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Abstract 

With the r ecent gr owth of electrical and electronic systems such as electric vehicles, the demand for automatic ca b le r outing for 
electrical wiring design is incr easing. Howev er, r eal industr y use cases of automatic ca b le r outing ar e still rar e especiall y in thr ee- 
dimensional design. In this study, we propose a new pathfinding algorithm, JPS–Theta ∗, which combines the existing pathfinding 
algorithms, J ump Point Sear c h and Theta ∗, that is better suited for ca b le r outing. In addition, we pr opose 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 ca b le r outing. Ad- 
ditionally, ant colony optimization for continuous domains, a meta-heuristic algorithm, w as successfull y used for optimizing the 
B-spline to obtain ca b le shapes without collision. Lastly, as a case study, the proposed method was directly applied to the electrical 
panel design to show its effecti v eness. We expect that the proposed method will be able to improve the efficiency and quality of 
electrical wiring design. 

Ke yw ords: automatic ca b le r outing, pathfinding algorithm, J ump Point Sear c h, Theta ∗, B-spline optimization, ant colony optimization 
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1. Introduction 

In the electrical wiring design pr ocess, cable r outing is one of the 
tasks that r equir es a lot of time in various industries such as ve- 
hicles , a viation, 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 pr e viousl y oper ated on fossil fuels are being substituted 

by systems using electricity. As demand for electrical and elec- 
tr onic systems incr eases, the demand for automatic cable rout- 
ing systems is increasing. Fig. 1 shows examples of automatic ca- 
ble r outing a pplied in the automotiv e industry (Hermansson et al.,
2013 , 2016 ; Kim et al., 2021b ). Ho w e v er, up until now, it is r ar e to
see univ ersal a pplications of automatic cable r outing in 3D (thr ee- 
dimensional) design (Kim et al., 2021b ). 

The automatic cable routing problem is to find a cable path that 
satisfies constraints such as cost, obstacle a voidance , and natural 
cable shape in a 3D design space (Kim et al., 2021a ). To suggest the 
optimal r oute, existing r esearc h on automatic r outing mainl y 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. Re presentati ve pathfinding algorithms include Di- 
jkstra, A 

∗, Theta ∗, and Jump Point Search (JPS) algorithms. 
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The Dijkstra algorithm has been widely adopted for routing 
asks although it is r elativ el y old (Dijkstra, 2022 ). The A 

∗ algorithm

s used in various fields that utilize the optimal path. It further
onsiders potential heuristic costs in Dijkstra’s algorithm (Hart 
t al., 1968 ). The JPS algorithm is a r elativ el y r ecent algorithm that
hows overwhelming performance compared to other algorithms 
n the grid environment and guarantees the optimal path (Hara- 
or & Grastien, 2011 ). The Theta ∗ algorithm is one of the variants

f A 

∗ and returns a path without angle constraints by consider-
ng line of sight (LOS) during the node tr av ersal. It excludes nodes
hat are not necessary for the final path (Daniel et al., 2010 ). 

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

ime and length of the path are important e v aluation indicators.
her efor e, they ar e consider ed in optimizing cable r outing as well
s reducing cable costs. In this study, we propose a new pathfind-
ng algorithm that combines the JPS and Theta ∗ algorithms to fully
e v er a ge the adv anta ges of both to r educe execution time and the
ength of the path. This combination utilizes the c har acteristics

f existing Theta ∗ to eliminate unnecessary intermediate points,
aking it easier to optimize by reducing the complexity of the

enerated cable model, and shows a r elativ el y fast execution time
ue to it is based on JPS. 
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Figure 1: Examples of cable, harness, and hose routing. 
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In cable routing, it is important to present an optimized cable
hape that satisfies design conditions, and this has been treated
s an important issue in pr e vious studies. In this study, interfer-
nce, length, and minimum bend radius of the cable were used to
esign constraints and objective functions, considering stability,
ost-effecti veness, and feasibility. Ad ditionally, we propose a pre-
r ocessing step befor e optimization to ac hie v e better optimiza-
ion results with lo w er computational cost. We use random fol-
o w er A COR (RFA COR), deriv ed fr om ant colon y optimization for
ontinuous domains (ACOR), a type of meta-heuristic algorithm
o optimize the B-spline cable shape (Zhou et al., 2023 ). 
igure 2: Ov er all pr ocess of the pr oposed automatic cable r outing. 
The main contributions of this paper can be summarized as
ollows. 

(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 wer e a pplied to actual electrical panel design to
show the effectiveness of the proposed. 

T he o v er all pr ocess of the automatic cable r outing pr oposed in
his study is shown in Fig. 2 . In the data import stage, the cable
nput/output terminals and design geometry information are im-
orted in XML (eXtensible Markup Language) and ISO 10303 STEP

STandard for the Exchange of Product model data) formats, re-
pectiv el y. Then, in the pr e-pr ocessing sta ge, point clouds and vox-
ls ar e gener ated based on the design geometry to a ppl y pathfind-
ng and optimization algorithms. In the path planning stage, an
nitial B-spline shape passing through the initial path points is
btained using a pathfinding algorithm. Finally, in the cable opti-
ization sta ge, cable sha pe optimization is performed to ac hie v e
 shape that satisfies the design conditions , i.e ., collision a void-
nce. 

This paper is structured as follows. First, Section 2 introduces
elated study. Section 3 introduces the A 

∗, JPS, and Theta ∗ al-
orithms, pr esents a ne w LOS-based JPS algorithm, JPS–Theta ∗,
hat combines the adv anta ges of JPS and Theta ∗, and intro-
uces experimental results to verify the effectiveness of the
roposed pathfinding algorithm. In Section 4 , we proposed a
ethod to generate an optimized cable shape that satisfies con-

traints and design conditions such as maximum curvature, cable
ength, and obstacle collisions using RFACOR, the state-of-the-art
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meta-heuristic algorithm, and introduces experimental results to 
v erify the effectiv eness 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 intr oduce r elated 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 

de v eloped. Similar algorithms are used with the goal of generating 
pipes or cables that tr av el ar ound obstacles giv en start and end 

points, while specific r equir ements differ by field. The algorithms 
used for routing can be br oadl y divided into two types. First, there 
are studies that search for the optimal routing path within a gr a ph 

or network structur e. Second, ther e ar e 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 r epr esented as a gr a ph,
the gr a ph anal ysis is typicall y conducted first, follo w ed b y sear ch- 
ing for the optimal route considering the constraints of the graph 

nodes and edges . T here was a study that interpreted a cooling 
system as a gr a ph and performed optimized routing using the 
genetic algorithm (Chan et al., 2007 ). Another study r epr esented 

circumfer ential spaces, suc h as an aer o engine, as a gr a ph to ob- 
tain the optimal route (Liu & Wang, 2015 ). More recently, a study 
has been pr esented pr oposing a multi-cable routing algorithm in 

a gr a ph space for automatic cable r outing in commercial v ehicles 
like trucks (Kim et al. , 2021a , b ). 

Resear ch emplo ying 2D or 3D grids for r outing hav e been 

vigor ousl y 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 ; F an 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 

constr aints suc h as r educing the number of elbows, excluding 
dia gonal r outes, and setting pr eferr ed ar eas (Min et al., 2020 ). Re- 
centl y, r esearc h has been conducted a ppl ying curriculum-based 

reinforcement learning for ship pipe routing (Kim et al., 2023 ).
Additionall y, ther e hav e 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 r epr e- 

sentative methods for solving the optimization problem in ca- 
ble routing domain (Socha & Dorigo , 2008 ). A COR is a variant 
of ant colony optimization to solve continuous domain prob- 
lems rather than discrete domain. In this study, RFACOR was 
utilized among se v er al v ariations of A COR (Zhou et al. , 2023 ),
which sho w ed improved performance compared to other variant 
algorithms. 
.2 Pathfinding algorithms 

 athfinding algorithms ar e utilized not onl y in r outing but also
n various domains such as gaming, robotics, and artificial intelli-
ence (Nobes et al., 2022 ). In 3D space, typical environments where
athfinding algorithms operate are octree and voxel grids . T he
ctree has been extensively used in sectors, like the unmanned
erial v ehicle domain, wher e anal ysis of v ast ar eas is essential
Rodenberg et al., 2016 ). Unlike the uniformly structured voxel 
rids, the octree is nonuniform, requiring separate algorithms to 
nd neighboring nodes for pathfinding (Samet, 1989 ; Kang et al.,
999 ; Nandari et al., 2015 ). 

The voxel grids environment, with its uniform structure in ev-
ry dir ection, is r elativ el y conv enient for a ppl ying pathfinding al-
orithms . T he A 

∗ algorithm is the most popular and classical algo-
ithm that can be emplo y ed in voxel grids (Hart et al., 1968 ). A 

∗ is
 variant of the Dijkstra algorithm, where a heuristic cost consid-
ring the distance to destination is included during pathfinding.
s a r esult, ther e ar e instances wher e weights tailor ed to the ap-
lication domain ar e a pplied (Liu et al., 2019 ). Theta ∗, one of the
ariations of A 

∗, expands the node search area based on LOS and
ffers the adv anta ge of returning a path closely resembling the
ctual optimal distance without direction constraints. 

The JPS is a r epr esentativ e algorithm that effectiv el y handles
ymmetric paths arising due to the uniform properties of voxel 
rids. JPS ac hie v es a significant reduction in execution time with
n efficient pruning strategy based on the symmetry of paths
Harabor & Grastien, 2011 ). There is a case that introduces a

ethod of a ppl ying angle-based LOS judgment for path smooth-
ng on the optimal route obtained through the JPS algorithm for

obile robot pathfinding (Luo et al., 2022 ). In this study, we in-
roduce a new algorithm that applies the LOS check process like
heta ∗ to the search process of JPS. 

P aths obtained fr om pathfinding algorithms in obstacle en-
ir onments ar e combinations of str aight paths, necessitating
moothing for a more fluid trajectory. Especially in robot path
lanning, studies have been proposed for path smoothing to en-
ur e mor e natur al mov ements. Pr e vious r esearc h intr oduced al-
orithms that interpolate by inserting midpoints between path 

oints. One study devised an algorithm that generates a B-spline
ath in environments with obstacles, and for the path segments 
hat collide with obstacles, they inserted midpoints to avoid these
ollisions (Noreen, 2020 ). Another study proposed an interpola- 
ion method that smooths the B-spline by interpolating additional 
oints when the maximum curvature is exceeded, building upon 

he conventional algorithm of adding midpoints for interpolation 

Elbanhawi et al., 2015 ). Similarly, this study uses a post smoothing
lgorithm to eliminate excessive path points for generating natu- 
al B-spline shape. 

. JPS–Theta 

∗: LOS-based JPS algorithm 

e introduce the JPS and Theta ∗ algorithms in this section. Then
e pro vide JPS–T heta ∗, a LOS-based JPS algorithm proposed in this
a per, whic h is based on these two algorithms. 

.1 JPS algorithm 

y performing pruning strategy in the expansion, JPS significantly
ecr eases the searc h ar ea in voxel grids and creates jump points
pon identifying nodes with forced neighbors . T he definition of
he forced neighbor is as follows where the path is denoted as
, the parent node as p, arbitrary nodes x , y are introduced with
arent node p, and any additional arbitrary node is denoted as n . 
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Figure 3: JPS algorithm ov ervie w 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 mo ves , 
Obstacles are represented in dark gray. 

Figure 4: LOS c hec k in 3D and 2D: (a) the r ed nodes r epr esent nodes for whic h LOS has not been secur ed and the blue nodes r epr esent nodes for whic h 
LOS has been confirmed, (b) illustrates LOS checks in 2D. 
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efinition 1 For n ∈ neighbors (x ) , n is a forced neighbor if the fol-
owing conditions hold (Harabor & Grastien, 2011 ). 

(1) n is not a natural neighbor. 
(2) When compared to the path π = 〈 p, x, n 〉 containing x , if

the path π ′ = 〈 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
hen expansion, considering the distance between jump points
nd the destination as a heuristic cost. These c har acteristics ar e
hown in Fig. 3 . Jump points generated by forced neighbor are
hown in Fig. 3 a, whereas search nodes for JPS and A 

∗ are shown
n Fig. 3 b and c, r espectiv el y, within the same environment. When
omparing the number of search nodes in Fig. 3 b and c, it can be
een that JPS shows a lot less nodes than A 

∗. Given its c har acteris-
ics, JPS performs a faster search time than A 

∗ (Nobes et al., 2022 ).
igure 3 d and e show example of the forced neighbors found dur-
ng the search in 2D space . T he details of JPS, which include the
runing rule, detailed definition of forced neighbors, and jumping
ule in 3D, can be found in the pr e vious pa per (Nobes et al., 2022 ).

.2 Theta 

∗ algorithm 

heta ∗ is a variant of the A 

∗ algorithm. In A 

∗, the optimal path is
etermined exclusiv el y in fixed dir ections: 8 for 2D and 26 for 3D.
 hus , path derived by A 

∗ may deviate from the true shortest path.
o address this , T heta ∗ combines the node expansion method of
 

∗ with LOS c hec k. LOS c hec k r efers to v erifying the LOS between
wo nodes, as shown in Fig. 4 . The Bresenham algorithm, a well-
nown line-drawing algorithm, is employed for the LOS c hec k. 

Theta ∗ c hec k LOS between the child and parent of a r efer ence
ode during node expansion, if LOS is confirmed, update the path
etween the parent node and the extended node, excluding in-
ermediate nodes. As a result, it can find any-angle paths in its
xpansion and returns shorter paths than JPS and A 

∗. The pro-
ess of continuously removing intermediate nodes through LOS
 hec ks to simplify the path is r eferr ed to as PS (Post Smoothing).
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Figur e 5: P ost smoothing pr ocess based on LOS c hec k. 
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PS can also be emplo y ed to r emov e 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 r emov es intermediate nodes. PS pr ocess 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 pr e vious studies, v ar- 
ious methods have been proposed to enhance JPS, but none have 
combined JPS with Theta ∗ during its operation. Both algorithms 
ar e r elativ el y r ecentl y pr oposed, and this combination is the first 
in our study. The expected benefits of this combination are as fol- 
lo ws. First, w e 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 c hec k 

during jump point generation in the node expansion of JPS.
While running the JPS algorithm, intermediate nodes are deleted 

thr ough LOS c hec k to simplify the path. This a ppr oac h is similar 
to a ppl ying PS to the final path obtained using JPS algorithm (JPS 
PS). Ho w e v er, the pr oposed a ppr oac h fundamentall y differs fr om 

the JPS PS in that it smooths the path during the algorithm not at 
the end, thus results are different. 

Figure 6 shows the flowc hart illustr ating the sequence of jump 

point generation in the JPS–T heta ∗ algorithm. T his process con- 
nects the Jump process of JPS and the UpdateVertex process of 
T heta ∗. J ump is an important operation for identifying candidate 
nodes (i.e., jump point nodes) on the path. Through the Jump oper- 
ation, JPS can effectiv el y r educe the number of candidate nodes,
which makes it a very efficient path search algorithm. Among the 
candidate nodes, the path is simplified as m uc h as possible us- 
ing the UpdateVertex based on LOS and these nodes ar e stor ed to 
continue the search. This simplified path is adv anta geous 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 r efer ence node is continuously checked to com- 
pare the simplified path with the original path and remove unnec- 
essary intermediate nodes . T he UpdateVertex method of Theta ∗ is 
known to have a faster execution time than the postprocessing 
ethod of path simplification and to fr equentl y r eturn shorter
aths (Daniel et al., 2010 ). Figure 7 shows an example of identi-
ying jump points and updating the path based on LOS. 

T he JPS–T heta ∗ is a heuristic-based algorithm, so it has bet-
er generality than optimization-based algorithms, but it cannot 
l ways guar antee the optimal solution. Ther efor e, to ac hie v e a
pecific goal (e.g., collision avoidance), optimization needs to be 
erformed afterw ar d. Ne v ertheless, the pr oposed JPS–Theta ∗ has
dv anta ges in terms of time efficiency and path smoothness in
ener al compar ed to optimization-based (e.g., GA-based) r outing
lgorithms. 

.4 Comparison of pathfinding algorithms 

o compare the performance of the existing pathfinding algo- 
ithms, such as JPS and Theta ∗, with the ne wl y intr oduced JPS–
heta ∗ algorithm in this study, it is essential to design a ppr opri-
te experiments. In this section, we design experiments for com-
aring pathfinding algorithms . T he pr ogr amming langua ge used
as Python, and the hardware employed for the study consisted of
n Intel(R) Core(TM) i7-12700K CPU and 32GB of RAM. We imple-
ent each algorithm and iteratively execute them. Subsequently,
e compare and analyze the performance of each algorithm. In
ll experiments, at least one valid path was included to exclude
cenarios where there was no path. The design space consisted
f a voxel grid of a cubic environment with minimum and maxi-
um points from ( −200, −200, −200) to (200, 200, 200). The start

nd end nodes were set to correspond to the minimum and max-
m um points, r espectiv el y. Obstacle gener ation w as conducted b y
ontrolling the number and maximum and minimum sizes of ob-
tacles to have a density of 20 to 25% (Daniel et al., 2010 ). 

In this experiment, we compared JPS PS, Theta ∗, and JPS–Theta ∗

lgorithms . T he results include path length, execution time, to-
al angle of the path, and the change of dir ection. Her e, the term
the change of direction” refers to the number of direction changes
qual to or greater than 45 deg. Lastly, Theta ∗ algorithm was im-
lemented using a closed set. It is known that when a closed set

s emplo y ed, it r eturns r elativ el y longer distances but offers the
dv anta ge of reduced search time (Daniel et al., 2010 ). In the 3D
oxel grids, the reduction in search time becomes even more ap-
arent due to the larger number of nodes to search compared to
he 2D grids. 

Figure 8 represents the experimental results. To simultane- 
usl y observ e the av er a ge and v ariance of the experimental out-
omes, we utilized box plots. In terms of search time, algorithms
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F igure 6: Flo wc hart of the pr oposed JPS–Theta ∗. 
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ased on JPS exhibit r elativ el y lo w er sear c h times compar ed to
heta ∗. P articularl y, as the grid resolution increases, a significant
ifference in search time becomes evident. In a voxel grid envi-
onment of 100 ∗100 ∗100, JPS–Theta ∗ was about 18 times faster
han T heta ∗ on a v er a ge , and JPS–T heta ∗ w as about tw o times
aster than JPS PS. This result shows that Theta ∗’s UpdateVertex

ethod is effective in reducing execution time compared to the
S method. This result is a trend that also appears in the exist-
ng Theta ∗ liter atur e (Daniel et al., 2010 ). This r eflects the c har ac-
eristic of JPS, which considers only jump points as path points.
rom a path distance perspective, there is no significant differ-
nce among the three algorithms. Ho w ever, the Theta ∗-related
lgorithms tend to yield slightly shorter paths. Ho w ever, when
xamining the change of direction changes, it was evident that
oth Theta ∗ and JPS–Theta ∗ have lo w er values compared to JPS
S. Excessiv e dir ectional c hanges in a path can strain the cable, so
hey should be a voided. T her efor e , T heta ∗ and JPS–T heta ∗, which
av e r elativ el y fe wer dir ection c hanges, can be consider ed suit-
ble for automatic cable r outing. Ther efor e, it can be seen that
PS–Theta ∗, which has appropriate changes in direction and sta-
le changes in angle, is also adv anta geous for futur e B-spline
ptimization. 

According to the experimental results, our proposed JPS–Theta ∗

lgorithm exhibits similarity with JPS and Theta ∗ regarding dis-
ance and angle . Moreo ver, it combines the advantages of both
lgorithms in terms of search time and directional changes, offer-
ng a logical alternativ e. Especiall y considering its minimal time
onsumption and reduced abrupt direction changes, our proposed
ethod appears to be a suitable pathfinding algorithm for au-

omatic cable r outing. Ne v ertheless, it is important to note that
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Figure 7: Example of creating a jump point in JPS–Theta ∗. 

Figure 8: Comparison of time, length, change of direction, and angle between JPS PS, Theta ∗, and JPS–Theta ∗. 
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the results of pathfinding algorithms can vary depending on the 
oper ational envir onment. Ther efor e, additional experiments and 

e v aluations acr oss v arious envir onments ar e necessary. 
Envir onments wher e jump points can be easil y gener ated can 

cause inefficiency of JPS-related algorithms . Of course , cases ma y 
vary depending on the degree of optimization of forced neighbor 
determination or Jump oper ations. Figur e 9 shows that the results 
e implemented have different tendencies depending on the en- 
ir onment. Figur e 9 a is a boxplot gr a ph of the execution time in
ac h envir onment. The left side is the result from the current
xperiment (clustered), and the right side is the gr a ph fr om the
omparison environment (scattered). Figure 9 b is the visualiza- 
ion result of each environment. In the comparison environment 
here jump points can be easil y gener ated, we can see that the
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Figure 9: Comparison of execution times for different obstacle environments. 
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xecution time of the JPS-related algorithm is slo w er than the re-
ults from the comparison environment. 

. B-spline optimization for collision 

voidance 

.1 Problem definition 

n this section, we propose an optimization method to address po-
ential collision issues that may arise during the generation of a
-spline based on the initial path points obtained from pathfind-

ng algorithms. When obtaining the initial cable, the resulting
ath points of the pathfinding algorithm are used as inputs to the
-spline interpolation function. By utilizing the simplified path
hrough JPS–Theta ∗ during B-spline interpolation, a more natu-
al initial cable path can be obtained. To solve the optimization
r oblem, this study a pplies the metaheuristic algorithm known
s RFACOR (Zhou et al., 2023 ). RFACOR is a modified version of the
raditional ACOR algorithm, designed to solve continuous domain
r oblems. It exhibits impr ov ed conv er gence patterns and miti-
ates the issue of easily falling into local minima (Zhou et al., 2023 ).
FACOR provides an appropriate solution for cable optimization
roblems that must satisfy complex design constraints. 

Figure 10 illustrates the potential issues that may arise when
enerating a B-spline based on initial path points. When using
nitial path points for B-spline interpolation, collisions with ob-
tacles can occur during the conversion of straight paths into
urves, and it cannot guarantee the satisfaction of design con-
tr aints. To addr ess this, this study pr oposes a cable sha pe opti-
ization methodology that compr ehensiv el y considers cable col-

isions, minim um curv atur e r adius, and length. 

.2 Method of adding new path points for 
collision avoidance 

o quic kl y find a solution that minimizes obstacle interference,

n a ppr opriate r ange of motion is r equir ed. In this study, we pr o-
ose a method to expand the range of motion of the cable shape
y adding new path points based on collision points . Here , colli-
ion points refer to points included in obstacle voxels among the
oint clouds sampled on the surface of the cable sha pe. Figur e 11

isuall y illustr ates the pr ocedur e for adding ne w path points to
he cable based on collision points, and Fig. 12 shows the corre-

ponding flowchart. 
First, collision points are obtained based on the point clouds

ampled from the cable surface. Next, to divide the collision
oints, clustering is performed on these points. In this study, the
BSCAN algorithm was utilized for clustering. The DBSCAN pa-
 ameters wer e set as follows: the neighbor radius ε min was set
o 10, and the minimum number of neighbors n nei was set to
. Finally, the center point of the cluster becomes a new path
oint and is inserted into the existing path. If the centroid of
ach cluster is within a certain radius of an existing path point,
t is excluded from being added as a new path point. The ra-
ius r min was set to 20. This exclusion criterion is applied because
dding 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. 

Figure 11: Visual explanation of process of adding new path points. 
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the range of motion of the cable shape during the optimization 

process. 

4.3 Problem formulation 

To compr ehensiv el y consider cable collisions, minim um curv a- 
tur e r adius, and length, w e propose cost functions as sho wn in 

equation ( 1 ). The cost function C length takes into account the cost- 
effectiveness of the cable. Generally, as the cable length increases,
so do the material and installation costs; ther efor e, considering 
the cable length in the optimization process is crucial. C 

min 
radius is a 

cost function that considers the stability of the cable . T he mini- 
m um curv atur e r adius is a factor consider ed for the physical sta- 
bility and reliability of the cable. An excessiv el y small minimum 

curv atur e r adius imposes excessiv e str ess on the cable struc- 
tur all y, incr easing the likelihood of dama ge. Curv atur e is defined 

as the r ecipr ocal of the curv atur e r adius. Finall y, C collision is a cost 
function that considers the physical collisions of the routed ca- 
ble model. To ac hie v e a feasible r outing path, it is necessary to 
minimize the physical collisions of the cable. C collision samples the 
point clouds P on the surface of cables and uses the Col l isionCheck () 
function to determine the number of points included in the ob- 
stacle voxels, utilizing this count as the value for C collision . The 

ol l isionCheck () 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- 
ng. s initial denotes the solution corresponding to the B-spline gen- 
rated based on the initial path. During the optimization pro-
ess, the positions and slopes of the path points are adjusted
or optimization. The objective function is primarily composed 

f C collision (s ) to minimize cable interference. To minimize obstacle 
nterference while preserving the initial cable length and mini- 
 um curv atur e r adius, the constr aint violations g length ( s ) , g min 

radius ( s )
re defined as shown in equation ( 2 ). The values on the right-
and side of the constraint violation equations are determined ex- 
erimentally and can be adjusted according to the r equir ements.
he penalty function is constructed in a basic static penalty
orm. R length , R 

min 
radius in equation ( 3 ) are the penalty coefficients

elated to the length and minim um curv atur e r adius, r espec-
iv el y. Finall y, the solution is e v aluated and optimized according to
quation ( 4 ). 

C length ( s ) = L, C 

min 
radius ( s ) = max 

W ∈ w i 

{
κ ( w i ) 

}
, 

C collision ( s ) = CollisionCheck ( P ) (1) 

Minimize f ( s ) = C collision ( s ) 

Subject to g length ( s ) = 

C length ( s ) 

C length ( s initial ) 
≤ 1 . 5 

g min 
radius ( s ) = 

C 

min 
radius ( s ) 

C 

min 
radius ( s initial ) 

≤ 2 . 0 

(2) 

R length = C length ( s initial ) , R 

min = C 

min ( s initial ) (3) 
radius radius 
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F igure 12: Flo wchart of how to add path points based on collision points. 
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Table 1: RFACOR and ACOR parameter settings. 

Parameter Value 

fe s max 1 500 
ub 40 
lb −40 
k n + 35 
m 10 
q 0.7 
ξ 0.8 

Ta ble 2: P erformance comparison results for comparing the per- 
formance of ACOR and RFACOR. 

Parameter RFACOR ACOR 

Best Fitness Value 0 .0124 20 .335 
Av er a ge Fitness Value 8 .0651 25 .062 
Av er a ge Conv er gence Gener ation 5 .4 5 .8 
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F ( s ) = f ( s ) + 

∑ 

j 

R j g j ( s ) (4) 

.4 Experiment on B-spline optimization 

algorithm for collision avoidance 

n this section, experiments are conducted to verify the effec-
iveness of the proposed cable optimization method. In these ex-
eriments, optimization is performed based on the initial paths
btained after running JPS–Theta ∗ 10 times in random environ-
ents ranging from 10 ∗ 10 ∗ 10 to 50 ∗ 50 ∗50. The results are

ompared in terms of cable length increase rate, maximum cur-
 atur e incr ease r ate, and collision r emov al r ate . T he OpenCas-
ade library was used as a modeling kernel to construct and vi-
ualize the 3D path explor ation envir onment and cable geometry.
ython was used as the pr ogr amming langua ge, and the har dw are
sed in the study consisted of an Intel(R) Core(TM) i7-12700K CPU
nd 32GB of RAM. The obstacle environment differs from that of
he pathfinding en vironment. T he boundary of the random envi-
onment is a cube with a side length of 400, and the generated
bstacles consist of rectangular prisms composed of 64 to 1728
bstacle nodes . T heir positions ar e determined r andoml y, with
ser-specified distance constraints centered on the midpoint of
he box. the parameters for RFACOR were selected as shown in
able 1 (Zhou et al., 2023 ). fe s max refers to the maximum number
f function e v aluations, and ub, lb denote the upper and lo w er
ounds of the solution r ange, r espectiv el y. k r epr esents the size
f the solution arc hiv e used in the ACOR algorithm. The solu-
ion arc hiv e stor es sampled solutions during the searc h pr ocess
f ACOR. The dimension of the solution is six times the num-
er of path points to adjust the displacement and slope of the
ath points. n r epr esents the size of the dimension of the solu-
ion. m denotes the number of ants, which determines the num-
er of sampling iterations before the solution archive is updated.
nce the r equir ed number of sampling iterations is reached, so-

utions are sorted based on their objective function values, and
hose with high objective function values, except for the top k so-
utions, are discarded to improve the solutions. q determines the
istribution during the sampling process; as q increases, the dis-
ribution used for sampling becomes more uniform. ξ generally
as a range ξ > 0 . A higher value of ξ leads to quicker forgetting
f poor solutions during the searc h pr ocess (Soc ha & Dorigo, 2008 ).
he maximum number of function e v aluations fe s max is set to
500 to allow sufficient exploration. ub and lb are set to 40 and
40, r espectiv el y, to limit the exploration of too wide a range. So-

utions with too wide a r ange ar e unr ealistic and do not satisfy the
esign conditions. If the arc hiv e size k is not sufficient compared
o the solution dimension size, the results may not conv er ge dur-
ng the optimization process. To ensure sufficient archive size, 35
as added to the solution dimension size and used as the solu-

ion arc hiv e size. For stable conv er gence, the r emaining v alues in
able 1 were used as r efer ences in the existing ACOR study (Socha
 Dorigo, 2008 ). 
In this study, we propose the application of RFACOR, which is

n impr ov ement ov er the existing ACOR, to perform cable opti-
ization in complex en vironments . Compared to A COR, RFA COR

hows better optimization performance by solving the problem
f conv er ging to local optimization. Table 2 compar es the av er-
 ge v alues of Best Fitness Value, Av er a ge Fitness Value, and Av-
r a ge Conv er gence Gener ation after 10 trials in a 50 ∗ 50 ∗ 50
nvironment for comparing ACOR and RFACOR in the cable op-
imization problem (Liu et al., 2024 ). Best Fitness Value means
he most a ppr opriate objectiv e function value in the optimiza-
ion pr ocess. Av er a ge Fitness Value is the av er a ge of the function
alues (fitness values) recor ded b y each algorithm while perform-
ng optimization and r epr esents the av er a ge performance during
he entir e iter ation. Av er a ge Conv er gence Gener ation compar es
he number of generations when the algorithm conv er ges, that is,
he fitness value no longer changes. Best Fitness Value and Av-
r a ge Fitness Value mean that the lo w er the value, the better the
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Figure 13: Experimental results of cable optimization with and without new path points. 
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performance . T his means that RFACOR can search for a better op- 
timal value, and it can be seen that it searches for an appropriate 
value on a verage . On the other hand, Average Convergence Gener- 
ation shows a larger ACOR value, which is judged to be the result 
of conv er ging too quic kl y during the searc h pr ocess (conv er gence 
to the local optimum). 

Figure 13 numerically compares the optimization results with 

and without new path points . T he experimental results clearly 

show that adding path points significantl y incr eases the collision 

r emov al r ate, i.e., less collision. This indicates that adding path 

points is adv anta geous in expanding the range of motion during 
optimization, ther eby r emoving obstacle interfer ence. Although 

the length increase rate was generally higher when path points 
wer e added, the differ ence 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 . T his suggests 
that in complex random en vironments , the optimization priori- 
tized obstacle a voidance , r esulting in an incr ease in maxim um 

curv atur e. Despite the increase in maximum curvature, all cases 

remained within design constraints. In conclusion, the proposed 

optimization method effectiv el y minimized obstacle interference 
with a high success rate in complex random en vironments , and 

the minimal difference in length compared to the initial cable 
path demonstrates its efficacy. 

To qualitativ el y v erify the experimental r esults, 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. Howe v er, in some cases, al- 
r  
hough obstacle interference was removed, the cable length in- 
r eased unnecessaril y. Ne v ertheless, the length incr ease r ate did
ot exceed 50% in any case . T hese examples demonstrate that
he proposed method robustly eliminates collisions in various 
n vironments . 

. Case study of an electrical panel 
n this section, we present a case study a ppl ying the pr oposed

ethod to a real-world scenario. The selected case is an elec-
rical panel design model. Cable routing in electrical panels is a
ommon example of cable routing. We utilized the OpenCascade 
ibrary as a modeling kernel for the construction and visualiza-
ion of a 3D pathfinding environment as well as cable shapes. We
sed Python as a pr ogr amming langua ge . T he har dw are emplo y ed
or this r esearc h consists of Intel(R) Cor e(TM) i7-12700K CPU and
2GB of RAM. If the path is not generated because the routable
pace is insufficient, B-spline optimization cannot be performed.
o w e v er, this is a problem of the design envir onment r ather than

he proposed method, so if the path finding fails, the design en-
ironment will need to be changed. In an actual design envi-
onment, users can specify additional intermediate wa ypoints .
igure 16 shows the results of applying the proposed method to
he panel design case. Figure 16 a illustrates the B-spline cable
ha pe gener ated based on the initial path points by the pr oposed
athfinding algorithm. The red lines represent cables with colli- 
ions, while the green lines represent cables without collisions.
igure 16 b shows the results of optimizing the cables with colli-
ions . T he optimization results successfully resolved the obstacle 
nterferences. 

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

Figure 15: Examples of comparisons between original and optimized cables as obstacle ratio increases. 
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he input/output position and direction information of the har-
ess, and a harness and internal cables ar e gener ated by perform-

ng pathfinding based on the node in Fig. 17 b. Next, in Fig. 17 c,
athfinding is performed on the intermediate path to connect the
able input/output terminals and the internal cables, and the re-
ulting paths ar e mer ged. Figur e 17 d shows eac h r esult for differ-
nt harness input/output information. 
Finall y, the r esults of performing cable routing, including har-
esses, using the proposed method are shown in Fig. 18 . Har-
esses are used to bundle cables with similar paths to ensure
pace efficiency. In this process, cables and harnesses must ex-
st as separate entities, and the cables included in a harness

ust align in their paths within the harness . T herefore , the start
nd end points of the harness were selected as waypoints for
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Figure 16: Results of a ppl ying the proposed method to electrical panels: (a) before optimization, (b) after optimization. 

Figure 17: Routing process including harness creation. 
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the pathfinding process. Optimization was performed in cases 
of collisions, and ultimately, a successful routing design was 
ac hie v ed in the electrical panel design en vironment. T he 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 re petiti ve 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 a ppr opriate compar- 
ison, the execution time was compared by manually routing the 
cables . T he 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 r equir es r outing > 10 cables and harnesses, we can 
ee a huge adv anta ge in the execution time through automatic
outing. 

. Conclusions 

able routing is a crucial aspect of electrical wiring design across
 arious industries, r equiring significant time and effort. The in-
reasing demand for electrical and electr onic systems, suc h as
lectric vehicles, has heightened the need for automatic cable 
outing. Ho w ever, the use of automatic cable routing in 3D design
emains limited. 

In this study, we propose a new pathfinding algorithm, JPS–
heta ∗, which combines the traditional JPS and Theta ∗ algorithms
o r educe r outing time and impr ov e the final path. JPS–Theta ∗ is
dv anta geous in generating natural cables by eliminating unnec-
ssary path points. Experiments demonstrated that JPS–Theta ∗

educes execution time compared to T heta ∗ and impro ves the



316 | Automatic ca b le r outing based on JPS–Theta ∗ and B-spline optimization 

Figure 18: Cable routing example including harness using the proposed method. 
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ength and angle of the final path compared to JPS PS. These re-
ults indicate that JPS–Theta ∗ can be an a ppr opriate compr omise
etween Theta ∗ and JPS. 

Next, we proposed a B-spline optimization algorithm aimed at
btaining a cable shape that avoids collisions while meeting de-
ign constraints . T he proposed algorithm performs optimization
n the initial cable shape generated from the initial path obtained
hrough the pathfinding algorithm, adjusting path points to en-
ure the cable conforms to design conditions. Cable optimization
xperiments in random environments quantitatively and quali-
ativ el y confirmed that the algorithm effectiv el y eliminates ob-
tacle interference in complex en vironments . Even if some colli-
ions remain in the optimization results, modifying the cable af-
er the interference is somewhat removed is more efficient than

odifying the initial cable. Although it is ideal to completely
 emov e interfer ence in a complex design envir onment, modify-
ng the cable after minimizing the collisions within a reason-
ble amount of time can be an efficient a ppr oac h to reduce the
esign time. 

The main contributions of this study can be summarized as
ollo ws. First, w e presented a new algorithm, JPS–Theta ∗, which
mpr ov es upon existing pathfinding algorithms and demon-
trated its superiority. Second, we proposed B-spline optimiza-
ion to generate cable shapes that meet design constraints and
ho w ed the robustness of the proposed method through exper-
ments. Finall y, we a pplied and analyzed the proposed method
n a real-world electrical panel design. The proposed method
s expected to be effectiv el y a pplied to the electrical and elec-
ronic 3D design process , pro viding essential guidelines for cable
outing. 

We propose the following future research opportunities. First,
here is a need for performance impr ov ement in the B-spline op-
imization pr ocess. Next, automaticall y finding the optimal voxel
esolution is necessary . Additionally , we will address collisions
mong cables in very narrow spaces. An automated method for
orming optimal cable bundles for multiple cables is r equir ed.
inally, we plan to apply deep reinforcement learning to the
athfinding and B-spline optimization processes. 
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