Zhao et al. Chin. J. Mech. Eng. (2021) 34:33
https://doi.org/10.1186/510033-021-00544-9

Chinese Journal of Mechanical
Engineering

ORIGINAL ARTICLE Open Access

Multi-Branch Cable Harness Layout Design

=

Check for
updates

Based on Genetic Algorithm with Probabilistic

Roadmap Method

Yingfeng Zhao, Jianhua Liu, Jiangtao Ma" and Linlin Wu

Abstract

search for the corresponding routes of such a harness.

Current studies on cable harness layouts have mainly focused on cable harness route planning. However, the topo-
logical structure of a cable harness is also extremely complex, and the branch structure of the cable harness can affect
the route of the cable harness layout. The topological structure design of the cable harness is a key to such a layout.
In this paper, a novel multi-branch cable harness layout design method is presented, which unites the probabilistic
roadmap method (PRM) and the genetic algorithm. First, the engineering constraints of the cable harness layout

are presented. An obstacle-based PRM used to construct non-interference and near to the surface roadmap is then
described. In addition, a new genetic algorithm is proposed, and the algorithm structure of which is redesigned. In
addition, the operation probability formula related to fitness is proposed to promote the efficiency of the branch
structure design of the cable harness. A prototype system of a cable harness layout design was developed based on
the method described in this study, and the method is applied to two scenarios to verify that a quality cable harness
layout can be efficiently obtained using the proposed method. In summary, the cable harness layout design method
described in this study can be used to quickly design a reasonable topological structure of a cable harness and to

Keywords: Cable harness layout, Probabilistic roadmap method, Genetic algorithm, Hybrid fuzzy control

1 Introduction

Cable harnesses are widely used in complex mechatron-
ics products as the transmission medium of power
and digital signals. Thus, the running statement of a
cable harnesses significantly affects the running of the
mechatronics products. The running statement of cable
harnesses is directly related to the layout of the har-
nesses. A cable harness layout design relies on human
experience [1-3], which requires significant resources
and time. To reduce the workloads of the cable harness
layout design, methods for designing a cable harness lay-
out have received significant attention. These methods
should be used to efficiently and intelligently design the
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structure and route of the cable harness with respect to
the engineering constraints reflecting the influence on
the quality of cable harnesses and the effect of the cable
harnesses itself. Under the consideration of such engi-
neering constraints, many researchers have focused on
studies of the cable harness layout design.

In 1991, Zhu et al. [4] regarded the pipe route design
as a path planning problem with multiple constraints
and used the cell composition to search the pipe route.
In 1996, Conru [5] proposed a method based on the
genetic algorithm (GA) to search for the configuration
and route of a cable harnesses. This method put forward
a fitness function and proved the advantage of the GA
used in the branch cable harness layout design. In 2001,
Schafer et al. [6] proposed a method to fill an orthogonal
search space of high density with routes using a domain
decomposition analysis. In 2006, Ma et al. presented an
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optimization algorithm for a cable harness layout design
based on a two-level GA [7]. This algorithm searches
for the shortest route of the cable harness with no con-
straints at the first level and removes unqualified routes
at the second level. In 2007, Kabul et al. [8] presented a
method for developing a cable harness layout design in
a complex environment. With this method, a roadmap
is constructed using the probabilistic roadmap method
(PRM), the roadmap around the obstacles is sampled,
and finally, the cable harness route is optimized by using
adaptive forward dynamics to acquire the cable harness
route under geometric and physical constraints. In 2015,
Chungwei Lin and his team put up the wire route optimi-
zation algorithm, and the method regards the wire route
optimization as the smallest Steiner tree problem. To
solve this problem, the Kou—Markowsky—Berman algo-
rithm is used to construct the smallest Steiner tree [9].
With this method, the optimization object is the lightest
weight of all wires. In 2016, Hermansson et al. [10] pre-
sented a unifying method for routing a cable harness with
geometric design constraints. This method first searches
for a nominal configuration of the cable harness that is
collision-free and satisfies the functional and manufac-
turing constraints, and then calculates the accurate con-
figuration of the cable harness by using the Cosserat rod
theory. Xu et al. [11] presented two types of cable harness
layout design methods for planning multi-branch cable
harness layouts. The first method is based on the co-evo-
lutionary algorithm and the improved rapidly exploring
random tree (RRT) algorithm [12]. The second method
is based on the Steiner minimal tree and the improved
low dispersion and obstacle based PRM [13]. The above
methods focused on searching the branch point of the
cable harness. Wang et al. [14] presented a cable harness
layout method based on a multi-scale chaotic mutation
particle swarm optimization algorithm. This method
focused on obtaining the optimal solution of the cable
harness layout. Wu et al. [15] presented a path-plan-
ning method for the cable harness layout based on an
improved ant colony optimization algorithm. The aim of
this method is to improve the efficiency path planning
of the cable harness layout. Although the current meth-
ods supplied different solutions for the cable harness
layout, they focused on the route searching problem or
the branch point searching problem of the cable harness
layout design. These methods ignored the connectivity of
the endpoints and branch points as well as the number
of branch points of a cable harness. Thus, these methods
cannot be used to design a cable harness that may have
numerous branch points.

To design the topological structure of the cable har-
ness with many branch points, we present a multi-branch
cable harness layout method by uniting the PRM with the
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GA. The multi-branch cable harness routes are designed
using the PRM, and the topological structure and routes
of the multi-branch cable harness are planned using
the GA. In this paper, an improved GA is presented to
increase the efficiency of the method. A prototype system
of a multi-branch cable harness was developed, and the
efficiency of the algorithm was tested.

The description of the concept and constraint are given
in Section 2. In Section 3, the algorithm framework is
presented. In Sections 4 and 5, the PRM and GA applied
to the problem in this paper are presented. Two scenarios
are implemented in Section 6. The findings of this study
are presented in Section 7.

2 Concept and Constraint Description

The concepts used in this study are defined based on the
characteristics of the cable harnesses for application to
the cable harness layout design algorithm. In addition,
the engineering constraints of the cable harness layout
are analyzed for mathematical descriptions of the con-
straints. The method described in this paper is based on
these concepts and constraint descriptions.

2.1 Concept

A cable harness is typically assembled with several wires
that connect the electric terminals, and the wires are
bundled together.

Concept 1. Branch point - According to the above
description, a branch point exists in the cable harness
because of the assembly process of the wires. The bifur-
cations in a cable harness are defined as branch points.
Instances of branch points are shown in Figure 1, as
marked by a star.

Concept 2. Cable harness branch - The bundle that
connects a branch point with a branch point, or a branch
point with an endpoint, is defined as a branch. Cable
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Figure 1 Cable harness branches and branch points
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harness branches, indicated by the black circles, are
shown in Figure 1.

Concept 3. Branch structure - The branch structure of
a cable harness is the connection mode of all endpoints
and branch points of a cable harness. An instance of the
branch structure of a cable harness having four end-
points is shown in Figure 2, and this cable harness has
seven connection modes, i.e., seven branch structures.
The mathematical expression of the branch structure is
an adjacent list of branch points and endpoints. In the
adjacent list, the endpoints are represented by E; and
the branch points are represented by 7,. An adjacent list
instance is described in Eq. (1):

list{ T;|Tj, Ex }. 1)

In this study, the cross section of the cable is simplified
as a circular cross section. Thus, the configuration of the
cable harness is defined as follows.

Concept 4. Configuration - A configuration of a cable
harness consists of the branch structure, branch points,
and central line equations and the radii of cable harness
branches. The configuration is expressed by Eq. (2):

q:— {list{Tiﬂ"j,Ek},I}, ri,CEi}. (2)

In Eq. (2), g represents the configuration, r; represents
the radii of the cross section, and CE; represents the cen-
tral lines, which are a curve fitted by several points. In
this study, the fitted curve is a B-spline curve.

2.2 Constraint Description
The universal constraints used in this study are discussed
as follows.

Constraint 1. Non-interference - A cable harness is not
allowed to collide with any other models. The mathemat-
ical expression of the non-interference is represented by
dpt > dop, where dy; represents the distance between the
point on the cable harness and the surface of the struc-
tures, and d,;, indicates the minimum distance between
the point on the cable harness and the surface of the
structures.

Constraint 2. Attachment to the surface - The cable
harness should be attached to the surface of the mod-
els. The mathematical expression of the attachment to
the surface is represented by dy; < dg, where dg,, rep-
resents the maximum distance between the point on the
cable harness and the surface of the structures.

Constraint 3. Area constraint - The structures
designed for the cable harness layout are the necessary
area constraints, and the structures not allowed for the
cable harness layout are the forbidden area constraints.
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Figure 2 Branch structures with 4 endpoints
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The area constraints can be artificially settled for the
cable harness layout trends. The necessary area con-
straints are represented by {KS;}, and the forbidden area
constraints are represented by {FS;}.

3 Framework

In this paper, we combine the PRM with the GA to con-
struct a novel cable-harness layout design algorithm. This
algorithm starts with the input of the CAD models and
the electric connections, and first constructs a roadmap
that is satisfied with the non-interference and attach-
ment to the surface by the PRM. After construction of
the roadmap, the branch structure and branch points
are determined using the GA. Then, each cable harness
branch route is searched using the PRM and constrained
by the area constraints. Finally, the cable harness routes
are adjusted according to the minimum bending radius.
The algorithm ends with the output of the cable harness
configuration. The framework of the algorithm is shown
in Figure 3.

4 Roadmap Construction Based on PRM

To satisfy both non-interference and an attachment to
the surface, it is necessary to construct a roadmap that
is free of interference and attached to the surfaces. The
roadmap can be constructed using PRM or the variants
PRM [16].

In the basic PRM, a complete roadmap is constructed
by two phases: the sampling phase and the connection
phase [17]. In the sampling phase, the points of the
roadmap are sampled randomly and tested for interfer-
ence occurrence. In the connection phase, the points
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Figure 3 The framework of the algorithm used in this paper
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that are obtained in the sampling phase are connected
by a certain rule. However, the basic PRM simply con-
structs a non-interference roadmap that may not be
satisfied with attachment to surfaces. To obtain a road-
map attached to the surfaces, a type of variant PRM
called an obstacle-based PRM (OBRPM) can be used
[16]. There are several variants of obstacle-based sam-
pling, including OBPRM [18], Gaussian sampling [19],
a bridge test [20], and uniform OBPRM (UOBPRM)
[21].

The UOBPRM can be used to construct a uniform
roadmap satisfies non-interference and surface attach-
ment as compared variants. In this study, the roadmap
construction is based on the sampling strategy of UOB-
PRM, and the UOBPRM is adjusted to complete the
roadmap connection.

In the sampling phase, new points of the roadmap are
obtained using the pseudocode in Algorithm 1. First,
point pt is uniformly sampled within the whole space,
regardless of interference. Next, a random segment s of
length [ is generated with the center at p¢ along a ran-
dom direction . Then, the segment s is checked for
intersections with obstacles using the pseudocode in
Algorithm 2. In Algorithm 2, a loop is executed I/At
times, where [ is the length of the segment s, and At is
the user-defined step size. In each loop step, two points
ptiand pt;;1 along the segment s are generated, and two
points are checked for interference. When two points
are under different conditions, the non-interference
point in the roadmap is selected, as shown in Figure 4.

In the connection phase, the nearest-m strategy
is chosen to connect the points in Set P. Referring to
Ref. [22], in comparison to other strategies, the near-
est-m strategy is the most efficient. According to the

Figure 4 Process of Algorithm 2 (The non-solid circles are the invalid
points, and the solid circles are the valid points. The solid circles are
added to the set of points SP)
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nearest-m strategy, the points are connected to the
nearest m points in the graph.

Algorithm 1 UOBPRM-Sampling phase
Input. A maximum attempts #, a length of the segment /, a step
size At.
Output. A set of points P.
.P=¢
2.for i=1-n do
Uniformly sample a point pt

3
4 Generate a random direction d

5. Extend a segment s from pt distance [ in direction d
6. P « Check(s,l,At)

7 end for

8. return P.

Algorithm 2 Check(s, [, At)

Input. A length of the segment /, a step size At.
Output. A sub set of points SP.

I.for i=1- (I/t) do

2. Generate pt; alongs

3 if validity(pt;) # validity(pt;y1)
4 Add the valid one to SP

5. endif

6 end for

7. return SP.

5 Branch Structure Design and Branch Point
Determination Based on the Genetic Algorithm
The GA is suitable for designing the branch structure
and determining the branch points because the better
part of the optimal branch structure and branch points
in each iteration can be saved through the operations of
the GA [5]. In Ref. [5], the authors simply prove why the
GA is suitable for solving these two problems, but it did
not supply details of the algorithm. This paper provides
the details of the GA for a branch structure design and

branch point determination.

5.1 Encoding Rules
The solution in this section is the branch structure and
the positions of the branch points. The solution cannot be
encoded using classical encoding rules, such as bit string
encoding [23], Gray encoding [24], float point encoding
[25], or real-value encoding [26]. Thus, in this paper, spe-
cialized encoding rules for encoding the branch structure
and the positions of the branch points are presented.
According to Section 2, the branch structure is rep-
resented by an adjacent list list{Ti|Tj,Ek } The branch
point position can be represented by a vector quantity
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(x, ¥, z). Based on these two representations, the solution
can be represented by the following formula:
liSt{Ti(xi,yi,Zi)ﬂ},Ek}, i<j. (3)
The serial number of points in the adjacent list should
be in order of coordinates from small to large, as shown
in Figure 5(a). Each point should be used once in the
adjacent list, as shown in Figure 5(b).

5.2 Population Initialization
The branch structure design and branch point position
determination problem is similar to the travel salesman
problem (TSP). They are both graph search problems,
and thus the population initialization method of both
problems can be dealt with in a similar way. A k-means
clustering strategy can improve the quality of the initial
population in the TSP [22], and thus the population ini-
tialization in this paper can also add a clustering strategy.
An initial population can be generated as follows.

Step 1. A total of N branch points are randomly gener-
ated within the bounds of the endpoints.

Step 2. In the order of the coordinates, every branch
point needs to find one endpoint, except for the first

T
1>
15
T4

b

Figure 5 Encoding rules of the branch structure and the branch
point: a The subscript serial numbers of the branch points and
endpoints are ordered by the coordinate sequence; b The points in
the adjacent list, i.e, the blue items, are used only once
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branch point and the last branch point. The first branch
point and the last branch point both need to find two
endpoints by distance.

Step 3. The N branch points cluster into K groups with
K = T\/ﬁ + 0.5}, and in order of coordinates, [N/K]

branch points are gathered as a point set by the distance.
Step 4. In order of the subscript serial number, only
one point of each set is selected for connection.
Repeating the above steps, all populations can be gen-
erated. The process of population initialization is shown
in Figure 6.

5.3 Operator

In routing problems such as the TSP and vehicle routing
problem, the crossover operator does not provide any
improvements to the GA [28]. For the routing problem,
the mutation operator and the selection operator are the

Figure 6 Process of the population initialization: a Randomly
generate the branch points; b Divide the branch points into [N/K]

sets; ¢ Randomly choose one point of sets to be connected
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key parts of the GA. Based on the facts above, the process
of the GA in this study is different from the process of the
classical genetic algorithm. The mutation operator is exe-
cuted before the crossover operation, and the mutation
probability p,, is close to 1 initially, whereas the crosso-
ver probability p, is close to zero. In addition, p,, and p,
vary with the iteration process, and are determined by
the qualities of individuals in each generation. Referring
to Refs. [29-31], the variations in p,, and p, can be calcu-
lated using a method based on the adaptive strategy.

The process of the GA is shown in Figure 7. In particu-
lar, the mutation operator is executed before the crosso-
ver operator, and the selectin operator is executed after
the above two operators. In each iteration, new individu-
als are generated by the mutation and crossover opera-
tors, and new and old individuals are then compared for
selecting the next generation of individuals.

5.3.1 Mutation Operator

In each iteration, pj,, should be calculated first to deter-
mine whether the mutation operator is executed. When
the mutation operator is executed, the branch structure
and branch point modification should be executed in this
phase.

The value of p,, is calculated using Eq. (4). In Eq. (4), tis
the generation number, f{¢) is the fitness value of this gen-
eration, and f{t—1) is the fitness value of the last genera-
tion. The curve chart of the p,, variation with f{z)/f(t—1)
indicates that the large variation in the generation fitness
value will make p,, close to 1, that is, the mutation opera-
tor will more likely be executed

pm(@®) = |exp (F(O)/f(t—1) —1) —1]. (4)

The mutation operator consists of three operations: the
first is to change the number of branch points, the second
is to change the position of the branch points, and the
third is to change the adjacent list structure.

The first operation is as follows: the individuals are
divided into three parts on average. The branch points
the first part decrease by one point, the branch points
of the second part increase by one point, and the branch
points of the third part remain the same. In addition,
the number of branch points is not below one and is not
more than N, .., which is the number of endpoints minus
2. The incremental point is randomly generated, whereas
the removed point is randomly deleted.

The second operation is as follows: each branch point
moves to an adjacent position in the roadmap. In addi-
tion, the branch points are not over the bounds of the
endpoints.

The third operation is as follows: if the branch points
of an individual decrease, the endpoint connected to the
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removed branch point will be connected to the near-
est branch point. If the branch points of an individual
increase, the endpoint that is closest to the incremen-
tal point will be connected to the new branch point. All
individuals will be changed in the following way. The K
branch points are randomly selected, and the endpoint
and other branch points that the selected branch points
are connected with are changed.

5.3.2 Crossover Operator

During each iteration, p, is calculated using Eq. (5). The
value of p, is close to zero initially, and when f(£)/f(t—1)
is close to 1, p, is close to 1. In this case, when the varia-
tion in the fitness value is extremely small, the crossover
operator is used to improve the quality of the individuals.

Pc(t) =1 —pp (D). (5)

The crossover operator is as follows: an instance of the
crossover operator is shown in Figure 8.

Step 1. Couple the individuals that have the same
branch point number.

Step 2. Compare each branch fitness value fg,(¢), and
find the optimal cable harness branch and the worst cable
harness branch.

Step 3. Exchange the corresponding cable branch har-
ness and save the better cable branch harness.

Step 4. According to the encoding rules, adjust the
branch structure and generate a new individual.

5.4 Selection Operator

During each iteration, new individuals are generated by
the mutation operator and the crossover operator. The
number of individuals will be over the population size.
To maintain the population size, the selection operator
needs to be executed. The classical selection operators
consist of a proportionate roulette wheel selection [23],
linear ranking selection [32], exponential ranking selec-
tion [33], and tournament selection [34], among others.
In particular, the elitist selection [35] is a practical vari-
ant, and selects the best individuals from the current
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generation to the next generation. In this study, elitist
selection is used to conduct the selection operation. Dur-
ing each iteration, the individuals are ordered by their fit-
ness values, and the best individuals equal in number to
the population size are selected for the next generation.

5.5 Fitness Function and Termination
Referring to Ref. [6], the fitness function can be written
as

#branch
F=3"" gitnwb) - b, (6)

where nwb; is the number of wires in branch i; [b; is the
length of branch i; g; is the unit fitness value for branch i
=5+ nwb.

As the termination condition in this study, the number
of iterations reaches the maximum or fyin /f > 0.9.

6 Branch Route Search

To meet the minimum bending radius constraint and
the area constraint, the branch route needs to be sought
using the area constraint and needs to be adjusted to
meet the minimum bending radius.

6.1 Search
The branch route search problem is a shortest path
problem, and thus the method for the shortest path
problem can be used in the branch route search. The
classical algorithm is Dijkstra’s algorithm, which searches
the shortest path by minimizing the sum of the point
cost. In this study, except for the distance cost, the area
constraint should be converted into the cost. The cost of
{KS;} should be set by half the distance cost, whereas the
cost of {FS;} should be set by 10-times the distance cost.
In this study, the Dijkstra algorithm is applied to search
a cable harness branch route by the following steps:

1. We define two point sets {VP} and {UVP}, where
{VP} is the point set that includes the visited points
that are closest to the start point, and {{/VP} is the
point set that includes the unvisited points.

2. Initially, the start point is added in {VP}, and the
remaining points of the roadmap are added in {U/VP}.

3. Search the closest point to the current point from
{UVP}, and added in {VP} and erased from {UVP}.

4. Update the distances of the points in {VP}.

5. Repeat steps 3 and 4 until the end point is added to
{VP} and the route between the start point and the
end point is found.
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6.2 Adjustment

Although the branch route above is a polyline, the cable
harness branch is a continuous curve. Thus, the branch
route should be adjusted for transformation into a con-
tinuous curve. The fitting curve of the branch route is a
B-spline curve. The points of the branch route searched
using Dijkstra’s algorithm are substituted into the
B-spline curve equation to obtain the parameters of the
B-spline curve equation.

After the above adjustment, the branch route is judged
on the bending radius, and when the bending radius of
the branch route is greater than the minimum bending
radius, the branch route should be adjusted to satisfy the
minimum bending radius.

7 Implementation

The method was tested and validated under two scenar-
ios. The first scenario is used to compare the PRM and
the GA applied in this study with their original algo-
rithms based on the efficiency and quality of the cable
harness layout. The second scenario is used to test the
method in a complex environment. The first scenario is
shown in Figure 9(a), and the second scenario is shown
in Figure 9(b). All implementations were conducted on a
desktop PC with an Intel Core i5 CPU at 3.2 GHz.

.

Figure 9 Scenarios using the method
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Table 1 Results of the PRM for the two scenarios

Algorithm # Points #Edges Time (s)
UOBPRM 340 500 10.33
PRM 1000 1842 61.02

b

Figure 10 Roadmaps used in the first scenarios: a roadmap
constructed by the UOBPRM, b roadmap constructed by the original
PRM

The first scenario is tested on the original PRM and
UOBPRM. The computation time, number of points,
and number of edges determined by the two types of
algorithms are shown in Table 1. The roadmaps in
the first scenario constructed by the two algorithms
are shown in Figure 10(a) and (b). The roadmap con-
structed by this algorithm is close to the surfaces of the
mechanical parts and is evenly distributed. Compared
with the former roadmap, the roadmap constructed
using the original PRM is too densely distributed and
there are too many points that are remote from the sur-
faces of the mechanical parts. The former roadmap is
more suitable for searching the route of the branch.

The first scenario is tested on the original GA and
the GA applied in this study. In the simple scenario, a
cable harness with five endpoints should be designed.
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Figure 11 Endpoints in the first scenarios

Table 2 Results of the GA

Algorithm # Iterations #avg. #opt. Time (s)
This paper 350 5764 521.2 456
The original GA 650 6784 670.3 15.04

b

k.

Figure 12 The configuration of the cable harnesses: a configuration
of the cable harness designed by the GA in this paper, b
configuration of the cable harness designed by the original GA

Figure 11 shows the position of the endpoints of the
cable harness in the first scenario. The computation
time, the number of iterations, and the average fitness
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value of the last generation and the optimal fitness
value of the last generation based on the two algorithms
are shown in Table 2. In Figure 12(a) and (b), the final
configurations of the cable harness in the first scenario
designed using the two algorithms are presented. Obvi-
ously, the layout result planned using our algorithm is
more reasonable than the layout result planned using
the traditional GA, which is reflected in the branch
point position.

In the second scenario, a cable harness with 10 end-
points should be designed, as shown in Figure 13. The

Figure 13 Endpoints in the second scenario

Figure 14 Roadmap in the second scenario

Figure 15 Configuration of the cable harness in the second scenario
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roadmap in the second scenario is shown in Figure 14,
and the result of the second scenario is shown in Fig-
ure 15. A roadmap that is close to the surfaces and
evenly distributed was constructed. The branch struc-
ture of the cable is reasonable, and the route of the
cable is as expected.

8 Conclusions

In this paper, a new method using the union of the
PRM and the GA is proposed for planning the branch
structure and the route of the cable harness. The main
contributions described herein are as follows.

(1) The area constraint is first presented to guide
the route tendency of the cable harness, which is
defined as the necessary area constraint and the for-
bidden area constraint.

(2) The new genetic algorithm is proposed to plan the
branch structure of the cable harness. Compared
with the traditional GA, the order of the crossover
operation and the mutation operation is exchanged.

(3) The probability formulas of the crossover operation
and mutation operation are proposed to promote
the efficiency of the genetic algorithm.

This method can be used to efficiently design a good
layout of the multiple branch cable harness, and the
performance of the method was tested and validated in
this study. In the future, the extension of the method
will include two aspects. One is to efficiently improve
the algorithm by adjusting the parameters of the GA,
and the other is to solve the layout problem of the cable
harness within the entire machine.
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