fig. 5.

3.3 Proposal of an improved JPS algorithm based
on LOS

In this study, we aim to harness the strengths of both JPS and
Theta* algorithms by combining them. In previous studies, var-
ious methods have been proposed to enhance JPS, but none have
combined JPS with Theta* during its operation. Both algorithms
are relatively recently proposed, and this combination is the first
in our study. The expected benefits of this combination are as fol-
lows. First, we can expect faster search time based on the pruning
strategy of JPS. Next, you can obtain any-angle path, shorter path
with Theta* through LOS check.

We combined JPS and Theta* algorithms by adding LOS check
during jump point generation in the node expansion of JPS.
While running the JPS algorithm, intermediate nodes are deleted
through LOS check to simplify the path. This approach is similar
to applying PS to the final path obtained using JPS algorithm (JPS
PS). However, the proposed approach fundamentally differs from
the JPS PS in that it smooths the path during the algorithm not at
the end, thus results are different.

Figure 6 shows the flowchart illustrating the sequence of jump
point generation in the JPS-Theta* algorithm. This process con-
nects the Jump process of JPS and the UpdateVertex process of
Theta*. Jump is an important operation for identifying candidate
nodes (i.e., jump point nodes) on the path. Through the Jump oper-
ation, JPS can effectively reduce the number of candidate nodes,
which makes it a very efficient path search algorithm. Among the
candidate nodes, the path is simplified as much as possible us-
ing the UpdateVertex based on LOS and these nodes are stored to
continue the search. This simplified path is advantageous for gen-
erating a smoother and more natural cable path.

In this study, through the process of identifying jump points
and updating the path, the LOS between the child nodes and par-
ent nodes of the reference node is continuously checked to com-
pare the simplified path with the original path and remove unnec-
essary intermediate nodes. The UpdateVertex method of Theta* is
known to have a faster execution time than the postprocessing

(b)

method of path simplification and to frequently return shorter
paths (Daniel et al.,, 2010). Figure 7 shows an example of identi-
fying jump points and updating the path based on LOS.

The JPS-Theta* is a heuristic-based algorithm, so it has bet-
ter generality than optimization-based algorithms, but it cannot
always guarantee the optimal solution. Therefore, to achieve a
specific goal (e.g., collision avoidance), optimization needs to be
performed afterward. Nevertheless, the proposed JPS-Theta* has
advantages in terms of time efficiency and path smoothness in
general compared to optimization-based (e.g., GA-based) routing
algorithms.

3.4 Comparison of pathfinding algorithms

To compare the performance of the existing pathfinding algo-
rithms, such as JPS and Theta*, with the newly introduced JPS—
Theta* algorithm in this study, it is essential to design appropri-
ate experiments. In this section, we design experiments for com-
paring pathfinding algorithms. The programming language used
was Python, and the hardware employed for the study consisted of
an Intel(R) Core(TM) i7-12700K CPU and 32GB of RAM. We imple-
ment each algorithm and iteratively execute them. Subsequently,
we compare and analyze the performance of each algorithm. In
all experiments, at least one valid path was included to exclude
scenarios where there was no path. The design space consisted
of a voxel grid of a cubic environment with minimum and maxi-
mum points from (—200, —200, —200) to (200, 200, 200). The start
and end nodes were set to correspond to the minimum and max-
imum points, respectively. Obstacle generation was conducted by
controlling the number and maximum and minimum sizes of ob-
stacles to have a density of 20 to 25% (Daniel et al., 2010).

In this experiment, we compared JPS PS, Theta*, and JPS-Theta*
algorithms. The results include path length, execution time, to-
tal angle of the path, and the change of direction. Here, the term
“the change of direction” refers to the number of direction changes
equal to or greater than 45 deg. Lastly, Theta* algorithm was im-
plemented using a closed set. It is known that when a closed set
is employed, it returns relatively longer distances but offers the
advantage of reduced search time (Daniel et al., 2010). In the 3D
voxel grids, the reduction in search time becomes even more ap-
parent due to the larger number of nodes to search compared to
the 2D grids.

Figure 8 represents the experimental results. To simultane-
ously observe the average and variance of the experimental out-
comes, we utilized box plots. In terms of search time, algorithms
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Figure 6: Flowchart of the proposed JPS-Theta*.

based on JPS exhibit relatively lower search times compared to
Theta*. Particularly, as the grid resolution increases, a significant
difference in search time becomes evident. In a voxel grid envi-
ronment of 100*100*100, JPS-Theta* was about 18 times faster
than Theta* on average, and JPS-Theta* was about two times
faster than JPS PS. This result shows that Theta*'s UpdateVertex
method is effective in reducing execution time compared to the
PS method. This result is a trend that also appears in the exist-
ing Theta* literature (Daniel et al., 2010). This reflects the charac-
teristic of JPS, which considers only jump points as path points.
From a path distance perspective, there is no significant differ-
ence among the three algorithms. However, the Theta*-related
algorithms tend to yield slightly shorter paths. However, when
examining the change of direction changes, it was evident that
both Theta* and JPS-Theta* have lower values compared to JPS

PS. Excessive directional changes in a path can strain the cable, so
they should be avoided. Therefore, Theta* and JPS-Theta*, which
have relatively fewer direction changes, can be considered suit-
able for automatic cable routing. Therefore, it can be seen that
JPS-Theta*, which has appropriate changes in direction and sta-
ble changes in angle, is also advantageous for future B-spline
optimization.

According to the experimental results, our proposed JPS-Theta*
algorithm exhibits similarity with JPS and Theta* regarding dis-
tance and angle. Moreover, it combines the advantages of both
algorithms in terms of search time and directional changes, offer-
ing a logical alternative. Especially considering its minimal time
consumption and reduced abrupt direction changes, our proposed
method appears to be a suitable pathfinding algorithm for au-
tomatic cable routing. Nevertheless, it is important to note that

G20Z UdJeN 0 uo Josn ABojouyoa] Jo syl [euoleN yowny Aq 9/20182/€0€/S/L L/aI0e/epol/w0d dno oiwspese//:sd)y Wolj papeojumoq



Journal of Computational Design and Engineering, 2024, 11(5), 303-317 | 309
Jump Jump Jump Jump
point point point point
’f""-.
Line of]|Sight Chpck 4 v | Updated Vertices
(M nt le ent ;
) ’
‘l--"’
parent parcnt
(a) (b)
Figure 7: Example of creating a jump point in JPS-Theta*.
+ Algarithm
500 . PS-PS
825 N Theta®
EE JPS-Theta®
800 a0} 3
_ + —
E ' C}
g 775 3 3 P
- E
B ‘ E 300
€ L]
§ 750 ¥ 2
£ + 0K o 200}
& 725 i
L] A >
+ +
700 ‘ B 100 ;
‘.
675 e e e -—Ted LA —
30 0 50 50 70 80 % 100 30 20 50 60 70 80 90 100
300
. N + 8 " +
¢ +
250 L] 7 o
+ 6 S H
_ 200} ¢ c
o ¢ o
§ '] 35 * LI I
g 150 ! 8, _
g ‘ <3
a E
% & 3 ’
5 100 § 2
2 LL
+
50
1 + +
o s 0 0 ¢ A
30 a0 50 60 70 80 90 100 30 a0 50 60 70 80 90 100
Map Size Map Size

Figure 8: Comparison of time, length, change of direction, and angle between JPS PS, Theta*, and JPS-Theta*.

the results of pathfinding algorithms can vary depending on the
operational environment. Therefore, additional experiments and
evaluations across various environments are necessary.
Environments where jump points can be easily generated can
cause inefficiency of JPS-related algorithms. Of course, cases may
vary depending on the degree of optimization of forced neighbor
determination or Jump operations. Figure 9 shows that the results

we implemented have different tendencies depending on the en-
vironment. Figure 9a is a boxplot graph of the execution time in
each environment. The left side is the result from the current
experiment (clustered), and the right side is the graph from the
comparison environment (scattered). Figure 9b is the visualiza-
tion result of each environment. In the comparison environment
where jump points can be easily generated, we can see that the
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Figure 9: Comparison of execution times for different obstacle environments.

execution time of the JPS-related algorithm is slower than the re-
sults from the comparison environment.

In this section, we propose an optimization method to address po-
tential collision issues that may arise during the generation of a
B-spline based on the initial path points obtained from pathfind-
ing algorithms. When obtaining the initial cable, the resulting
path points of the pathfinding algorithm are used as inputs to the
B-spline interpolation function. By utilizing the simplified path
through JPS-Theta* during B-spline interpolation, a more natu-
ral initial cable path can be obtained. To solve the optimization
problem, this study applies the metaheuristic algorithm known
as RFACOR (Zhou et al., 2023). RFACOR is a modified version of the
traditional ACOR algorithm, designed to solve continuous domain
problems. It exhibits improved convergence patterns and miti-
gates the issue of easily fallinginto local minima (Zhou et al., 2023).
RFACOR provides an appropriate solution for cable optimization
problems that must satisfy complex design constraints.

Figure 10 illustrates the potential issues that may arise when
generating a B-spline based on initial path points. When using
initial path points for B-spline interpolation, collisions with ob-
stacles can occur during the conversion of straight paths into
curves, and it cannot guarantee the satisfaction of design con-

straints. To address this, this study proposes a cable shape opti-
mization methodology that comprehensively considers cable col-
lisions, minimum curvature radius, and length.

To quickly find a solution that minimizes obstacle interference,
an appropriate range of motion is required. In this study, we pro-
pose a method to expand the range of motion of the cable shape
by adding new path points based on collision points. Here, colli-
sion points refer to points included in obstacle voxels among the
point clouds sampled on the surface of the cable shape. Figure 11
visually illustrates the procedure for adding new path points to
the cable based on collision points, and Fig. 12 shows the corre-
sponding flowchart.

First, collision points are obtained based on the point clouds
sampled from the cable surface. Next, to divide the collision
points, clustering is performed on these points. In this study, the
DBSCAN algorithm was utilized for clustering. The DBSCAN pa-
rameters were set as follows: the neighbor radius e,;, was set
to 10, and the minimum number of neighbors n,; was set to
2. Finally, the center point of the cluster becomes a new path
point and is inserted into the existing path. If the centroid of
each cluster is within a certain radius of an existing path point,
it is excluded from being added as a new path point. The ra-
dius i, Was set to 20. This exclusion criterion is applied because
adding path points too close to existing ones does not help expand
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Figure 10: Examples of B-spline generation using initial path points.

Path points

(a)

Figure 11: Visual explanation of process of adding new path points.

the range of motion of the cable shape during the optimization
process.

4.3 Problem formulation

To comprehensively consider cable collisions, minimum curva-
ture radius, and length, we propose cost functions as shown in
equation (1). The cost function Cigy, takes into account the cost-
effectiveness of the cable. Generally, as the cable length increases,
so do the material and installation costs; therefore, considering
the cable length in the optimization process is crucial. C1l is a
cost function that considers the stability of the cable. The mini-
mum curvature radius is a factor considered for the physical sta-
bility and reliability of the cable. An excessively small minimum
curvature radius imposes excessive stress on the cable struc-
turally, increasing the likelihood of damage. Curvature is defined
as the reciprocal of the curvature radius. Finally, Cyisionis @ cost
function that considers the physical collisions of the routed ca-
ble model. To achieve a feasible routing path, it is necessary to
minimize the physical collisions of the cable. C.yisionsamples the
point clouds P on the surface of cables and uses the CollisionCheck()
function to determine the number of points included in the ob-
stacle voxels, utilizing this count as the value for Cyision. The
CollisionCheck() function identifies a point as a collision point if the
input point is included in the obstacle voxel.

The solution s refers to the displacement vector and tangent
vector adjustment values for the intermediate points, excluding
the start and end points, of the initial path points after pathfind-

(b)

Collision

Excessive Curvature

ing. syigdenotes the solution corresponding to the B-spline gen-
erated based on the initial path. During the optimization pro-
cess, the positions and slopes of the path points are adjusted
for optimization. The objective function is primarily composed
of Ceonision (S) to minimize cable interference. To minimize obstacle
interference while preserving the initial cable length and mini-
mum curvature radius, the constraint violations giengm(s), g’r%us (s)
are defined as shown in equation (2). The values on the right-
hand side of the constraint violation equations are determined ex-
perimentally and can be adjusted according to the requirements.
The penalty function is constructed in a basic static penalty
form. Riengtn, R:%us in equation (3) are the penalty coefficients
related to the length and minimum curvature radius, respec-
tively. Finally, the solution is evaluated and optimized according to
equation (4).

Clength (S) =1, min

radius (S) =max {K (wi)} s

W ew;
Coollsion (8) = CollisionCheck (P) (1)
Minimize £ (s) = Ceision (S) ©
. Clength S
Subject to )= —7—— =15
] Grength ( ) Clength (Sinitial) N (2)
le}’l S
g%"ms (S) — radius ( ) 2.0

i ¢ (Siitial)

Riength = Ciength (Sinitial) » Rinpe = Cml  (Sinitial) 3)
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Figure 12: Flowchart of how to add path points based on collision points.
Fs)=f(s)+ Y _Rjg;(s) (4)
j

4.4 Experiment on B-spline optimization
algorithm for collision avoidance

In this section, experiments are conducted to verify the effec-
tiveness of the proposed cable optimization method. In these ex-
periments, optimization is performed based on the initial paths
obtained after running JPS-Theta* 10 times in random environ-
ments ranging from 10 * 10 * 10 to 50 * 50 *50. The results are
compared in terms of cable length increase rate, maximum cur-
vature increase rate, and collision removal rate. The OpenCas-
cade library was used as a modeling kernel to construct and vi-
sualize the 3D path exploration environment and cable geometry.
Python was used as the programming language, and the hardware
used in the study consisted of an Intel(R) Core(TM) i7-12700K CPU
and 32GB of RAM. The obstacle environment differs from that of
the pathfinding environment. The boundary of the random envi-
ronment is a cube with a side length of 400, and the generated
obstacles consist of rectangular prisms composed of 64 to 1728
obstacle nodes. Their positions are determined randomly, with
user-specified distance constraints centered on the midpoint of
the box. the parameters for RFACOR were selected as shown in
Table 1 (Zhou et al., 2023). fesmqx refers to the maximum number
of function evaluations, and ub, lb denote the upper and lower
bounds of the solution range, respectively. k represents the size
of the solution archive used in the ACOR algorithm. The solu-
tion archive stores sampled solutions during the search process

Automatic cable routing based on JPS-Thetax and B-spline optimization

Table 1: RFACOR and ACOR parameter settings.

Parameter Value
fesmax 1500
ub 40
b -40
k n+ 35
m 10

q 0.7
£ 0.8

Table 2: Performance comparison results for comparing the per-
formance of ACOR and RFACOR.

Parameter RFACOR ACOR
Best Fitness Value 0.0124 20.335
Average Fitness Value 8.0651 25.062
Average Convergence Generation 5.4 5.8

of ACOR. The dimension of the solution is six times the num-
ber of path points to adjust the displacement and slope of the
path points. n represents the size of the dimension of the solu-
tion. m denotes the number of ants, which determines the num-
ber of sampling iterations before the solution archive is updated.
Once the required number of sampling iterations is reached, so-
lutions are sorted based on their objective function values, and
those with high objective function values, except for the top k so-
lutions, are discarded to improve the solutions. q determines the
distribution during the sampling process; as q increases, the dis-
tribution used for sampling becomes more uniform. § generally
has a range & > 0. A higher value of ¢ leads to quicker forgetting
of poor solutions during the search process (Socha & Dorigo, 2008).
The maximum number of function evaluations fesmqyx is set to
1500 to allow sufficient exploration. ub and b are set to 40 and
—40, respectively, to limit the exploration of too wide a range. So-
lutions with too wide a range are unrealistic and do not satisfy the
design conditions. If the archive size k is not sufficient compared
to the solution dimension size, the results may not converge dur-
ing the optimization process. To ensure sufficient archive size, 35
was added to the solution dimension size and used as the solu-
tion archive size. For stable convergence, the remaining values in
Table 1 were used as references in the existing ACOR study (Socha
& Dorigo, 2008).

In this study, we propose the application of RFACOR, which is
an improvement over the existing ACOR, to perform cable opti-
mization in complex environments. Compared to ACOR, RFACOR
shows better optimization performance by solving the problem
of converging to local optimization. Table 2 compares the aver-
age values of Best Fitness Value, Average Fitness Value, and Av-
erage Convergence Generation after 10 trials in a 50 * 50 * 50
environment for comparing ACOR and RFACOR in the cable op-
timization problem (Liu et al., 2024). Best Fitness Value means
the most appropriate objective function value in the optimiza-
tion process. Average Fitness Value is the average of the function
values (fitness values) recorded by each algorithm while perform-
ing optimization and represents the average performance during
the entire iteration. Average Convergence Generation compares
the number of generations when the algorithm converges, that is,
the fitness value no longer changes. Best Fitness Value and Av-
erage Fitness Value mean that the lower the value, the better the
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Figure 13: Experimental results of cable optimization with and without new path points.

performance. This means that RFACOR can search for a better op-
timal value, and it can be seen that it searches for an appropriate
value on average. On the other hand, Average Convergence Gener-
ation shows a larger ACOR value, which is judged to be the result
of converging too quickly during the search process (convergence
to the local optimum).

Figure 13 numerically compares the optimization results with
and without new path points. The experimental results clearly
show that adding path points significantly increases the collision
removal rate, i.e., less collision. This indicates that adding path
points is advantageous in expanding the range of motion during
optimization, thereby removing obstacle interference. Although
the length increase rate was generally higher when path points
were added, the difference was not substantial, and in both cases,
there was not much difference from the original cable length.
Except for the last case, we can see that the cases where path
points are added have a larger maximum curvature. This suggests
that in complex random environments, the optimization priori-
tized obstacle avoidance, resulting in an increase in maximum
curvature. Despite the increase in maximum curvature, all cases
remained within design constraints. In conclusion, the proposed
optimization method effectively minimized obstacle interference
with a high success rate in complex random environments, and
the minimal difference in length compared to the initial cable
path demonstrates its efficacy.

To qualitatively verify the experimental results, the optimiza-
tion outcomes in random obstacle environments were visualized.
Figure 14 shows some examples of optimization experiments con-
ducted with varying voxel resolutions. In all cases, obstacle inter-
ference was eliminated through optimization. Figure 15 presents
some examples of optimization experiments conducted with dif-
ferent obstacle ratios. In these cases, as well, obstacle interfer-
ence was eliminated in all instances. However, in some cases, al-

though obstacle interference was removed, the cable length in-
creased unnecessarily. Nevertheless, the length increase rate did
not exceed 50% in any case. These examples demonstrate that
the proposed method robustly eliminates collisions in various
environments.

5. Case study of an electrical panel

In this section, we present a case study applying the proposed
method to a real-world scenario. The selected case is an elec-
trical panel design model. Cable routing in electrical panels is a
common example of cable routing. We utilized the OpenCascade
library as a modeling kernel for the construction and visualiza-
tion of a 3D pathfinding environment as well as cable shapes. We
used Python as a programming language. The hardware employed
for this research consists of Intel(R) Core(TM) i7-12700K CPU and
32GB of RAM. If the path is not generated because the routable
space is insufficient, B-spline optimization cannot be performed.
However, this is a problem of the design environment rather than
the proposed method, so if the path finding fails, the design en-
vironment will need to be changed. In an actual design envi-
ronment, users can specify additional intermediate waypoints.
Figure 16 shows the results of applying the proposed method to
the panel design case. Figure 16a illustrates the B-spline cable
shape generated based on the initial path points by the proposed
pathfinding algorithm. The red lines represent cables with colli-
sions, while the green lines represent cables without collisions.
Figure 16b shows the results of optimizing the cables with colli-
sions. The optimization results successfully resolved the obstacle
interferences.

Figure 17 explains how to generate a harness. In Figure 17a,
a location to generate a harness is selected when routing is al-
ready completed. Then, a routable node is identified based on
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Figure 14: Examples of comparisons between original and optimized cables as voxel resolution increases.
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Figure 15: Examples of comparisons between original and optimized cables as obstacle ratio increases.

the input/output position and direction information of the har-
ness, and a harness and internal cables are generated by perform-
ing pathfinding based on the node in Fig. 17b. Next, in Fig. 17c,
pathfinding is performed on the intermediate path to connect the
cable input/output terminals and the internal cables, and the re-
sulting paths are merged. Figure 17d shows each result for differ-
ent harness input/output information.

Finally, the results of performing cable routing, including har-
nesses, using the proposed method are shown in Fig. 18. Har-
nesses are used to bundle cables with similar paths to ensure
space efficiency. In this process, cables and harnesses must ex-
ist as separate entities, and the cables included in a harness
must align in their paths within the harness. Therefore, the start
and end points of the harness were selected as waypoints for
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Figure 16: Results of applying the proposed method to electrical panels: (a) before optimization, (b) after optimization.

Harness Input

Harness Output
(a)

(c)

Figure 17: Routing process including harness creation.

the pathfinding process. Optimization was performed in cases
of collisions, and ultimately, a successful routing design was
achieved in the electrical panel design environment. The pro-
posed automatic cable routing method is effective in identify-
ing and eliminating obstacle interferences, making it particularly
suitable for complex and confined environments like panels. Con-
sequently, it is expected that the proposed method can reduce
time wastage due to repetitive tasks in the cable routing design
process.

In the case study, the total execution time of the routing process
including the harness is 23 s. To provide an appropriate compar-
ison, the execution time was compared by manually routing the
cables. The manual routing was performed using Autodesk Fu-
sion. The experiment was conducted after learning and practic-
ing the routing method in advance. When routing a single cable
manually, the execution time was 1 min and 41 s. Considering that
the case study requires routing >10 cables and harnesses, we can

(d)

see a huge advantage in the execution time through automatic
routing.

6. Conclusions

Cable routing is a crucial aspect of electrical wiring design across
various industries, requiring significant time and effort. The in-
creasing demand for electrical and electronic systems, such as
electric vehicles, has heightened the need for automatic cable
routing. However, the use of automatic cable routing in 3D design
remains limited.

In this study, we propose a new pathfinding algorithm, JPS-
Theta*, which combines the traditional JPS and Theta* algorithms
to reduce routing time and improve the final path. JP.S-Theta* is
advantageous in generating natural cables by eliminating unnec-
essary path points. Experiments demonstrated that JPS-Theta*
reduces execution time compared to Theta* and improves the
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Figure 18: Cable routing example including harness using the proposed method.

length and angle of the final path compared to JPS PS. These re-
sults indicate that JPS-Theta* can be an appropriate compromise
between Theta* and JPS.

Next, we proposed a B-spline optimization algorithm aimed at
obtaining a cable shape that avoids collisions while meeting de-
sign constraints. The proposed algorithm performs optimization
on the initial cable shape generated from the initial path obtained
through the pathfinding algorithm, adjusting path points to en-
sure the cable conforms to design conditions. Cable optimization
experiments in random environments quantitatively and quali-
tatively confirmed that the algorithm effectively eliminates ob-
stacle interference in complex environments. Even if some colli-
sions remain in the optimization results, modifying the cable af-
ter the interference is somewhat removed is more efficient than
modifying the initial cable. Although it is ideal to completely
remove interference in a complex design environment, modify-
ing the cable after minimizing the collisions within a reason-
able amount of time can be an efficient approach to reduce the
design time.

The main contributions of this study can be summarized as
follows. First, we presented a new algorithm, JPS-Theta*, which
improves upon existing pathfinding algorithms and demon-
strated its superiority. Second, we proposed B-spline optimiza-
tion to generate cable shapes that meet design constraints and
showed the robustness of the proposed method through exper-
iments. Finally, we applied and analyzed the proposed method
in a real-world electrical panel design. The proposed method
is expected to be effectively applied to the electrical and elec-
tronic 3D design process, providing essential guidelines for cable
routing.

We propose the following future research opportunities. First,
there is a need for performance improvement in the B-spline op-
timization process. Next, automatically finding the optimal voxel
resolution is necessary. Additionally, we will address collisions

among cables in very narrow spaces. An automated method for
forming optimal cable bundles for multiple cables is required.
Finally, we plan to apply deep reinforcement learning to the
pathfinding and B-spline optimization processes.
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