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Abstract: 

Cable harness is an integral part of a modern-day automobile. The design 
of many mechanical components is based on the cable harness and hence 
it is important to accurately calculate the space occupied by cable harness. 
In this thesis, a theoretical model representing n arbitrarily sized cables 
was used to generate a packing of the cable harness, and the space 
occupied by them was calculated. The model was used to develop an 
algorithm that generated a feasible configuration and a container around 
that packing. The optimisation toolbox in MATLAB was also used to 
calculate the space and optimise the container size. A customised tool was 
developed utilising the established methods, to find the space occupied by 
cables at various points of interest along the truck chassis for Scania CV. 
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1 Notation 

C Set of circles 
c Member circle in set C 
r Radius of circle 
x Abscissa of centre of circle 

y Ordinate of centre of circle 
 
Indices 

0 Container’s index 
i Member circles’ index 

j Member circles’ index 

i0 Comparison between container and member circle 
ij Comparison between two-member circles 
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2 Introduction 

Scania Commercial Vehicles AB, formerly AB Scania-Vabis, is a major 
Swedish manufacturer of commercial vehicles – heavy trucks and buses in 
particular. Figure 2.1 shows a few variants of trucks at Scania Commercial 
Vehicles AB (SCV). SCV also manufactures engines for heavy vehicles as 
well as marine and general industrial applications and is currently based in 
Södertälje, Sweden. This chapter introduces the thesis briefly, throwing light 
on the background, problem statement, aim and scope of this thesis. 

2.1 Background 

Transportation has always been a key factor in the economic development of 
a region. The equipment to transport freight in the ancient times in road 
transport that started off as animal backs, bullock carts & horse carriages, 
now has advanced heavy automobiles that can carry tons of goods 
conveniently and provide a door to door service. Automobiles in the early 
era consisted of a large number of mechanical based systems for their 
functioning and performance. Modern day automobiles however are highly 
sophisticated and have many electrical systems interacting with each other 
for their efficient performance. 

While developing technology, one that consists of an electrical system and 
requires communication between its components, the schematics for 
connections between various components are drawn and then the cables are 
designed with specific length and routing along the chassis of an automobile 

Figure 2.1 Trucks at Scania CV. 
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by engineers. Routing the harness through the truck is a challenging task and 
as the number of different systems present onboard increase, the routing 
becomes even more complex. A cable harness, also known as a wire harness, 
cable assembly, wiring assembly or wiring loom, is an assembly of electrical 
cables or wires which transmit signals or electrical power. 

Cable harness is an integral part of a present-day automobile and therefore 
occupy a significant amount of space. 

2.1.1 Modularization at Scania 

SCV AB prides itself in a customer friendly business model. The company 
offers its customer, the privilege to customize their vehicle/truck as per their 
needs. Due to this privilege, an enormous number of truck variants are 
possible. SCV follow a principle of modular design, i.e. a variety of 
combinations of the components in their product structure can be made to 
produce different variants. Scania has very few limitations on their technical 
specification resulting in many possible variants. These heavy trucks have 
many electrical and electronic systems like the Visibility System, Alarm 
System, Air Processing System, Brake Management System etc. that may or 
may not be independent of each other. 

A classification of Trucks at SCV is shown in Table 2.1. This is a basic 
classification of the trucks based on Wheel Configuration, specifically into 
three main categories. They are Single Front Axle (SFAX), Double Front 
Axle (DFAX) or All Wheel Drive (AWD). It will have many models 
respectively. A truck in general is identified with a unique identification 
number assigned to its chassis called Chassis Number. It is easy to access the 
information regarding the type of a truck, systems present onboard, the 
various Cable harness used in a truck etc., from Scania’s different PDM and 
PLM systems when you have a truck ID. 
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Table 2.1 Truck Variants Classification based on Wheel Configuration. 

 Type of the Truck 

Single 
Front Axle 

Double 
Front Axle 

All Wheel 
Drive 

W
he

el
 

C
on

fig
ur

at
io

n 
 4X2 
 6X2 
 6X2/2 
 6X2/4 
 6X2*4 
 6X4 
 8X2/4 
 8X4*4 

 8X2 
 8X4 
 8X2*6 
 10X4*6 

 

 4X4 
 6X6 

 

 

2.2 Problem Description 

Due to improved industry standards, increased legislative and environmental 
demands imposed on the heavy vehicle industry, increasingly complex 
electronic systems are being included on trucks. It stands to reason that these 
systems require a cable harness to drive and support the functions. Figure 2.2 
shows cable harness within a typical truck at SCV. When additional cables 
are to be added upon request, engineers need to know if there is enough space 
available on the chassis, brackets or any other specific area on the truck that 
should accommodate the cable harness. Also, it can be said intuitively that 
the number of cables present is only going to increase in the future with 
technological advancements. Thereby a significant amount of space will be 
occupied by cable harness and needs to be accounted for accurately. 
The problem primarily faced is that the accommodating components such as 
brackets or passageways are designed to accommodate a certain volume of 
the cable harness. When there are increased number of cables clustered 
together, they at times tend to occupy more space than calculated or 
accounted for during the design stages. This may cause problems in 
mounting other parts like Battery, Lights, Brake Unit etc. at critical points. 
For example, when the cables are increased, it could become tough to 
accommodate the cable harness Bundle on the brackets designed or they may 
occupy space meant for important components. 
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This increased space occupied by cable harness could be due to, 

 The modular design principle at Scania due to which there could be 
more number of cables than that were accounted for during early 
design stages.  

 The fact that the harness has been twisted at certain places. Cables in 
general tend to occupy more space when they are twisted. 

 

Figure 2.2 Overview of Cables Passing on a Truck Chassis. 
Scania therefore needs to develop an intuitive, easy to maintain and easy to 
use tool which can lead to parametric calculation of geometrical 
requirements within specific harness compilations. This tool should be 
comprehensive enough to cope with a variety of different media found in 
Scania’s harnesses – including pipes, hoses and cables. 
The main requirements for calculating the space of cable harness are, 

 To standardize calculation methods enabling more accurate design 
for future projects. 

 To empower modularization at Scania, ensuring that less or no 
problems arise. Thereby aiding diversity of combinations at SCV. 

 To optimize future cable ducts in a CAD environment. 
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2.3 Aim and Objectives 

The work aims at, 

 Formulating the problem at hand into a relatable model that gives the 
desired output. In this case, the desired output is the space occupied 
by a group of cables.  

 Developing an application that utilizes the formulated model to 
estimate the space occupied by cable harness in trucks.  

The objectives/tasks planned to achieve the aim are as follows: 

 Perform a literature study of relevant research containing possible 
optimization techniques. 

 To theoretically model, simulate using MATLAB. 

 To conduct simultaneous experimental investigation to compare and 
understand the results. 

 Develop a compatible tool that can calculate the space occupied by 
media, by using the data from the company. 

 Use the knowledge from the literature and performed study to answer 
the research questions. 

2.4 Research Questions 

 How to establish a theoretical model that can be used to estimate the 
size occupied by cable harness? 

 Can a tool be developed such that it utilizes the formulated model to 
theoretically estimate space occupied by and enable visualization of, 
cable harness in a truck chassis at Scania CV? 
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2.5 Assumptions and Limitations 

In this thesis work, 

 The cables are assumed to be represented as rigid circles in a cross-
sectional view. 

 The theoretical estimation of size occupied by cable harness does not 
account for the twisting of cables. 

2.6 Disposition 

The thesis report starts with a brief introduction of trucks and the importance 
of cables in it, problem description, aim and objectives, research questions 
in chapter 2. The literature review and an overview of the method is stated in 
chapters 3 to 4. Chapters 5 to 7 presents a methodology of solution to Circle 
Packing Problem, experimental testing and tool development respectively. 
Chapter 8 presents the discussion & conclusion drawn from the work. 
Finally, chapter 9 presents a probable future work in this area. 
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3 Literature review 

3.1 Studied System 

The system that was to be studied in general consisted of a group of electrical 
cables or cable harness at various points of interest along the chassis of a 
truck and the problem was to estimate the size occupied by them.  

Since cables are of circular geometry, they can be represented as a group of 
circles. When two cables touch each other, they can be represented as two 
circles tangential to each other in a two-dimensional view. Similarly, it can 
be said that when a group of cables are bundled together, they can be 
represented as group of respectively sized circles that are either in close 
contact or are tangential to each other, in a two-dimensional cross-sectional 
view. This arrangement of circles in close contact or tangential to one another 
is termed as a packing configuration of the circles. 

Therefore, the solution to this problem would be to find the minimum size of 
a container that envelops all the individual cables/circles in a packing, subject 
to the constraint that each circle does not overlap with either the container or 
another circle in the configuration. The size of a container depends on the 
placement of each individual circle/cable. The position of the centres of 
circles, indirectly determines the size of the container. 

3.2 Circle Packing 

In general, Circle Packing refers to the arrangement of n arbitrarily or equal 
sized circles within a desired container, such that there are no overlaps 
between the circles. Circle packing problems find real-world applications in 
a range of industries, for example, the textile, apparel, automobile, aerospace 
and chemical industries. In this study, as we assumed the cables as circles, 
the problem of packing unequal circles into a container of minimal 
dimensions. The quality of a packing can be assessed by its packing density, 
which is the ratio of area utilized by cables in the container with the total area 
of the container. The problem is classified as Non-Deterministic Polynomial 
time - Hard [1], which indicates that there is no known algorithm to solve it 
in polynomial time and that the time to find a solution grows exponentially 
with sample size. 
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A numerous number of studies related to circle packing studies incorporated 
instances considering equal circles into different containers [2]–[6]. Since 
the focus here is more on the generalized version, the packing of 
unequal/arbitrary circles will be discussed. 

Zhang and Deng [7] presented a hybrid algorithm which combined TS into 
SA to pack circles into a circular container. SA was used to prevent 
convergence at a local minima and TS was integrated into it to avoid cycling 
and to improve the efficiency of the exploration process while jumping out 
of local minima. In combination, the hybrid algorithm had a competitive 
computational efficiency in comparison to similar solutions provided by 
other authors. Some definitions describing circle to circle in Equation 3.1 and 
circle to container overlap in Equation 3.2 are stated with the help of Figure 
3.1, 

 If the two circles embed each other, then the embedding depth  
between the  circle and the  circle is, 

 
 

(3.1)  

 If the  circle and the larger containing circle embed each other, 
then the embedding depth  between the  circle and the larger 
containing circle is, 

 
 

(3.2) 
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Figure 3.1 Circle depicting definitions. 
The mathematical model formulated in this paper, utilized the sum of the 
pairwise distance between two circles described in Equation (3.1), defining 
them as the possible potential energy function, representing the problem at 
hand geometrically. Their research was further applied to a practical 
container packing software. 
López & Beasley [8] presented a heuristic algorithm for the problem of 
packing unequal circles in a fixed size container such as the unit circle, the 
unit square or a rectangle. The problem was formulated in a different way, 
compared to most other authors. In this paper, the container size was fixed, 
and circles were varied/scaled, unlike most other papers where container size 
was varied to find its optimal size. The objective function formulated in this 
paper, was to find the minimum size of scaling factor required to scale down 
the member circles such that they fit in the container. Their algorithm had an 
optimisation phase based on the formulation space search method and an 
improvement phase that modifies the current solution by swapping two 
circles. The instances considered in this work were categorised into two: 
instances with large variations in radii and instances with small variations in 
radii. This work was compared to some previous related literature in context 
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of 13 predefined instance and comparison of results showed that this work 
either equalled or improved the solution. It was asserted that computational 
results for circular container show that their heuristic is a computationally 
effective approach when balancing quality of result obtained against 
computation time required. 
Grosso & Jamali [9] proposed a Monotonic Basin Hopping (MBH) approach 
and its population-based variant Population Basin Hopping (PBH) to solve 
the problem of packing equal and unequal circle into circular container with 
minimal radius. They asserted that the simple Multistart approach, where 
local searches are started from randomly sampled points, would give inferior 
results when compared to a carefully designed MBH approach. They 
compared the performances of MBH and PBH for small and large 
populations. On an average better performance was obtained with MBH or 
with PBH with a small population in comparison with previous work. PBH 
with a larger population guaranteed more robustness, with good results also 
over the instances where MBH had to struggle. The authors mentioned that 
their impression of the hardest instances for the case of unequal circles being 
those with many circles with slightly different radii, a case relevant to the 
one to be solved for in this study. 

Huang et al. [10] presented two new heuristics termed as A1.0 and A1.5, an 
algorithm to improve A1.0 for packing unequal circles into a 2D circular 
container. The key features of their approach are the use of a Maximum Hole 
Degree (MHD) rule, defined in the work, to select a next circle to place in a 
basic packing algorithm and obtain A1.0, and the use of a self-look-ahead 
strategy to improve A1.0 and obtain A1.5. They observed that their algorithm 
A1.0 yielded better solutions than Local Search for larger instances, but not 
for some small instances and A1.5 is much faster than Local Search to find a 
successful configuration for all instances under the minimal container radius 
obtained by Local Search. In general, their experimental results showed a 
superior performance for packing unequal circles in term of solution quality 
and computational time. 

3.3 Circle Fitting 

Circle fitting is the process of generating a circle that encloses a given set of 
points in space. In this study, once a feasible packing was generated by using 
an algorithm or optimisation solvers, the container was generated with the 
help of circle fitting techniques. 
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Al-Sharadqah & Chernov [11] gave an error analysis of a few circle fitting 
algorithms. This paper gave an insight into a few circle fitting procedures 
and briefly explained the geometric and algebraic circle fitting. The 
difference in performance between various fits was also evaluated. Another 
algebraic fit, named as ‘Hyperaccurate’ algebraic fit, that has no essential 
bias had also been discovered in this paper. 
It was mentioned that, all practical algorithms in geometrical fit are iterative 
and have no closed form solution. The geometric fits are based on orthogonal 
least squares and is also called as orthogonal distance regression (ODR). It 
minimizes the function, 
  

 

(3.3) 

Where, 

  stands for the distance from , 
 (a, b) denotes the center, and R, the radius of the circle. 

With regards to the above model, the function of geometric fit is then to 
return the maximum likelihood estimates (MLE) of the circle parameters 

. 
Geometric fits however have no closed form solution and all practical 
algorithms for the minimization of  are iterative algorithms like Gauss-
Newton or Levenberg-Marquardt schemes etc. The performance of iterative 
algorithms is heavily dependent on the choice of the initial guess and they 
often take dozens or hundreds of iterations to converge. Then there is also 
the probability that they would be trapped in a local minimum of  or diverge 
entirely. 
An alternative to the complicated geometric fit is made by fast non-iterative 
procedures called algebraic fits. Some of the algebraic fits are mentioned in 
detail below. The algebraic fits transform the objective function in 
Equation 3.3 into a linear least squares problem, so that it can easily be 
solved. 
Kàsa [12], described and analysed a least squares circle fitting procedure. 
The method is deemed as simple due to its easy implementation and is also 
one of the least computationally expensive methods determined for circle 
fitting, though not the most accurate. This paper approximated the ODR in 
geometric fit with an algebraic distance from point  to the circle. This 
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approximation is then transformed into a linear least squares problem 
minimizing a function that is shown in Equation 3.4, 
  (3.4) 

A general analysis was given for the first-order random errors and an 
evaluation of the variance of the centre and radius of the fitted circle was 
carried out. The error terms were investigated as a function of the number of 
data points,  and data point distribution. It was observed that for  the 
non-uniform data distribution provided better broad-band performance and 
for  and , successive division of sections into halves gave 
reasonably superior performance. An approach to extend the results to higher 
order terms was also provided. A drawback of this procedure being that it is 
biased towards small circles, an incomplete arc is observed. 

Pratt [13] proposed a more stable circle fitting procedure than the simple 
Circle Fit by Kàsa. This is a robust and accurate circle fit, one that works 
well even if data points are observed only within a small arc. This is due to 
the fact that minimized function shown in Equation 3.5, 

  (3.5) 

provides a better approximation to ODR in Equation 3.3. The method is an 
improvised version of the one proposed by Kàsa. 
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4 Method Overview 

The method followed in the current study is represented with the help of a 
flow chart in Figure 4.1. 
The method tree starts with the formulation of a basic model of the problem 
at hand. An initial study is then conducted to understand the usability and 
practical applications of the fundamental model. The changes, if required, 
are made to the model and then an algorithm is developed to find a feasible 
result. This result is verified with a small case study to study the deviation 
from the theoretical and experimental result. Upon obtaining an initial result, 
optimization techniques are implemented to find an optimal result. Since this 
thesis requires a solution procedure that needs to be generic and handle any 
arbitrary combination possible, computational efficiency varies with sample 
size. Computational efficiency is of high importance and so a balance 
between accuracy and computational efficiency is to be found. 
To be able to trust theoretical models and simulation procedures, 
experimental investigations are necessary. An experimental investigation 
was carried out to find size occupied by cables are conducted at the 
production facility in the shop floor at Scania CV AB. 
By following this method for the present work, the knowledge obtained can 
be re-used in future development projects, which would promote the overall 
efficiency and quality of Product Development at Scania CV AB. Usage of 
any other alternative method that does not involve a coordinated approach 
might result in loss of time and the full potential of chosen solution may not 
be utilized. 



23 

 

 

Figure 4.1 Method Overview. 
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5 Methodology 

The cable harness in a truck are differently sized cables that pass along 
various regions along the chassis of a truck. The problem at hand, to find the 
space occupied by cable harness, can be correlated to the problem of an 
arbitrary circle packing. 

Therefore, the solution to this problem would be to find the minimum size of 
a container that envelops all the individual cables/circles, subject to the 
constraint that each circle does not overlap with either the container or 
another circle in the configuration. The size of a container depends on the 
placement of each individual circle/cable or the position of the centres of 
circles, determine the size of the container. 

The container in this case is considered to be a circle itself for a few reasons 
discussed below. 

 It was observed at the production line in the assembly shop floor that 
the cables were grouped together with cable ties and naturally formed 
a circular or oval pattern. 

 It is simpler to measure the space occupied by cable harness with an 
ordinary measuring tape in experimental stage, as measuring tapes 
have a measuring index of diameter as well. 

5.1 Model 

Let us assume that we have  cables of predefined radii  in a 
set C and the size occupied by them is to be estimated by packing them into 
a container. We then represent the cables as rigid circles , of 
respective radii and the container as a circle  of variable radius  and 
centre  in a two-dimensional Cartesian coordinate system. 
The task at hand is to find a feasible set of coordinates 

 for each of the circles in set C respectively, such that 
any circle  does not overlap with either the container  or another circle  
in the configuration. With all the symbols defined and inspiration from Lopez 
[8], Huang [10] and Wang [14], we proceed to model this problem.  
Since, we want to find the smallest size of the container  that can enclose 
all the circles in set C, the objective of this problem could be stated by 
Equation 5.1 as minimizing , 
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Min 
  (5.1) 

Such That 
  (5.2) 

  (5.3) 

 
 

(5.4) 

  (5.5) 

  (5.6) 

 
An important aspect during minimizing the radius is that a circle  whose 
centre is , should not overlap with either the container  whose 
centre is  or with another circle  whose centre is  in the 
packing. 

From Figure 5.2 it can be observed that in order to prevent overlap between 
 & , the distance between their centres   &  must be at 

most the difference of their its radii,  & . Equation 5.2 represents the 
constraint that each individual element/circle must not overlap with the 
container or cross the container boundary where  represent the 
coordinates of the centre of the container with r0 being its radius. 
From Figure 5.2 it can also be observed that in order to prevent overlap 
between  & , the distance between their centres  &  must 
be at least the combined sum of their radii,  & . Equation 5.3 represents 
this constraint that no two circles from the set of circles C can overlap. Both 
the overlap constraints in Equations 5.2 & 5.3 are inspired from the model in 
[10]. 

It can be said that if the container was to have a hundred percent packing 
density, then the area of the container would be the sum all the areas of 
individual circles in C. However, it is known intuitively that a hundred 
percent packing density is impossible due to presence of void spaces between 
them. Equation 5.4 then defines this lower bound constraint for the minimum 
possible radius of the container. Any container having a smaller area would 
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then be violating the earlier constraints in Equations 5.2 & 5.3. This 
constraint was inspired from [8]. 
In general the possibilities of coordinates 

 can be ranging between - ∞ and + ∞ as stated in the 
model of [14]. But in this work, we want to restrict the search space of the 
for the solution variables  and . By using Equation 5.4 along with a safety 
factor, we can limit the search space and improve computational efficiency. 
Equations 5.5 & 5.6 represent the range bound constraints for  and  
coordinates for the centres of circles in a configuration. 
This model that minimizes the container size can also be formulated as 
maximization of packing density within the container. Packing density refers 
to the extent of utilised space within the container. It can be defined as the 
ratio of summed up area of individual members in the container to that of 
container area. Both the formulations render the similar result, but only differ 
in computational efficiency when same solution tolerances are specified in 
solvers. 

5.2 Problem Setup 

5.2.1 Initial Study 

 

Figure 5.1 Randomly Generated Circles. 

To begin with initially, an instance containing a small number (3-5 approx.) 
of circles with predefined arbitrarily sized radii and random centres were 
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generated in MATLAB. Since the centres of the circles are randomly 
generated there is a very high probability that the circles generated will be 
overlapping with one another. 

Figure 5.1 shows one such randomly generated configuration containing 
circles of 3 predefined radii and random positions. It can be seen from the 
figure, that all the circles overlap with one another. Now with regards to the 
above instance and to satisfy all the constraints stated in section 5.1, the 
circles are to be displaced by a distance. This distance to displaced can be 
denoted with  in this paper and has been described in [10]. So, for a pair 
of circles the displacing distance  can be defined as in Equation 5.7, 

 
 

 

(5.7) 

So, when  is negative, it indicates that the two circles  &  overlap with 
each other.  Similarly, we define another distance , also defined in [10], 
that denotes the distance of an individual   circle from the centre of the 
container stated in Equation 5.8. When  is negative, it indicates the circle 
overlaps with the container. Figure 5.2 shows the distances  &  for a 
pair of circles in a configuration [10]. 
 

 
 

(5.8) 
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Figure 5.2 di0 & dij for a pair of circles in a circular container. 

 
Using Equation 5.7, for the circles 1 and 2 generated we get . Now using 
this distance , the circle 2 is generated at a distance  from the centre 
of circle 1 at a random angle. Figure 5.3 shows the circles post this correction. 
Now as two circles are placed into a configuration and to place the next circle 
while ensuring minimum container radius, the new circle must be tangent to 
the earlier two circles. This is done by setting up a pair of quadratic Equations 
i.e., for a circle to be in tangential contact to another, the distance between 
the centres of the circles must be equal to the sum of their radii. So, an 
equation for each of the circles is set up and solved. This gives two values 
for each of  and  coordinates i.e., on the left or right side of the pair of 
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circles. Figure 5.4 shows the result when one of the two choices of 
coordinates is selected and the final configuration for the 3 circles radii 
instance after placement procedures explained above. In a similar way, the 
remaining circles can be placed. 

 

 

Figure 5.3 Correcting overlap for initial pairs using d12. 

 

Figure 5.4 Configuration for the 3-circle instance. 
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5.2.2 Circle Packing Algorithm 

With the experience obtained from the initial study, an algorithm was to be 
developed that could pack the circles in a feasible manner satisfying the 
constraints stated in Equation 5.3 initially. Then a container was drawn such 
that it envelopes all the member circles and satisfies the constraint in 
Equation 5.2. The size of the container can then be optimized by altering the 
packing configuration. The idea of placing a circle tangential to two circles 
seen in the initial study was used here in the packing algorithm. This 
algorithm was inspired by a relevant work in [15]. 

 

Figure 5.5 Triangle to depict Law of Cosines. 

It was assumed that a set of circles C with n number of defined radii, 
represented the cables. The algorithm starts by placing the first circle at the 
origin of the coordinate system. It then places the next circle at a zero-degree 
angle tangential to the first circle using Equation 5.7 such that . Now 
that two circles have been placed, these were used to place the remaining 
circles. To place a new circle, we always considered two earlier placed 
circles and they were called as a key circle and a helper circle. The third circle 
was placed in such a way that it was tangential to the first two circles. 
This could have been done with the help of method used in initial study by 
setting up a pair of polynomial Equations and solving them. Another method 
that could’ve been used was law of cosines. The initial method used was to 
setup polynomial Equations and solve them, but later, law of cosines was 
used, to place the new circle. Law of Cosines [16] is a generalized version of 
the Pythagorean Theorem, that relates the lengths of sides of triangle to the 
cosine of one of its angles. It states that, 
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  (5.9) 

where  denotes the angle between sides of lengths  and , opposite to  as 
shown in Figure 5.5. 

 

Figure 5.6 Placement of Circle using Law of Cosines. 

In the context with the problem at hand, Law of Cosines was used as shown 
in Figure 5.6. Assuming  and  were the centers of the key and helper 
circles respectively already placed and  was the center of the circle that 
needs to be placed. As the third circle should be tangential to existing ones, 
the distance between them becomes the sum of their radii. It was therefore 
needed to know of the angle from the first circle to the circle to be placed 
using Equation 5.9, in order to determine the coordinates for placing the third 
circle. There would always be two choices when a new circle was to be 
added. But then, the algorithm was created such that it always considered the 
anti-clockwise choice. 
Upon determining the new position, the constraints for circle to circle overlap 
mentioned in Equation 5.3 are checked for. The coordinates are accepted, 
only if the constraints are satisfied. To place further circles, initially the key 
circle continued to be the first circle that was placed at origin and the helper 
circle was the circle that was placed at the latest. If an overlap was detected 



32 

 

while trying to add a new circle, the key circle was changed to the circle with 
which an overlap was detected. This process can be seen in Figure 5.7. It can 
be seen in the picture that an attempt was made to place a new circle 
tangentially to left hand side of the key and helper circles. An overlap was 
detected and then a new attempt was made with the key circle replaced by 
the overlapping circle and helper circle left unchanged. The process to 
change key circle to the overlapped circle was continued until the constraints 
were satisfied. 

 

Figure 5.7 Correction of Constraint Violation. 

 
Once the position of the circle satisfied the constraints, the position was 
accepted. The loop was continued until all the circles received as inputs 
have been added. Upon addition of all the circles, it was accepted as a 
feasible configuration.  
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Figure 5.8 Flowchart of CPA. 
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Figure 5.8 shows the flowchart of processes in the Circle Packing Algorithm. 
The feasible configuration was one among numerous different possible 
feasible solutions. In order to find which is the best or the optimal solution, 
there is a need to introduce optimization procedures, which will be discussed 
in the next chapter. 
 
5.2.3 Container 

Upon obtaining a feasible configuration, the next task was to generate a 
container, as the desired output was the size or volume of the container. that 
envelopes all the circles present in the configuration. To generate a container, 
the idea of circle fitting was used. This idea to use circle fitting, was obtained 
from the thought that as all the circles must be included in the container, the 
points forming the circle could be used as the points to fit the circle. They 
seem analogous to each other. As the coordinates of the centers for the circles 
were known, they were used as points which should be used for circle fitting. 
The circle fitting procedure mentioned in [12], was used, due to its 
advantages of simplicity and computational cost. As a result, we had a 
circular imaginary container that enveloped all or most of the points, given 
to it. But as the points were only the central coordinates of the member circles 
and the container didn’t yet envelope the entire portion of member circles. A 
condition was then given to expand the container size until the overlap 
constraints were satisfied, i.e., all the circles were enclosed in the container. 
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This was done using Equation 5.8. Figure 5.9 shows the pre and post 
adjustment containers. 

Figure 5.9 The initial container and container after adjustment. 
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5.3 Optimization 

Optimization Toolbox within MATLAB provides many solvers or 
predefined functions to solve for parameters in a variety of problems, that 
minimize or maximize objective functions while satisfying constraints. 
Solvers in the toolbox can be used to find optimal solutions to continuous or 
discreet, linear or non-linear problems and incorporate methods into 
algorithms and applications. The problem should be clearly defined 
according to specified syntaxes with functions and matrices or by specifying 
variable expressions that represent the underlying mathematics or science 
behind the problem. 
When it comes to solving Non-Linear type of problems, there are two kinds 
of solvers available. They are, 

 Unconstrained Nonlinear Optimization – fminunc. 
 Constrained Nonlinear Optimization – fmincon. 

 

5.3.1 Local Optima using Constrained Nonlinear Optimization - 
fmincon 

fmincon was used here, as it is the solver applicable for nonlinear constrained 
problems. The function of fmincon solver here is, 

 To generate positions for each of the member circles. 
 Check for constraint violation with the generated positions of 

member circles. If constraints are violated then, return to generating 
new positions. 

 Proceed to evaluate the fitness or objective value (container size) with 
coordinates of member circles. 

 Approximate new positions according to the algorithm specified. 
 Continue process until minima is attained according to options 

specified. 

The initial guess can either be a random guess that may or may not satisfy 
the overlap constraints or be the packing obtained from the circle packing 
algorithm. fmincon starts off by checking for constraint violation and 
assessing the objective fun at the initial guess inputted to it. It then guesses 
new positions for the member circles in accordance with the lower and upper 
bounds specified for the solution variable mentioned in Equation 5.5. In this 
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case, the upper and lower bound of the solution variable is capped to a factor 
equivalent to 1.5 times the minimum radius constraint in Equation 5.4 
towards positive and negative space in the coordinate system. This was done 
as we wanted to limit the search space of the solution variables  as 
stated in Equations 5.5 & 5.6. This factor of 1.5 multiplied to  is an 
approximation for around 66% of packing density, ensuring that it acts as a 
way to force the algorithm to give higher packing density results. This 
method also keeps the centre of packing configuration and indirectly the 
container bounded towards the origin of the coordinate system. 

5.3.1.1 Choice of Algorithm 

fmincon has five choices of solvers or algorithm options, which can be used 
to find the optimal value: 

 Interior-point 
 Trust-region-reflective 
 SQP 
 SQP-legacy 
 Active-set 

The default choice of algorithm is ‘interior-point’ [17]. The algorithm is 
recommended to be used as it is a large-scale algorithm and its ability to 
handle large, sparse problems as well as small dense problems. The algorithm 
can recover from undefined Nan results or when the calculations overflow 
the largest representable floating-point number, Inf (which is about 10^308). 
Interior-Point - The interior-point approach to constrained minimization is 
to solve a sequence of approximate minimization problems. If the original 
problem is, 

  (5.10) 

then the approximated problem for each μ >0 is,  
  

 

(5.11) 

The number of slack variables  are equal to the number of inequality 
constraints  and the  are restricted to be positive to keep bounded. 
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This logarithmic term is called a barrier function. As  decreases to zero, the 
minimum of  should approach the minimum of . 

The approximated problem in Equation 5.11 is a sequence of equality 
constrained problems which are easier to solve in comparison to the original 
inequality-constrained problem in Equation 5.10. To solve the approximate 
problem, the algorithm uses one of two main types of steps at each iteration: 

 A direct step in (x, s). It is also called a Newton step. This step 
attempts to solve the Karush-Kuhn-Tucker optimality conditions [18] 
for the approximate problem via a linear approximation. 

 A Conjugate Gradient (CG) step, using a trust region. 

At each iteration the algorithm decreases a merit function, such as 

  (5.12) 

The parameter  may increase with iteration number to force the solution 
towards feasibility. The algorithm rejects the attempted step and a new step 
is attempted if the current step does not decrease the merit function in 
Equation 5.12. If either the objective function or a nonlinear constraint 
function returns a complex value, NaN, Inf, or an error at an iterate , the 
algorithm rejects . The rejection has the same effect as if the merit function 
did not decrease sufficiently, the algorithm then attempts a different, shorter 
step. The objective and constraints must yield proper values at the initial 
point. 
Interior point Methods based algorithms were developed to find optimality 
in a nonlinear function subject to nonlinear constraints [19] [20], and they 
are the methods that the Interior Point Algorithm in fmincon solver [21] is 
based on in the optimization toolbox of MATLAB. 

5.3.1.2 Objective function 

The objective function was framed such that it firstly utilizes the radii and 
central coordinates of respective circles inputted, to generate points where 
member circles lie in coordinate system. These points along with centres of 
circles, are then used as an input to circle fitting procedure. The reason for 
increased number of points being used as input for circle fitting, was since 
the points also include coordinates of entire member circle, they require 
fewer iterations of increasing container size additionally to satisfy overlap 
constraint in Equation 5.2. Thereby increasing accuracy and efficiency of 
circle fitting. The circle fitting procedure used in this case was the one 
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described in [13]. This method was used due to its efficiency in handling a 
large volume of points effectively in comparison with [12]. More number of 
points were required so that circle generated had more accuracy and 
enveloped most parts of the member circles. The condition to increase the 
container size until overlap constraints are satisfied was implemented as a 
failsafe. 
By using only central coordinates of member circles, it was observed that 
there was not a significant difference in the container generated. But, Kàsa’s 
method couldn’t generate a container when the points included member 
circles’ position, due to the large number of points. So, this method was 
discarded. 
The final container size, a scalar value is then taken as the output. 

Figure 5.10 shows the difference between containers generated by using 
methods of Kàsa and Pratt. 

 Right side – Picture generated with Pratt’s method and coordinates of 
entire member circles. 

 Left side – Picture generated with Kàsa’s method and only the central 
coordinates of member circles. 

 

Figure 5.10 Containers generated using Kàsa & Pratt. 

5.3.1.3 Constraints 

The constraints consist of the circle to circle overlap. So, using the radii and 
central coordinates of all the member circles, all possible combinations of 
pairs of circles are established. This is because overlaps are to be checked for 
between two circles at a time. Upon getting the combinations, the overlap 
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constraint described in Equation 5.3, such that sum of radii of the two 
considered circles is always greater than the distance between their centres, 
checked for. The output is set up as the nonlinear inequality constraint. We 
have no nonlinear equality, linear equality or inequality constraints and 
hence, they are set as empty. 

5.3.1.4 Options 

The optimization parameters specified were, 

 Algorithm – the interior point algorithm was selected to be run by the 
solver. 

 MaxIterations – the maximum number of iterations was limited to 
1000, after which the solver is forced to stop at last obtained objective 
function value. 

 MaxFunctionEvaluations – at each iteration, the num of function 
evaluations was limited to 10000. 

 TolX – termination tolerance on the first-order optimality was set to 
1E-14. 

 TolFun – termination tolerance on x was set to1E-14. 
The options were either left default or chosen such that there was a balance 
between computational time and accuracy by trial and error. 

 

5.3.2 Global Optima using Multi-Start Solver 

There was a necessity to proceed with using MultiStart in order to find a 
more optimal solution or global optima, as there was a high probability that 
the result from fmincon was only a local optimum. MultiStart is a solver that 
repeatedly runs a local solver (fmincon in this case) attempting to find 
multiple local solutions to a problem by starting from various points. So, by 
using Multi-Start we search thoroughly for a global minimum. This is done 
by running the fmincon solver with multiple specified number of start points. 
General outline of a MultiStart Algorithm [22] is, 

 Validate Inputs – The solver starts with checking the input arguments 
for validity. Checks include running the local solver once on problem 
inputs. 

 Generate Start Points – When specified to proceed with an integer of 
value k in the syntax, MultiStart generates k-1 random start points 
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within the specified bounds and one start using the start point  
specified to it. In total it has k start points. 

 Filter Start Points (Optional) – If opted for MultiStart does not run 
the local solver from infeasible start points, those that do not satisfy 
bounds, or start points that do not satisfy both bounds and inequality 
constraints. If not opted for, even the infeasible start points are 
considered. 

 Run Local Solver – MultiStart runs the local solver, fmincon, starting 
at the start points generated.  When run in parallel, it sends start points 
to other working processors to run the local solver and stores the 
results upon stopping of the local solver. 

 Check Stopping Conditions – MultiStart stops when all the start 
points are complete or when it meets the maximum runtime limit 
permitted. 

 Create GlobalOptimSolution Object – After successful completion of 
local solvers, the values are sorted by objective function in ascending 
order and checked if the values match the tolerance criterion. The 
number of local solver runs that converged, the number that failed to 
converge, and the number that had errors is then displayed. 

It advised that the integer value k or the number of start points be taken as a 
minimum of 10, for trustworthy results. This was established after a few trial 
and error attempts. 
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5.4 Results 

The results for two specific test cases that resemble the scenario at Scania are 
discussed here. The test instances were created by taking a breakdown of the 
list of cables at two of the points of interest along a truck chassis. By using 
these test instances, we generate theoretical estimates of the size occupied by 
cable harness using the model formulated earlier in this work. These results 
are further compared with actual measurements taken in the production 
facility. 
Both the theoretical estimates of test cases were conducted on a desktop with 
a MATLAB script that was generated based on the model formulated. This 
script was then further used as the background of an application developed. 
The MSA was specified with the optimization options specified in section 
5.3.1.4 and specified for 10 start points. 
 
5.4.1 Test Case – 1 

The test case considered had 35 cables of diameters (mm) as show in Table 
5.1. 

Table 5.1 Test Case 1 - 35 cables. 

8.59 8.59 7.89 5.84 5.64 5.64 5.19 4.69 4.62 4.14 

4.14 3.59 3.59 3.59 3.59 3.59 3.34 3.34 3.14 3.14 

3.14 3.14 3.14 3.09 3.04 3.04 3.04 2.69 2.69 2.69 

2.69 2.69 2.69 2.69 1.80 
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Figure 5.11 Test Case - 35 Cables [L – CPA, R – MSA]. 

 

Table 5.2 Results of Test Case – 1. 

Description Container size 
(radius) 

Computational 
Time (seconds) 

CPA 30.11 mm 0.44 s 

MSA 30.19 mm 805.98 s 

Difference -0.28% 99.94% 

 

5.4.2 Test Case – 2 

The test case considered had 14 cables of diameters (mm) as shown in Table 
5.3. 

Table 5.3 Test Case 2 - 14 cables. 

5.89 4.62 4.34 3.34 3.19 3.19 3.14 3.04 3.04 2.89 
2.89 2.89 2.69 2.69 
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Figure 5.12 Test Case – 14 Cables [L – CPA, R – MSA]. 

 

Table 5.4 Results of Test Case – 2. 

Description Container size 
(radius) 

Computational 
Time (seconds) 

CPA 16.65 mm 0.45 s 

MSA 15.92 mm 74.39 s 

Difference 4.35% 99.39% 
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6 Experimental Verification 

In the attempt to validate the theoretical approach stated above, 
measurements were to be taken from the trucks in the production line at 
Scania CV. The size of cable harness had to be measured at various point of 
interest along various parts of the truck chassis and compared with simulated 
result after collection, segregation and processing of the required data for the 
same truck. 
In a live production line there is limited time available to take the 
measurements before the truck chassis moved along to further stages of 
assembly. Hence, it was decided that the measurements be taken separately 
before the cable harness is assembled onto the truck. 

The cable harness and necessary established information along with the 
chassis number for a truck are shared with an external supplier. The cable 
harness is assembled separately as two parts, one for the chassis frame and 
another for the cab of the truck. The supplier then assembles the respective 
cable harness and packs them into crates, for the respective chassis number. 
The presorted cable harness crates are then transported from the supplier to 
the production facility in Södertälje. These crates are then stored in a storage 
area and are later moved into the live assembly line systematically according 
to the series of chassis numbers. 

6.1 Experimental Setup 

The main accessories involved in the experimental setup are measurement 
tape, cable ties, gloves and the cable harness itself. These crates containing 
cable harness, stored in the facility were unboxed, and the harness was laid 
on the floor. Figure 6.1 shows the setup of cable harness of a truck. This was 
first done for the crate containing the cable harness for cab and then for the 
frame, both for the same chassis number. The cables harness was then 
arranged in a manner that it resembles the way it would be assembled onto a 
truck. 

Some truck variants have a few harnesses running from the cab portion into 
the frame portion of the chassis. Since both the parts are assembled separately 
and it was not allowed to dissemble the harnesses from the cab and to place 
them in the frame, due to quality concerns, separate cables were collected 
resembling the ones running into the frame from the cab. 
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Figure 6.1 Chassis Frame cable harness setup for measurements. 
 

6.2 Test procedure 

The procedure carried out was, 

 The cable harness for cab was laid out for a chassis number. The POI 
were identified for the cable harness laid out, as closely as possible 
to the specific section that would be present on a truck chassis for that 
point. 

 The presence of harness running into the frame from cab was noted. 
 The cable harness was grouped together by hand or with the help of 

cable ties at the various POI. The cable harness was tightened to a 
moderate level with hands or the cable ties. 
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 The size of the cable harness was then measured with the help of a 
tape at the POI. 

 The measured value of space occupied by cable harness was assumed 
as the circumference of a circle and was noted down. The tape also 
had a scale to measure the diameter directly. 

 The harness for cab was packed into the crate like before and the 
harness for the frame was the unboxed and laid out. 

 To account for cables running into the frame from the cab, the 
replicas were then collected and placed manually according to the 
route, while measuring. 

 The measurements were carried out again similarly for the chassis 
frame cable harness. 

Figure 6.2 shows how the measurement was carried out. 

 

Figure 6.2 Measurement using tape. 
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6.3 Results 

The experimental results that were carried for the two test cases are seen in 
Table 6.1. The measurements shown are a result of taking the value as 
circumference of the cable harness bundle and converting it to radius for up 
to two significant digits of an approximated circle. 

Table 6.1 Experimental Results 

Description Container size 
(radius) 

Test Case - 1  25.78 mm 

Test Case - 2 14.32 mm 
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7 Tool Development 

To utilize the work stated above, the methods described were incorporated 
into an application. This would also have to enable the visualization of the 
cable harness packing configuration. The application was custom built to suit 
the needs of the EPVI department at SCV AB according to the information 
gathered in the then scenario. To enable further usability of the application 
and the methods indirectly, certain add-ons were later developed into the 
application so that it is also usable by other personnel for relevant 
applications. 
In this case, the basic outline of an application was to have, 

 An option to import the input data required, related to cable harness, 
 Background functionality to process the input submitted, 
 A section to display the output and necessary results. 

The tool development classification and flow can be seen in Figure 7.1. 

 

Figure 7.1 Tool Development Stages. 
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7.1 Data Identification 

The first step in the process of tool development was to identify the data 
required and its presence across the Product Data Management (PDM) 
systems at the company. The challenge was that the data related to cable 
harness, was scattered across different PDM systems (OAS and 
3DExperience namely) making it tough to establish between the necessary 
and avoidable ones. In this case, the parameters required are,  

 The harness numbers, 
 Their diameter (size), 
 The end components they connect and thereby the route along the 

truck chassis. 

With the exception of the route of a cable harness, all other properties could 
be found in the PDM’s, but the data had to be collected and segregated 
manually. 
The route of the cables was one required parameter that could not be found 
anywhere across the PDM systems in the company. However, EPVI 
department had created an excel file that contained all the cable harness, the 
components it connects, the route and other cable properties. 
 

7.2 Data Gathering 

Once the required parameters were determined, the challenge was to access 
them from the PDM systems. Due to the high importance of PDM in daily 
production, any efforts to access and modify the PDM environments to 
obtain the required parameters automatically was deemed highly risky. So 
alternate sources were searched for extensively. 
Excel File – The information related to the cable harness routing along with 
cable properties could be found in an excel file created by the department. 
This information was read in MATLAB. 
DSI Files - Upon extensive searching and several discussions, it was found 
that certain required parameters namely the harness number and the end 
components it connects, could be found in ASCII text files generated by a 
schematic designing software. It was called a DSI file and it was a processing 
file automatically generated by the software. The file had various sections in 
a predefined format for the data to be stored in it. The DSI file starts off with 



51 

 

a number allotted to it and then proceeds to have sections describing the name 
of the part. The important part is section 5 in a DSI which contains the wire 
specifications. Figure 7.2 shows the section 5 in a DSI file. The highlighted 
regions show the cable harness number, the components A & B it connects 
respectively. These DSI files were available at 3DExperience (PDM system) 
at Scania. 

 

Figure 7.2 Sections in a DSI. 

The information required from a DSI File are highlighted in the Figure 7.2, 
which can be described as follows: 
 Represents the DSI File Number with which the related cables are associated. 

 Represents the Cable Number. 

 Represents the Terminal/ End connector of the Cable. 
So, a script in MATLAB was developed such that the required information 
of cable harness and the end components it connects be extracted from the 
file. By downloading all the DSI files for a chassis number from 
3DExperience, and storing them in a folder, all the cable harness used in that 
chassis number with the end components are extracted. 
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7.3 Data Processing 

Now that all the required key parameters and data have been identified and 
gathered, the process flow needs to be established to obtain the desired 
output. The input from a user are the DSI files for a particular chassis number 
and the excel file containing the routes of cable harness. The list of cable 
harness and the end components are extracted from DSI files and are then 
matched to the Excel Source File for their respective routing. Once the 
routing is established, the cables at every POI are known. For each point the 
algorithm is run to estimate the size and obtain a visual figure of the packing 
configuration. Figure 7.3 shows the process flow for an application. 

 

Figure 7.3 Process Flow in Application. 
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7.4 Application Development 

Having established the process flow to be worked out in the background of 
an application, the final step in the tool development involved packaging all 
the above processes in Figure 7.3 into an application (either web application 
or a standalone application) wherein a user could simply give the required 
input and obtain the required output. Some extensive search led to discovery 
that a module within MATLAB named MATLAB Compiler [23] allowed 
individuals to build standalone executables and web apps from MATLAB 
programs to share as standalone, web apps, Microsoft Excel add-ins etc. One 
could deploy applications and add-ins royalty-free (right to use copyright 
material or intellectual property without the need to pay royalties or license 
fees) using the MATLAB Runtime, which can be packaged with the 
application or downloaded during installation. It allowed one to host 
MATLAB based web apps using the MATLAB Web App Server provided 
with MATLAB Compiler. 
It was found that standalone applications could be complete apps that use 
MATLAB graphics and User Interfaces designed with ‘GUIDE (Graphical 
User Interface Design Environment)’ and ‘App Designer’, or they could be 
command-line executable versions of one’s code. One could define user 
inputs and choose how the results are presented using all the output formats 
that MATLAB supports, including text, numeric, and graphical formats. 

The above advantages in development process combined with its capability 
to effortlessly integrate other programming languages and familiarity in 
using MATLAB helped in making it choice of platform for developing the 
application. Though the initial idea was to develop a web application to avoid 
installation complications at SCV, it was later decided to develop a 
standalone application (due to technical difficulties). 
The App Designer is the recommended choice to design UI as GUIDE is 
soon to be obsolete. It has standard components such as buttons, check boxes, 
trees, and dropdown lists, as well as gauges, lamps, knobs, and switches that 
let you replicate the look and actions of instrumentation panels. 2D and 3D 
plots, as well as tables, to present results in your app. You can also use 
container components, such as tabs and panels, to organize your graphical 
user interface (GUI). A few options available can be seen in Figure 7.4. 
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Figure 7.4 Component options in App Designer. 
For simplicity, the entire flow process in Figure 7.3 was written as a 
MATLAB program. As per the process flow, the user needs to provide the 
DSI files related to a truck chassis and the source file containing cable 
harness properties. So, accordingly a button group was dragged into the GUI 
titled as ‘upload’. This button was assigned the call back to initiate the entire 
flow process removing the need for a number of buttons to continue process 
flow. The button once pressed initiates the callback to run the program code 
and performs the following tasks, 

 Asks the user to input the DSI and Source file containing cable 
harness information, 

 Reads all the DSI files for a truck chassis in selected directory and 
extracts the required data from it,  
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 Matches the data with a source file to extract the routing of cable 
harness and segregate the cables to its respective areas of interest 
along the truck chassis, 

 Processes the list of cables every POI into the CPA, MSA to estimate 
the size occupied by them and generates a figure of the packing. 

 

Figure 7.5 Application GUI. 

Once the data was processed and the output was obtained, it then had to be 
displayed to the user. To display the size estimates, packing density and 
number of cables at all the points of interest, a tab group was dragged on to 
the UI and various rows were created in it to display the results. However, 
the figures of the packing configuration appeared as a pop-up figure due to 
insufficient space in the UI to accommodate them. 
Assigning the call backs for each of the points of interest to the respective 
variables in the was a tedious and time taking process that had to be done 
carefully. For new users, buttons with guidelines on how to use the 
application and the list of calculation points were also created. These buttons 
were issued the callbacks to open specific files in the computers at SCV. The 
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final GUI of the application developed for EPVI department at SCV is shown 
in Figure 7.5. 
Upon the designing the UI of the application, the MATLAB Complier is then 
used to package the entire designed UI and its functionality into a standalone 
application. The compiler then packages all the necessary program files 
required into an installation (.exe) package. It also enables the user to select 
additional program files manually. Figure 7.6 show the Application 
Compiler module in MATLAB. This package can then be shared to any user 
using this installation file created. 

 

Figure 7.6 Application Compiler in MATLAB. 

7.5 Feedback for Application 

Since the primary use of this tool at the EPVI department was to check for 
space availability to accommodate cables in future projects, certain feedback 
was received. The list of cables at different POI was to be displayed, so that 
a user can check and modify the cables at a POI, if required. From this 
feedback, the list of all the cables at POI were written into an excel file and 
displayed to user along with other outputs. Another tab in the application was 
also provided, where the user could manually enter the cable diameters to 
estimate their size. So, a user could make changes in the excel sheet copy the 
data and paste it into the parallel tab to estimate the size. Figure 7.7 shows 
the additional tab created with the picture within the UI itself. 
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Figure 7.7 Additional tab in Application 
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8 Analysis & Conclusion 

Table 8.1 Results Comparison 

Description Experimental 
radius 

CPA MSA Diff 
with 
CPA 

Diff 
with 
MSA 

Test Case - 1  25.78 mm 30.11 
mm 

30.19 
mm 

14.38% 14.62% 

Test Case - 2 14.32 mm 16.65 
mm 

15.92 
mm 

13.98% 10.07% 

 

From Table 8.1, 5.4 and 6.3 it is observed that, 
1. The theoretical value obtained is greater than the measured value. This 

could be due to the cables being gripped extremely tight causing the 
cables to nudge and flatten against one another and thereby reducing the 
size. Also, during the experimental measurements, the tape would pass 
around the boundary of the cables without leaving any gap, or in the sense 
the size obtained would not be of a perfectly circular container whereas 
in a theoretical result we obtain the size of a rigid or perfectly circular 
container. Figure 8.1 shows this difference with the blue container being 
a theoretical estimate and the orange container being a tape’s 
measurement. 

2. The value obtained from the Circle Packing Algorithm (CPA) provides a 
pretty good approximation given the time it takes to compute the same. 
The result from the MultiStart Algorithm (MSA), may or may not give a 
better approximation and nonetheless takes a lot more computational 
time. It was observed that MSA gave better approximations when there 
were small number of cables in the set C and had large variation among 
the radii of member circles. Whereas in the case of a set C with many 
members (>25) the CPA and MSA had a small difference in container 
size output making the MSA unworthy to use when taken into account 
its computational efficiency and output quality against CPA. 
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Figure 8.1 Experimental Measuring vs Theoretical Estimate. 

 
3. The experimentally measured value is prone to other errors like parallax 

error with measuring tape, increased space occupancy by cables due to 
their twisting, over tightening or loosening of gripping during 
measurement etc. It is therefore suggested to take extreme care during 
measurements and lookout to adopt more accurate methods of measuring. 

4. Table 5.2 shows that MSA performs worse than CPA. This is asserted to 
be due to the tolerance limits and options specified. Efforts were made to 
find a robust limit for tolerance levels, only to receive mixed results. In 
general through observation of experimental results, a value of 1E-20 – 
Optimality Tolerance and 20 multi starts are to be used for decent results. 

 
8.1 Answering Research Questions 

 How to establish a model that can be used to estimate the size 
occupied by cable harness? 

A model is established in section 5.1 that aides in the estimation of space 
occupied by cables in general. This space occupied was then estimated by 
circle packing and circle fitting procedures combined. 
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 Can a tool be developed such that it utilizes the formulated model 
to theoretically estimate space occupied by and enable 
visualization of, cable harness in a truck chassis at Scania CV? 

An application is developed in App Designer module within MATLAB that 
accepts specific data from the PDM systems at Scania CV as an input and 
displays the required outputs of theoretical size estimation and visualization 
of packing of cable harness. The entire application process flow and various 
stages within the tool development process are explained briefly in chapter 7. 

8.2 Conclusions 

From the experimental observations it is suggested that, 

 The MSA is recommended be used for small instances (<25 circles) 
particularly if there is a large variation in radii. 

 The CPA provides a decent approximation and is recommended to be 
used for large instances (>25). It is our understanding in general that 
as the size of the instance increases, the difference between the 
estimates of MSA and CPA will reduce. 

 As per our assessment, the CPA is a good and useable method taking 
into consideration its low cost for quality aspect of the solution in 
comparison to MSA. The MSA is less suggestible to use due to its 
inconsistency and high cost for quality. 

 To improve computational efficiency and quality of results for MSA 
we refer to implementing methods from [9] & [24]. 

 For SCV, it is recommended that CPA be used to get an estimate 
initially and only later resort to MSA if high accuracy is needed for 
small instances of cable harness. Whereas for large instances of cable 
harness, CPA is recommended. 

 For SCV, the excel source file containing cable harness routing 
information and other properties, needs to be constantly updated with 
feedback received from continuous usage of the application 
developed for EPVI. 

 The tool developed for SCV is custom built for data types and data 
format available currently and any changes in format of the DSI file 
or the source would then need updates in the application. 
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9 Future work 

The container was assumed to be of circular geometry in this study. For 
future investigation, the container could also be a combination of different 
geometries to resemble the shape of components through which cable 
harness is to be accommodated. For example, the container could be half 
circular and half rectangular. 

The application built or a newly built application with the methodology from 
this study, could be integrated into CATIA V5 as an add on to provide 
information about size and volume estimates. This aides in more accurate 
design of components involving cables in general. For further advancements, 
the routing of the cable could also be visualized in the CATIA environment. 

This problem of circle packing can conveniently be solved by using the 
commercial Non-Linear Programming Solver, LINGO. The software can 
solve the problem in a computationally efficient way. To communicate the 
results and visualize them, a connection between LINGO and MATLAB is 
advised to be set up. 
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