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ABSTRACT  
 

This is a Master of Science project performed at Volvo Cars in Gothenburg and at The Royal 

Institute of Technology KTH in Stockholm. The project is about optimization of the test 

method for semi-automatic parking. The current test method to verify the parking functions are 

described in a document called design verification method, DVM. The test method in DVM 

considers each function’s parameter separately which takes a lot of test time and all of the 

functions cannot be tested because of time shortage. The aim of this project is to develop an 

optimized test method which can solves this issue and can replace the current test method. 

There are also some other issues that the project need to deal with, such as the sensor’s 

measuring error and the optimization of the distance from vehicle to the curb. 

The current test methods are based on principle of one factor at a time method, which is very 

time consuming. Several other test method such as Factorial Design, Taguchi Design and 

Placket Burman Design which are based on the principle of factorial design are therefore 

studied. Amongst these the factorial design is chosen since it is an adequate design in term of 

reduction of test time and other properties which are beneficial for the aim of this project.  

The proposed test method is evaluated by first performing a test version with a number of 

relevant inputs parameters for which the process is described in Chapter 3 and the evaluation 

of the method is described in Chapter 4. In Chapter 5 the process on how the proposed method 

can replace the current method is described.  

The result of this thesis work is a proposed and verified system verification test method for 

parking assistance which can also be used for other systems as well on some levels.   



 

 

SAMMANFATTNING  
 

Detta Examensarbete är utfört hos Volvo Car Corporation i Göteborg och på Kungliga 

Tekniska Högskolan i Stockholm. Projektet grundar sig på att utveckla en optimerad testmetod 

för semi-automatisk parkering. Den nuvarande testmetoden för funktionsverifiering finns 

dokumenterad i ett dokument som kallas för ”metod för designverifiering”, eller ”design 

verification method (DVM)” på engelska. Testmetoden i DVM behandlar varje funktions 

parameter separat, vilket innebär långa testtider och alla funktioner hinner därför inte testas 

och verifieras. Syftet med examensarbetet är att utveckla en optimerad testmetod som kan 

åtgärda detta problem, och ersätta den gamla testmetoden. Metoden ska också angripa och 

åtgärda andra förkommande problem som mätfel från sensorer och optimering av sträckan 

mellan fordonet och trottoarkanten.  

Den nuvarande testmetoden behandlar en parameter i taget, vilket är mycket tidskrävande. 

Andra testmetoder såsom Factorial Design, Taguchi Design och Placket-Burman Design, som 

behandlar flera parametrar samtidigt har därför studerats. Bland dessa metoder valdes Factorial 

design då metoden ansågs vara mest lämplig för optimering av testtiden.  

Den föreslagna metoden har evaluerats efter att ha testats med en del relevanta parametrar, 

processen är utförligt beskriven i kapitel 3 och 4. Kapitel 5 beskriver hur den utvecklade 

metoden kan ersätta den nuvarande metoden.  

Resultatet från detta projekt är en utvecklad och verifierad testmetod för systemverifiering av 

parkeringsassistansen, och kan också användas för andra system till en viss gräns.               
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NOMENCLATURE  

NOTATIONS 

Symbol Description 

c Effect  

k Number of levels   

N Number of tests  

ABBREVIATIONS 

AP Autonomous Parking 

ANOVA Analysis of Variance  

DVM Design Verification Methods  

HMI Human Machine Interface  

MAS Maximum Activation Speed  

MSS Maximum Scanning Speed 

OFAT One Factor at a Time   

PAS Parking Assistance System  
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1 Introduction  

In the first part of the chapter the background and the purpose of the project is described and 

in the second part the limitation and the method used in this project is described and presented.   

1.1 Background 
Parking Assistance System (PAS) is one of the latest features in modern vehicles; almost all 

vehicle companies implements PAS in their vehicles to provide a simplified driving task to 

their customers. The system assist the driver to park the vehicle into a parallel or perpendicular 

parking slot [1]. The driver can chose to activate the system when desired by simply pushing a 

button; the system will then start to scan for a parking slot. Once an available slot is found, the 

system informs the driver and the driver can chose either to park or continue to search [1] [2]. 

If the driver chose to park, the system will take over the steering wheel and require the driver 

to shift the gear and control the speed of the vehicle by braking or accelerating. The driver can 

take over the vehicle and deactivate the system at any time if necessary [1] [2]. A parallel 

parking scenario is illustrated in Figure 1.  

 

 

 

Figure 1: Parallel parking [2].  

 

The system’s software and the sensors used for measurement are often delivered by an external 

supplier to the vehicle company [3] which needs to be tested after implementing it in the 

vehicles. There are a lot of parameters involved which affects the quality of the parking 

manoeuvre [1]. To make sure that the system is working and fulfilling the requirements lots of 

verification tests needs to be performed considering all the parameters affecting the parking 

quality. The current function verification test methods at Volvo Cars requires large number of 

tests and the aim of this project is to develop an optimized test method for the verification of 

the system’s functions.   
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1.2 Purpose 

The main purpose of this project is to optimize the function verification test method described 

in Design Verification Method DVM [3]. The developed test method should be performed in 

an appropriate experimental way and the response data should be recorded. Then the response 

data should be analysed to verify the system’s function. There are also other tasks that the 

method should provide a solution for, these tasks are described more in detail in this Chapter. 

The parallel parking function is used for verification of this method and the considered parking 

scenario is described below.  

Parallel Parking Scenario 

The scenario describes the function of Autonomous Parking (AP) assisting the driver to park 

the vehicle in a parallel parking slot. The AP system co-operates with other sub-functions such 

as: Automatic steering, Human-Machine interface (HMI) and Semi Automated Parking (SAP) 

to fulfil the parking task. The driver’s tasks during the manoeuvre are to controlling the speed 

of the vehicle and shifting the gear. There are two vehicle speed requirements that need to be 

fulfilled in AP functions. The Max-Activation-Speed (MAS), below this speed the AP can be 

activated by the driver and Max-Scan-Speed (MSS), below this speed the system is able to scan 

for a parking slot and detects a slot [3]. The parking scenario consist of 7-phases with a specific 

name for each phase.  

1. PASSIVE SCAN/OFF; the vehicle is driving below the MAS and the driver chose to 

activate the system. The sensors of AP is deactivated since the speed of the vehicle is 

above the MSS; the system will require the driver to reduce the speed, Figure 2 

illustrates this phase.  

 

 

Figure 2: Phase 1, PASSIVE SCAN/OFF.  

2. SCAN; the vehicle’s speed is below the MSS and the AP starts to scan both sides of the 

vehicle for possible parking slots, which is shown in Figure 3.  

 

 

Figure 3: Phase 2, SCAN. 
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3. MEASURE; the turning indicator are used to determine the active side. When the 

measurement is finished; the slot and the parking type (parallel) is shown to the driver. 

The driver can chose to park. This phase is illustrated in Figure 4.  

 

 

Figure 4: Phase 3, MEASURE.  

4. STOP; after finding an available parking slot the HMI will indicate to driver to “stop 

and park the vehicle”. If the vehicle is not driven far enough ahead the driver will get 

an indication to drive further and stop; the green colour in Figure 5 shows the path that, 

the vehicle should be on. 

 

 

Figure 5: Phase 4, STOP. 

5. REARWARD MOVE; the Auto Steering is activated when the driver has stopped the 

vehicle and selected the reverse gear. The HMI indicates to driver to “remove his hands 

from the steering wheel” and the AP steer the vehicle into the parking slot. The driver 

controls the speed of the vehicle by acceleration and brake pedals and is assisted by 

PAS in the front and rear end of the vehicle; Figure 6 illustrates the path which the 

vehicle is driven into the slot.  

 

 

Figure 6: Phase 5, REARWARD MOVE. 
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6. FORWARD MOVE; the driver is indicated by HMI of AP and PAS to stop rearward 

driving and select forward gear; the AP take over the steering and steer the vehicle into 

the slot, which is illustrated in Figure 7.  

 

 

Figure 7: Phase 6, FORWARD MOVE. 

7. FINISH; when the vehicle has reached an OK position in terms of lateral, longitudinal 

and angular alignment, the HMI indicates that to the driver, and the AP release the 

control of the steering; illustrated in Figure 8. 

 

 

Figure 8: Phase 7, FINISH. 
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Requirements by the system and from the system are shown in Table 1, the requirements are 

for the parallel parking in scenario with an existing curb.  

Table 1: Requirements of the system. 

Requirements by the system 

Slot length  (1.5 − 2.5) ∗ 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑙𝑒𝑛𝑔𝑡ℎ  
Slot width  165 − 250 𝑐𝑚  
Scanning length (distance of the 

vehicle to the curb)  
30 − 150  

 

MAS (max activation speed) 50 𝑘𝑚/ℎ 

MSS (max scanning speed) 30 𝑘𝑚/ℎ 

Max parking speed 7 𝑘𝑚/ℎ 

Scanning distance  50 − 150 𝑐𝑚 

Chosen system requirements  

Distance from the front wheel to the 

curb  
5 − 40 𝑐𝑚 𝑖𝑛 95 % 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 𝑤𝑖𝑡ℎ 20 𝑐𝑚 𝑚𝑒𝑎𝑛  

Distance from the rear wheel to the 

curb  
5 − 40 𝑐𝑚 𝑖𝑛 95 % 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 𝑤𝑖𝑡ℎ 20 𝑐𝑚 𝑚𝑒𝑎𝑛  

Angle to the curb  1° 𝑖𝑛 95 % 𝑜𝑓 𝑐𝑎𝑠𝑒𝑠 

Slot found  Should be found in more than 97% of cases 

Cancel due to maximum moves  5% of all attempts 

Cancel due to malfunction  5% of all attempts 

Curb hit  1 out of 200 cases, first hit OK in case of tread 

surface.  

Steering wheel angle, when parking is 

completed 
5°−

+  

Tasks to be solved   

As mentioned before there are some issues to be solved concerning the quality of a parking 

manoeuvre. These issues are listed below,  

System defects    

1. The vehicle’s OK position varies from case to case; the vehicle is parked either too 

close to the curb causing damages on the rims or too far blocking the road.  

 

2. The sensor measures the parking slot incorrectly.  

Questions regarding the defects    

1. Is there any relation between measuring error and slot size?  

 

2. How large is the effect of measurement errors on the OK position of the vehicle in 

phase 7? 

By analysing the data from the tests; the project also aims to provide satisfactory answers to 

appearance of the system defects and the questions above and which parameters that have large 

effect on these issues.   
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1.3  Delimitations 

There are some limitation for this project regarding time and space. Since this project is a 

Master of Science project it should be done during a limited period of time. This time limitation 

is the reason to just concentrate on parallel parking type. The parallel parking type is chosen 

since this is used most frequently by drivers. This parking type also has the most phases 

involved and a lot of problems and uncertainty occurs in this parking type. All the problems, 

test parameters and questions are defined and formulated for this particular type of parking. 

There is also availability of test space that limit this project, which is the reason that not all 

possible parameters can be tested.  

1.4 Method 

This chapter cover the important steps when developing an experimental design and how to 

choose a test method which can be implemented to solve the problem described. An 

experimental design is a process where one or several parameters are varied to observe the 

effect of change they have on the response parameters [4]. There are several steps in developing 

an experimental design which are:  

1. Recognition and statement of the problem (setting the objective).   

2. Select process parameters and their levels and ranges.   

3. Select a test design.   

4. Conduct the experiment.  

5. Statistical analysis.  

6. Drawing conclusions and making recommendations.  

 

The listed steps are an important requirement for a successful and qualified experimental design 

[4] [5] [6], the steps will be described later in more details.  

1.4.1 Setting the Objectives  

The objectives of an experiment is a very important step and they should be chosen thoughtfully 

and it is recommended that they should be discussed in a group of people with knowledge in 

this field [7]. Both the critical and necessary objectives should be written down in a prioritized 

list [8]. This is the very first and an important step which has a lot of influence in selecting the 

process parameters and the test design [5] [8]. One of the basic objectives of an experiment is 

to develop a robust design which means that the process is affected minimally by the external 

sources of variability [7].  
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1.4.2 Selecting the Process Parameters 

The process parameters includes both input and output parameters [7]. It is necessary to 

determine the parameters and their levels at the same time. The levels of a parameter is the 

high and low value of the parameter [9]; the level of parameters will be described more in 

details later on. The input parameters or factors can be classified either as potential design 

factors or nuisance factors [7]. The potential design factors are further classified as design 

factors, held-constant factors and allow-to–vary factors [7]. The design factors are varied 

during the experiment process, and there are different types of design factors or input 

parameters, such as:  

 Qualitative parameters, cannot have a value as its level, it is determined as different 

type of machines or operator.  

 Quantitative parameters, can be measured and they can have several valued levels. 

 Controllable parameters, can be controlled by the experimenter to manipulate the 

outcome.  

 Uncontrollable parameters, cannot be controlled and these parameters can be discrete 

such as different machines or operators, or continues variables such as the ambient 

temperature or humidity [9]. 

 

Held-constant factors have an effect on the response but they are held constant for the particular 

design, since it can be difficult to vary these parameters during the experiment. Allow-to-vary 

factors are affected by the inhomogeneity of the subject that design factors are applied on, the 

effect of these factors are relatively small [7].  

As mentioned before there are also nuisance factors, these factor are not of interest for the 

experiment but they have an effect on the response [7]. They are classified as controllable, 

uncontrollable or noise factors. The level of controllable parameters can be decided by the 

experimenter, the level of uncontrollable factors cannot be decided but the level can be 

measured. The noise factors can vary naturally and uncontrollably during the process [7].  

The level of the parameters can be chosen in several ways depending on how the response is 

modelled [9]. The commonly used levels are the 2- or the 3-level, but the most used is the 2-

level. In this design the parameters have two valued level, high and low value defining the 2 

levels of the parameters. The 2 levels of the parameters should be chosen based on the 

engineering judgments and the range between the high and the low level should not be 

unnecessary large or small [9], [10]. For the 3-level parameters there is a midlevel and the 

levels are determined iteratively [11]. First the midlevel is iterated which corresponds to the 

centre point of the optimized range and from there the level difference is calculated by Equation 

(1) [11].   

 

𝐿𝐷1 =
𝑚𝑎𝑥 − 𝑚𝑖𝑛

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑒𝑣𝑒𝑙𝑠 + 1
   (1) 

 

Where 𝐿𝐷1 is the level difference between the upper and lower boundary values, which is then 

divided by the number of levels plus 1. Once the level difference is calculated the upper and 

the lower level can be estimated.  
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1.4.3 Selecting a Test Design  

The choice of a test design is very much dependent of the objectives and the input parameters 

of the experiment [7]. There are four broad categories of experimental design, comparative 

design, screening designs, response surface and regression modelling [8]. The comparative 

design is used when there are two parameters to choose between; it can be between two 

different machines or two different speeds of a machine [12]. The screening design considers 

more than 2 parameters; this design is used to choose some key parameters amongst a large 

number of parameters [12].  

Screening design is a first approach when the system is unknown [7]. There are several 

strategies of performing a screening, best-guess approach, one-factor-at-a-time (OFAT) 

approach and factorial design [7]. The best-guess design as the title of the design describes 

consist of guessing the best combination of the parameters based on knowledge and experience 

[7]. OFAT method consist of selecting a starting point or baseline for the set of factors and then 

each factor is then successively varied over its range while the other factors are held constant 

at the baseline level. A major disadvantage is that it does not consider the interactions between 

the factors and beside that it is very time consuming [7]. While in factorial design the factors 

are varied together which allows to test all the combinations of the parameters.  

These different design approaches can be chosen depending on the number and type of the 

input parameters. For a small number of parameters, the OFAT and best-guess approach can 

be satisfactory but for a larger number of parameter the best option is the factorial design, 

which is described later in more details. This design is based on 2-level design [8] which is 

also an appropriate choice for screening design. 

The 2-level design is economical, simple and also gives enough information for the further 

research with response surface experiment [9]. The 2-level design uses the notation plus and 

minus to denote the high and low level of the parameters and this principle is called coding the 

data [13] [9]. Table 2 illustrates how this coding can be constructed and how the design matrix 

is formed.  

Table 2:2-level design Matrix code.  

Runs 𝑋1 𝑋2 𝑋3 

1 - - - 

2 + - - 

3 - + - 

4 + + - 

5 - - + 

6 + - + 

7 - + + 

8 + + + 

 

The design matrix in Table 2 is designed for 3 parameters, where the parameters have the 

notations 𝑋1, 𝑋2 and 𝑋3 in a total of 8 runs. The columns in the matrix represent the coded data 

of the main parameters and illustrates how the 2-level design uses plus and minus signs to 

describe the high and low level of the parameters for each run. The columns of the matrix are 

orthogonal to each other; the orthogonal arrays provides several good properties to the design 

[14]. The orthogonal array was introduced in 1940s and has been used in the experimental 
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design since then [15]. Orthogonal array provides an efficient and systematic way to determine 

the process parameters [15]. By using orthogonal array the number of tests can be reduced 

dramatically [14] without any specific quality reduction in the result; all possible combinations 

of the parameters occurs equally which gives a good balance between the parameters and its 

interaction. The orthogonal arrays can either be design or chosen from a database of Orthogonal 

Arrays [14] [13] and it is possible to reconstruct an Orthogonal Array matrix code for the 

number of parameters needed [14]. Some other features that are used to improve the factorial 

design are randomization, blocking and replication [7].  

Randomization means that both the allocation and the order of the individual runs are 

performed randomly. Randomization provides averaging out the effects of the extraneous 

factors and the requirement of a statistical design which states that the observations and error 

must be independently distributed random variables. Randomization technique is used to 

consider the effects of the nuisance factors when these factors are known but uncontrollable 

[7]. 

Blocking improves the precision with which comparisons among the factors of interest are 

made and it is also used to reduce or eliminate the variability caused by nuisance factors. It is 

basically dividing the observations into groups by its nuisance factors and the test is run in 

blocks. Blocking is used when the nuisance factors are known and they are controllable and its 

effect on response can be systematically eliminated [7].  

To provide a good precision on the response data the tests should be replicated which means 

the tests are repeated. There are two important properties achieved by replication, first one is 

that it allows the experimenter to obtain an estimate of the experimental error. The second is 

that it provides a mean value of the response and a more correct estimate of the parameters can 

be obtained. Replication reflects sources of variability both between and within runs [7].  

There are different methods of factorial design, the choice depends on the number of 

parameters and the interest in studying the combination of the parameters [7]. Different types 

of factorial design have been developed during the past decades and some of these are discussed 

in this report, such as [16];  

1. Full Factorial Design 

2. Fractional Factorial Design 

3. Taguchi Method 

4. Placket-Burman 

     

 

 

 

 

 

 



10 

 

1.4.3.1 Full Factorial Design  

A full factorial design considers all the main effects and its interactions making the design very 

valuable. It uses orthogonal arrays and the parameters can have any number of levels. The 

number of runs is determined by the number of parameters and its level, which can be 

determined with Equation (2)  

 𝑁 = 𝑝𝑘 (2) 

 

Where 𝑁 is the number of the runs or observations, 𝑝 is the level chosen for the parameters and 

𝑘  is the number of parameters. The number of runs can grow quickly as the number of 

parameters grows which make the design time consuming for even a few number of parameters. 

This is illustrated in Table 3, where the level of the parameters are chosen to 2.  

Table 3: Number of tests for different amount of parameters.   

 

 

 

 

 

For a large number of parameters the number of runs increase dramatically, making this design 

time consuming. For a higher level the number of runs increase even faster as the number of 

parameters grows. The other designs described in the coming sections deals with this issue.   

1.4.3.2 Fractional Factorial Design 

Fractional factorial design is often chosen when the number of parameters are larger than four. 

The design is based on the full factorial design but it considers a fraction of the full design to 

reduce the experiment time [16] [5] [17]. There are several way of choosing an appropriate 

fraction of the full factorial design. The experiment can be chosen to perform on 1/2, 1/4 or 1/8 

of the full factorial design [17] [16]. The number of runs in a 1/2 fractional factorial design can 

be calculated by Equation (3) [16]. 

 

 𝑁 = 2𝑘−1 (3) 

 

Where the parameters in the equation is the same as described before, but here the minus 1 in 

the exponent denotes the 1/2 fraction of the full factorial design and Table 4 presents the 

equations for the other fractions.  

 

 

 

 

Number of 

parameters  

Function  Number 

of tests  

3 𝑁 = 23 8 

4 𝑁 = 24 16 

5 𝑁 = 25 32 

6 𝑁 = 26 64 

7 𝑁 = 27 128 
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Table 4: Equations for determining the number of runs with different designs.  

Fraction Function 

1/2 𝑁 = 2𝑘−1 

1/4 𝑁 = 2𝑘−2 

1/8 𝑁 = 2𝑘−3 

 

As it can be observed in Table 4 the exponent 𝑘 subtracts with 1 for half fraction, with 2 for 

one quarter fraction and with 3 for one eight fraction [16]. A fraction of the full factorial design 

is chosen by the resolution of the design, which describes how the main effect of parameters 

are effected by the interactions of other parameters [16] [5]. The resolution and designing of 

fractional factorial design is described more in the following section. 

Resolution describes how the main effect is effected by interactions of other main effects. The 

resolutions are determined differently for the different fractions of factorial design. The most 

common resolutions are the Resolution 3, 4 and 5; the higher order of resolutions are just 

possible for higher number of parameters [18] [5].     

Resolution 3 

In Resolution 3 the main factors are confounded with two factor interaction [5] which is showed 

by Equation (4).  

 𝑋3 = 𝑋1 ∗ 𝑋2 (4) 

  

Where the column for the 3:rd parameter in Table 5 is determined by multiplication of 

parameter 1 with  parameter 2.   

Table 5: Test matrix, illustrating the confounding 

Runs 𝑋1 𝑋2 𝑋3 = (𝑋1 ∗ 𝑋2) 

1 - - + 

2 + - - 

3 - + - 

4 + + + 

 

This way of determining a parameter is called that the parameter is confounded or effected as 

mentioned earlier; Equation (4) can also be written for parameters 1 and 2 in (5) and (6).  

 𝑋1 = 𝑋2 ∗ 𝑋3 (5) 

   

 𝑋2 = 𝑋1 ∗ 𝑋3 (6) 

 

Equations (4), (5) and (6) shows how the main effect is confounded or aliased with the effect 

of two way interaction of other main effects, which means that the effect of the interactions are 

added on the effect of the main factors. The response of main effect will be difficult to interpret 

because of the confounding with other two main effects [18] [5] which makes this resolution 

poor.    



12 

 

Resolution 4 

In Resolution 4 the main effects are confounded with 3 parameter interaction and the 2-way 

interactions are confounded with other 2-way interactions. This is a preferred design since the 

higher order interactions which are confounded with main effects are assumed to have almost 

zero effect, but the two way interactions cannot be used due to interaction with other 2-way 

interactions. This resolution can be used if the 2-way interactions do not have any particular 

effects and are not included in the response [18] [5].    

Resolution 5 

In Resolution 5 the main factors are confounded with 4-way interactions, and the 2-way 

interactions are confounded with the 3-way interactions. As mentioned earlier the higher order 

of interactions have less effect on main effects and with a Resolution 5 the main effect is 

confounded with 4-way interactions. The 2-way interactions are confounded with 3-way 

interactions making the response of 2-way interactions useable [18] [5] [19]. 

The resolutions described above are valid generally for all type of fractional factorial design, 

but the determination of each resolution are differently for each design, different fractions of 

factorial design and their resolutions are described below.   

1.4.3.2.1  ½ Fraction 

This design considers a 1/2 fraction of the full factorial design; Table 6 shows a coded matrix 

for this design with 4 parameters. The number of runs are reduced to 8 runs and what 

distinguish this from a full factorial design is how the 4:th parameter is coded.     

Table 6: Matrix for ½ Fractional Factorial Design.  

Runs 𝐴 𝐵 𝐶 𝐴 ∗ 𝐵 ∗ 𝐶 

1 - - - - 

2 + - - + 

3 - + - + 

4 + + - - 

5 - - + + 

6 + - + - 

7 - + + - 

8 + + + + 
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Before determining the column for the 4:th parameter, it is necessary to know what the design 

generator is, which is given by Equation (7) [18] [5].  

 𝐴𝐵𝐶𝐷 = 𝐼 (7) 

 

Where 𝐴𝐵𝐶𝐷 is called the design generator and I is +1 since the multiplication of the all 4 

parameters gives a positive sign +1. This leads to that the column of the 4:th parameter is 

determined by the 3-way interaction of other parameters which is given by Equation (8) [18] 

[5].   

 𝐷 = 𝐴𝐵𝐶 (8) 

 

This is significant for 1/2 fraction design and the letters in the generator also tells the number 

of resolution this design has. For the above described design the generator with 4 letters has a 

Resolution 4 [13] [18].   

1.4.3.2.2 ¼ Fraction  

This design reduces the number of runs to one fourth of the full design, and the design generator 

is determined differently. This design is used when the number of parameters are large 

otherwise the design will have a low resolution and a poor response for small number of 

parameters [5] [18]. The exponent in Equation (2) which estimates the number of runs for this 

test consist of (𝑘 − 2), the value 2 in the exponent mean two generator should be estimated for 

this design [5]. The two examples below describes how the generators can be determined for 

this design, one example describes the estimation of a generator for small number of parameters 

and the other describes large number of parameters.  

Example 1; 4 parameters  

The parameters A,B,C and D are the design parameters and with these 4 parameters two 

different generators can be determined, ABCD and ABC. The interaction of these ABCD x ABC 

gives AB which consist of 2 letters which means Resolution 2 and is not a satisfied resolution 

and shows the 1/4 fraction is not a good design for a number of 4 parameters.  

Example 2: 6 parameters  

The six parameters 𝐴, 𝐵, 𝐶, 𝐷, 𝐸 𝑎𝑛𝑑 𝐹  can give the two following generators 𝐴𝐵𝐶𝐷  and 

𝐶𝐷𝐸𝐹  and their interaction gives 𝐴𝐵𝐸𝐹 . The generator and their interaction consist of 4 

parameter which gives a Resolution 4 and is satisfied for a test. As the number of parameter 

increases the resolution becomes better, giving that the design is better fitted for larger number 

of parameters. Another method which is a reasonable alternative for screening design is the 

Taguchi parameters design which is discussed in the following section.      
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1.4.3.3 Taguchi Parameter Design  

Genichi Taguchi developed several approaches to experimental design, which are known as 

Taguchi methods [20]. His methods takes in account two, three and mixed level fractional 

factorial design [20]. Taguchi method can be used for several purposes such as optimization, 

quality or screening [11] [20] [21]. Taguchi methods are referred to off-line experimental 

design which means the method ensure the quality in the design stage [20]. The Taguchi design 

is also based on orthogonal array, created for two- three- and mix-level parameters, some of 

the well-known arrays of Taguchi are 𝐿9, 𝐿18, 𝐿27, 𝐿36 [20] [21] [11]. The 2-level of Taguchi 

arrays have a maximum of Resolution 4 [22]. Most of the Taguchi Orthogonal Arrays such as 

𝐿16, which is designed for 15 parameters use Resolution 3 [23].       

In his designs Taguchi defines two type of factors, control factors and noise factors [24] [21]. 

Control factors also called design parameters are those that can be controlled and maintained 

during the process [24, 21]. Noise parameters are those that are uncontrollable or too expensive 

to control [21] [24]. Taguchi parameter design determines an approach that selects the best 

combination of the design parameters so that the product or process is robust [21] and using 

the orthogonal array the number of tests are reduced [24] [21]. Taguchi design has a specific 

tabulate of orthogonal array for different number of parameters [20] [21] [24]. The Taguchi 

orthogonal arrays are denoted as 𝐿𝑛, where 𝐿 stands for Taguchi method and 𝑛 is the number 

of performed runs. The approach for parameter design consist of several steps which are 

described below.  

1. The first step is to determine the quality characteristic, a response parameter which has 

a big effect on the quality of the end process [24] [21].  

2. The second step is to identify the noise factors which impact the quality of the process 

[24] [21].  

3. The third step is to determine the control parameters and their levels. These parameters 

can be maintained during the design and has an impact on the response [21] [24].  

4. The fourth step is to design the matrix experiment and define the data analysis 

procedure, an appropriate matrix is chosen for the design [21] [24].  

5. The fifth step is to perform the test according to design matrix and record the data [21] 

[24]. 

6. The sixth step is to analyse the data and determine the optimum level, to analyse the 

data Taguchi uses a statistical measure of performance signal to noise ratio which is 

borrowed from electrical control theory. Signal to noise ratio is the ratio of the mean to 

the standard deviation. The larger this ratio is the better is the data [21] [24].  

To perform the Taguchi Parameter design all the steps needs to be followed [21] which can 

make this design time consuming. Another optional and faster method is the Placket-Burman 

which is discussed in the following section.  

1.4.3.4 Placket-Burman Design 

In Placket-Burman design the main effect is confounded with 2 factor-interaction. It a fast 

method and can test large amount of parameters in small numbers of runs. In Placket-Burman 

the column are not orthogonal but they are correlated [25]. It is a very fast and economical 

screening method with an assumption that the interactions are negligible and only main effects 

are of interest [25] [26]. This method is useful only if the two factor interactions are considered 

to have no effect giving the design a resolution of 3 [25].  
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1.4.4 Selected Method  

From the described methods the best suited for this project it is concluded to be the fractional 

factorial design. Since this design reduce the number of tests and also allows to choose different 

resolutions and response from higher order of parameter interactions can be estimated. The 

choice of fraction as well as resolution are dependent on the number of the parameters and has 

therefore wait to later when the number of parameters are determined. The benefit of this 

method and a comparison between the methods will be more discussed in Chapter 2 when the 

number of parameters are defined.        

1.4.5 Analysis of Data   

Analysis of data is another important part of an experimental design and this process start after 

the data are collected from the tests [27]. An alternative approach to analyse the data is to  

1. Relate the analysis to the stated objectives of the study. 

2. Analysing the data visually by tables and graphs using,  

 Histogram  

 Normal Probability plot,  

 Normal Probability Paper,  

 Pareto Chart,  

 Half-normal probability plot [28] [29].  

3. The third and last step should be analysis of variance ANOVA to check the adequacy 

and precision of the analysis [27].  

The measured responses are used directly to create the plots, either response versus time or 

response variations [28]. Another method is to calculate the effect of each design parameter 

and its interaction and plot it in reasonable graphs [29], where the effect is determined by 

Equation (9): 

 𝐶𝑖 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 ℎ𝑖𝑔ℎ 𝑙𝑒𝑣𝑒𝑙)𝑖 − (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑙𝑜𝑤 𝑙𝑒𝑣𝑒𝑙 )𝑖 (9) 

 

Where 𝐶𝑖  is the determined effect for 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑖 , the effect the difference between the 

average value of the parameter’s high level (+) and the parameter’s low level (-). The effect 

can be determined for all the main parameters and their interactions [29]. The different 

graphical analysis can be used to study the effect of design parameters.  
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2 The Process  

In this chapter the process of applying the method is described and the discussions are made 

on why the applied method is chosen. Some parts of the described method need to be modified 

for this particular study which will be described in details along the process. The process will 

follow the steps described in previous Chapter. There will be two rounds of tests, the first round 

is to ensure the validity of the design and the second round is done to fulfil the objectives of the 

experiment. Figure 9 describes this chapter’s process.  

  

70 

Figure 9: Process of the approach. 

2.1 Objectives  

The objectives for the two rounds of the tests are in some ways different, the first test’s 

objectives are determined more to evaluate the design. The second test’s objectives are same 

as the purpose of this project, reduce the number of tests and provide adequate answers to 

system defects and issues.   
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3 The Process of Screening Design 1 
The screening design 1 is mostly done to evaluate if the optimized test method is appropriate. 

Where the design parameters are and the levels are determined from DVM [3] but also some 

other possible design parameters are suggested. By performing this step a lot of knowledge 

and experience are gained, considering the experiment method which is used when performing 

the screening design 2. To keep this step as simple as possible only 2 responses are measured 

from the tests.      

3.1 Selecting the Design Parameters  
The design parameters for screening design 1 are shown in Table 7, where each parameter has 

been given a notation and their specific levels are determined. 

Table 7: Test Parameters for Screening Design 1.  

The parameters will be tested at two levels; the levels are the high and low boundaries within 

which the vehicle has to be in order for SAP to function. The levels for the parameters F and 

G are not mentioned in DVM, in order to test these parameters an inclined parking surface is 

needed. The level of parameter H is not appropriate to change during the tests, one way to test 

this parameter is to perform all the tests at each level of this parameter. The response parameters 

are the distance from the wheel to the curb which is presented in Table 8.  

Table 8: Response Parameters.  

Response parameters  Notation  

Distance Front Wheel to The Curb  D_Front  

Distance Rear Wheel to The Curb  D_Rear  

 

 

 

 

 

 

 

Parameter  Notation High level (+) Low level (-) 

Slot length A 2.5 x vehicle length 1.2 x vehicle length 

Slot width B 250 cm 165 cm 

Scanning distance C 3.5 m  0.5 m  

Starting position   D 10 m  4 m  

Speed of the vehicle 

while parking  

E 7 km/h 1-2 km/h 

Longitudinal 

Inclination  

F Inclined  Flat  

Lateral Inclination  G Inclined  Flat 

Different tire H Large diameter Small diameter   
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The design parameters in Table 7  needs to be reduced because of the time and space limitation. 

Parameters F, G and H are eliminated since they are considered to be difficult to change which 

requires a lot of time and specific spaces. The reduced design parameters used in screening 

design 1 are presented in Table 9 

Table 9: Parameters for Screening Design 1.  

 

3.2 Selecting the Design  
With 5 number of parameters an appropriate design is a 1/2 fractional factorial design with a 

resolution of 5 and 16 tests which is chosen from Table 10.  

Table 10: Fractional Factorial Design with resolution and run numbers.  

Number of 

Factor, k 

Design 

Specification 

Number of 

Runs 

3 23
3−1 4 

4 24
4−1 8 

5 25
5−1 16 

5 53
5−2 8 

6 25
6−1 32 

6 24
6−2 16 

6 63
6−3 8 

7 27
7−1 64 

7 24
7−2 32 

7 24
7−3 16 

7 23
7−4 8 

 

The other options such as Taguchi Parameter Design and Placket-Burman can be used to 

perform The Screening Design 1, but the disadvantages are that they provide lower resolutions 

than the fractional factorial design. It is important that the design have high order of resolution 

so the higher order of interaction between the parameters can be studied.    

 

 

 

 

 

Parameter  Notation High level (+) Low level (-) 

Slot length A 2.5 x vehicle length 1.2 x vehicle length 

Slot width B 250 cm 165 cm 

Scanning distance C 3.5 m  0.5 m  

Starting position   D 10 m  4 m  

Speed of the vehicle 

while parking  

E 7 km/h 1-2 km/h 
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The fraction factorial design is created in a software called Minitab which is a statistics 

software used to produce different test designs and to analysis the data from the tests [30]. A 

description of the design created in Minitab is shown in Table 11 and the design matrix is 

presented in Table 12.  

Table 11: Design Property for the first step screening test.   

Design Property  

Number of factors  5 

Runs  4 

Replicates  5 

Resolution  5 

 

Table 12: Design Matrix, Screening Design..  

Number of 

Runs 

A-starting 

position  

B-scanning 

distance 

C-Slot 

width  

D-Slot 

Length  

E-Speed 

1 -1 -1 -1 -1 1 

2 1 -1 -1 -1 -1 

3 -1 1 -1 -1 -1 

4 1 1 -1 -1 1 

5 -1 -1 1 -1 -1 

6 1 -1 1 -1 1 

7 -1 1 1 -1 1 

8 1 1 1 -1 -1 

9 -1 -1 -1 1 -1 

10 1 -1 -1 1 1 

11 -1 1 -1 1 1 

12 1 1 -1 1 -1 

13 -1 -1 1 1 1 

14 1 -1 1 1 -1 

15 -1 1 1 1 -1 

16 1 1 1 1 1 

 

Table 12 show only one of the replicates consisting of 16 runs. The 16 runs are in standard 

order are repeated 5 times. The response data is collected and analysed in Minitab and 

reasonable graphical analysis are used to evaluate the response data.   
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4 Analysis of Screening Design 1 

In this Chapter both the results and analysis are presented since the process of analysis is 

convenient to describe with data. The response data from all replicates are used in analysis.  

4.1 Response data  
The response data collected from the test is presented in Table 13, where the response from 

each replicate consist of the distance from the front and rear wheel to the curb. All the analysis 

in this chapter uses the data in Table 13.   

Table 13: Response data from Screening Design 1.  

Replicate 1  Replicate 2 Replicate 3  Replicate 4  Replicate 5  

DFront DRear DFront DRear DFront DRear DFront DRear DFront DRear 

140 120 120 60 120 120 240 150 85 30 

0 0 80 80 40 60 170 100 90 80 

160 170 140 75 50 50 420 340 170 160 

110 180 80 0 -20 -20 120 0 140 180 

180 170 200 200 250 240 160 170 180 150 

230 180 260 220 160 160 165 105 165 200 

290 230 220 260 200 150 240 160 420 380 

100 30 250 95 170 80 490 460 260 180 

140 120 120 -20 150 150 105 75 160 160 

80 30 90 90 170 150 150 180 260 270 

185 195 200 130 80 90 170 120 135 140 

0 0 165 100 110 80 160 150 280 310 

65 30 110 100 220 250 200 190 250 265 

145 100 100 80 90 80 110 70 100 90 

175 145 220 200 130 110 250 270 240 230 

280 300 130 130 270 270 65 35 145 115 
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4.2 Analysis of Variance  
The first step in analysis is to study the variance between the two responses, (front wheel and 

rear wheel) and conclude if there are any particular differences. In case they behave similarly 

only one of the data can be used for analysis. Analysis of mean value is an appropriate approach 

in this case, where the null hypothesis is defined as 

 ℎ𝑜 ∶  𝜇𝑓𝑟𝑜𝑛𝑡 = 𝜇𝑟𝑒𝑎𝑟 (10) 

 

Where 𝜇𝑓𝑟𝑜𝑛𝑡 is the mean of data for front wheel and 𝜇𝑟𝑒𝑎𝑟 is the mean of data for rear wheel. 

Different methods provided by Minitab, such as by Test for Equal Variance, Two Sample T-

test and CI and Test and CI for Two Variances are used to reject the null hypothesis. The result 

from each method are presented in next section in Figure 10-12.  

 

Figure 10: Test for Equal Variances 

Figure 10 presents a method called Test for Equal Variances where the P-Value calculated by 

two different methods, Multiple Comparisons and Levene. Both methods gives a value higher 

than the significance level 𝛼 = 0,05 which means that the null hypothesis is not rejected. To 

confirm this the P-Value is even determined by T-test and Bonett method which are shown in 

Figure 11andFigure 12Figure 12.   
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Figure 11: Two-Sample T-Test and CI 

 

 

Figure 12: Test and CI for Two Variance 

The null hypothesis is not rejected which means that there are no significant differences 

between the mean of the two responses data and the mean of the data considered to be equal.  
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A graphical distribution of the two data is shown in Figure 13 where the data for both of the 

responses have an equally alike distribution which is also one of the reason that the means are 

equal.  

 

Figure 13: Data distribution of the two responses. 

This does not take away the uniqueness of each response data; the two responses are studied 

and analysed separately anyway in all steps of analysis process. The response data are plotted 

in Figure 14Error! Reference source not found. against run order to emphasize the 

differences between them.  

 

Figure 14: Overview of the response data.  
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4.3 Model Adequacy  
The next step before determining the effect of the parameters is to check the validity of the 

model which is done by predicting the response using the estimated regression model. The 

response is predicted and plotted in a normal distribution curve together with the actual 

response data. The normal curve for both the actual response data and the predicted response 

data are shown in Figure 15 andFigure 16  

 

Figure 15: Comparison of the predicted response with the actual response, front wheel. 

 

 

Figure 16: Comparison of the predicted response and the actual response, rear wheel. 
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The normal curve for the predicted response is narrower than the actual response and has a 

lower standard deviation, but the means are equal. A concrete conclusion cannot be made on 

the validity of the model from this graphs, to do a further research the residuals is studied and 

some graphical presentation on residuals are shown in Error! Reference source not found..  

 

Figure 17: Residuals Front Wheel. 
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Figure 18: Residuals Rear Wheel.  

There are 4 ways provided by Minitab to present residual, Normal probability Plot, Residual 

vs Fitted values, Histogram and Residual vs observation order. Normal probability plot and 

histogram shows that the residual of the model is normally distributed, this means that the 

model has a high adequacy [31]. The adequacy of the model is also confirmed by structuresless 

behaviour of residuals in residual vs fitted values’ plot [31]. From the predicted data and 

residuals the model is concluded to be a reasonable model and this leads to the conclusion that 

the determined effect of the parameters are reliable.  
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4.4 Determining the Effect  

The main effects and 2-way interactions are determined as Equation (9) and the effects are 

analysed in a normal probability plot show in Figure 19 and Figure 20 for the responses data.  

  

 

Figure 19: Normal plot of the effects.  

     

 

Figure 20: Normal Plot of the effect rear wheel. 
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The statistics software Minitab uses the normal distribution to identify the significant effects 

by determining the variance using Lenth’s method [32] [33]. The variance is determined by 

first estimating the standard deviation of the effects by Equation (10) [32].   

 𝑠0 = 1.5 ∗ 𝑚𝑒𝑑𝑖𝑎𝑛|𝑐𝑖| (10) 

        

Where 𝑐𝑖  is the individual effect and 1.5 is the Lenth factor [32]. To determine the pseudo 

standard error all the effects |𝑐𝑖| > 2.5𝑠0 are excluded and Equation (10) is used once again 

and gives the pseudo standard error by Equation (11) [32]    

 𝑃𝑆𝐸 = 1.5 ∗ 𝑚𝑒𝑑𝑖𝑎𝑛|𝑐𝑖 < 2.5𝑠0| (11) 

 

The determined 𝑃𝑆𝐸 is then used to calculate the margin of error given by Equation (12) 

 𝑀𝐸 = 𝑡1−𝛼/2,𝑑 ∗ 𝑃𝑆𝐸  (12) 

 

Where 𝑡1−𝛼/2,𝑑  is the critical value according to a student’s t distribution, 1 − 𝛼  is the 

confidence level and the degree of freedom 𝑑 is determined by Equation (12) [32]  

 

 𝑑 =
𝑛

3
 (12) 

 

Where 𝑛 is the number of tests, then the effects are compared with 𝑀𝐸 and the following 

statements are used to select the significant effects; 

𝑐𝑖 < 𝑀𝐸 = non-significant 

𝑐𝑖 > 𝑀𝐸 = significant and active effect [32].  

The significant effects are marked in red colour and the non-significant effects in blue colour, 

the non-significant effect are assumed to have zero effect and tend to be close to the normal 

line shown in Figure 19 and Figure 20. Another way to present the effects is a Pareto Chart 

shown in Figure 21 and 22 where the absolute value of the effects are used.   
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Figure 21: Pareto effects front wheel.  

 

Figure 22: Pareto effects rear wheel.  

In Figures 21 and 22 the marked border is the estimated standard deviation by Lenth’s method 

to mark the significant effects. The response rate in Figures19-22 is defined by 𝛼 = 0.05 which 

indicates that the maximum risk for rejecting a true null hypothesis is only 5 percent [34] . The 

value of 𝛼 can be adjusted to any value in the software but the standard value is 0.05 [34]. 
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Another way of studying the main effects is to plot the mean value of the response against the 

high and low level of the parameter shown in Figure 23 for the front wheel and in Figure 24 

for the rear wheel.   

 

Figure 23: Main effect Front wheel. 

 

Figure 24: Main effects Rear wheel. 

Figure 23 and 25 shows which parameter impact the response the most. By observing Figure 

23 and 25 it is seen that parameters, A-starting point, B-scanning distance, C-slot have a large 

impact on the response for both front and rear wheel. And parameter D-slot length and E-

speed have less impact on the response for both front and rear wheel.  
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To confirm this, the interaction between the parameters are studied, the interaction plot is 

shown in Figure 25 for front wheel and Figure 26 for rear wheel.     

 

Figure 25: Interaction Front wheel.  

 

Figure 26: Interaction rear wheel. 

Figure 25 and 27 shows the impact of the 2-way interactions of the input parameters and how 

the different levels of the parameter influence the response. Form this observation parameters 

E’s high level has less impact on the response and overall it has low impact on the response. It 

is concluded that parameter E can be excluded for the future tests and the test should be 

performed with the higher level of this parameter to neglect the effect of this parameter.   
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4.5 Comparison of the Replicates  
Since the tests are performed in 5 replicates, a comparison between the replicates are necessary.  

Some basic differences that is studied are mean and standard deviation of each groups and of 

tests which are presented in Figure 27.   

 

 

Figure 27: Comparison between the test groups. 

The 3 first replicates shown in Figure 27 do not deviate much from each other and the mean of 

these are close to each other, while the 2 last replicates have some points which deviates large 

from other data points and make even the mean of the data large. Such behaviour could be 

caused by parking assistant function and this will be considered more in next chapter.  
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5 The Process of Screening Design 2  
The second screening design concentrates more on optimizing the test methods described in 

DVM. Before going further in the process of selecting a screening design, all the test methods 

in DVM for system verification are studied once again to evaluate the possibility to apply 

factorial test design.   

5.1 Studying DVM and Selecting the Process Parameters 
There are a total of 31 tests to verify different Parallel Parking functions of the SAP [3] which 

are presented in Table 14. The methods described in DVM are mostly based on principle of 

One Factor at a Time design. Where their input parameters are either same or can be combined 

into one factorial design which will be described more in detail in this chapter. The input 

parameters of these tests will be used in one factorial design and which means that all these 

test can be performed at once.    

Table 14: Test methods Parallel Parking function. 

Performance - 

Between two 

vehicles 

Steering request Starting point Scan opposite side 

Performance - Non-

vehicle objects 

Cancel due to vehicle 

speed 

Maximum traveling 

distance before slot 

found message 

Max activation speed 

Performance - Full 

load 

Cancel due to 

steering wheel torque 

Slot in memory Max scan speed 

Performance - 

Curves 

Cancel due to trailer 

connection 

Slot recognition Activation condition 

Maximum moves Cancel due to DSTC Resume 

functionality 

Max lateral scanning 

distance 

Scanning slots Cancel due to ABS Malfunction Stop/start inhibited 

Park on curb Stop and change gear 

distances 

Stop/start inhibited State machine - 

Speed over 0 when 

stop to park 

Stop and change gear 

distances 

PAS during SAP Late activation  

 

The green marked test cases in Table 14: Test methods Parallel Parking function.Table 14 are 

possible to combine into one factorial design.  
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These test cases are described in more details in Table 15-17, where the requirements, inputs 

and responses for each test scenario is described.   

Table 15: Parallel Park in test scenarios 1-4. 

Performance - 

Between two vehicles 

Performance - 

Full load 

Park on curb Stop and change 

gear distances 

Requirement:41 

Input:2, Slot length, 

sloth width  

Response:4, distance 

to the curb rear and 

front, maximum 

move, malfunction.  

Requirement:14 

Input:3, Slot 

length, sloth width, 

vehicle load.  

Response:4, 

distance to the curb 

rear and front, 

maximum move, 

malfunction. 

Requirement:2  

Input:1, slot width  

Response:2, park 

on curb, deviation 

from the aligned 

object cars.   

Requirement:1  

Response:2, full 

tone distance, rear 

and front.  

 

Table 16: Parallel Pak in test scenario 5-8. 

Steering request PAS during SAP Starting point Maximum 

traveling distance 

before slot found 

message 

Requirements: 3  

Response: 2 steering 

wheel speed, vehicle 

moving, vehicle 

stand still   

Requirements: 2  

Response:1, SAP 

Activation, 

pedestrian. 

Requirements: 2  

Response: 1 

defining starting 

points.  

Requirements: 2  

Response: 1 

Maximum 

Travelling distance 

 

Table 17: Parallel Parking test scenarios 9-11. 

Slot recognition Max lateral scanning 

distance 

State machine - Speed 

over 0 when stop to park 

Requirements:1 

Responses: 1 Sloth 

Recognition  

Requirements: 2  

Input: 1, scanning distance  

Response: 1, slot depth 

detection (4 m).  

Requirements: 4  

Response: 1, 
Stop to park message.  
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All the inputs and the responses from the test scenarios in Table 15-17 are summarized and 

presented in Table 18. There are 5 number of inputs and 16 responses to be measured.  

Table 18: Design parameters and Responses for Screening Design 2.  

Design 

parameter  

Levels  Responses 

Slot Length (A) 1,2 – 2,5 

vehicle length  

Distance front 

wheel to curb 

(a) 

Full tone 

distance, Front 

(g),  

Maximum 

travelling 

distance (m)  

Slot Width (B) 1,65 – 2,5 m  Distance rear 

wheel to curb 

(b) 

Full tone 

distance, Rear 

(h)  

Sloth recognize 

(n)  

Scanning 

distance (C) 

0,5 – 1,5 m  Maximum 

move (c) 

Steering wheel 

speed vehicle 

moving, (i) 

Sloth depth 

detection (o)  

Vehicle Load 

(D) 

Full load  Malfunction (d) Steering wheel 

speed vehicle 

standstill (j) 

STOP to park 

Message (p) 

Starting 

position (E) 

4 – 10 m  Park on curb (e) SAP activation, 

Pedestrian (k) 

 

 

 

 
Deviation from 

Object vehicle 

(f) 

Defining 

starting point (l) 

 

The design parameters in Table 18 are reduced to 4, since the parameter D is not possible to 

test because of limitation. This parameter has been studied in a previous work which shows 

this parameter does not have any particular impact on the parking performance of the vehicle 

[35].    
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5.2 Selecting the Test Design 
With 4 number of parameters a full factorial design is possible since the number of test runs 

required are 16 which is shown in Table 3. The design parameters are visualized in Figure 28 

where the figures illustrates a parallel parking scenario.   

 

Figure 28: Design parameters for Test 2.  

The design matrix is created in Minitab for a full factorial design with 4 input parameters, 

where the number of tests are 16 and with 5 replicates. A design matrix with the process 

parameters is illustrated in Table 19.  

Table 19: Design matrix test 2.  

 

Each row in the matrix illustrates one observation, where the 4 input parameters are tested and 

the responses from (a - q) are either measured during the experiment or determined offline form 

the log files. The matrix in Table 19 combines the input parameters from 10 different function 

verification methods in DVM and verifies them at the same time instead of separately.  

Number 

of Runs A B C  D  a b c d e f g h i .... o p q 

1 -1 -1 -1 -1              

2 1 -1 -1 -1              

3 -1 1 -1 -1              

4 1 1 -1 -1              

5 -1 -1 1 -1              

6 1 -1 1 -1              

7 -1 1 1 -1              

8 1 1 1 -1              

9 -1 -1 -1 1              

10 1 -1 -1 1              

11 -1 1 -1 1              

12 1 1 -1 1              

13 -1 -1 1 1              

14 1 -1 1 1              

15 -1 1 1 1              

16 1 1 1 1              
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This is illustrated by Figure 29Figure 30. Where in Figure 29 the input A is the starting position 

of the vehicle, this parameter is verifying the maximum travelling distance before slot found 

message.  

  

Figure 29: 4.2.18 Park in Parallel, Maximum travelling distance before slot found. 

In the same way the scanning distance is verified which is illustrated in Figure 30, where 

parameter B is the input and the responses are h the slot depth and o slot reorganization.  

 

Figure 30: 4.2.29 Park in Parallel, Max lateral scanning distance.  

In this way all the 10 scenarios which were mentioned before can be tested and the functions 

can be verified.  
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Test 1 and Test 2 was replicated and in order to know how many replicates are necessary, the 

response data d and e is plotted and the mean is determined and compared for increased amount 

of replicates illustrated in Figure 31 and 33. Responses d and e are related to the OK position 

of the vehicle which is the reason that these responses are chosen for analysis.   

 

Figure 31: Front wheel replicates 1 – 5, distance measured in [mm].  

 

Figure 32: Rear Wheel replicates 1 – 5, distance measured in [mm].  

Figure 33 and 34 illustrates how the mean of response data behaves as the number of replicates 

increases. Based on this result it can be concluded that the number of replicates does not need 

to be large, it can be around 3 and 4 to get an adequate response.  
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Figure 33 shows the relation between measuring error and responses 𝑑 and 𝑒, the response data 

is plotted against measuring error for both slot length and slot width.  

 

Figure 33: Relation between measuring error and distance to curb [mm].  

The measuring error in x-axis is determined as the difference between the actual slot size and 

the slot size measured by sensors. To further study the measuring errors the data are plotted 

separately for slot width and slot length which are shown in Figure 34 and 37 where the 

measured data is plotted against run order.   

 

Figure 34: Measured slot length.  
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Figure 35: Measured slot width.  

The horizontal lines in Figure 34 and 37 represents the level of the actual slot width and slot 

length. Since the measuring errors are greater for slot width, it is of interest to study the data 

more in detail. The measured slot width for each replicates are plotted against run order in 

Figure 36.     

 

Figure 36: Measured slot width for each replicate.  
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As it is observed some strange patterns are shown in the plots for which the combination of 

input parameters are extracted from the test matrix, which is shown in Figure 37. The first table 

from left is for the 4 first points in replicate 5 and the second table is for the last 4 points in 

replicate 5.     

 

Figure 37: Combination of input parameters extracted from test matrix.  

As discussed before in factorial designs the effect of parameters can be studied which are 

plotted in Pareto chart for front wheel in Figure 38 and for rear wheel in Figure 39.  

 

Figure 38: Effect of each parameter and its combination on front wheel.  
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Figure 39: Effect of parameter and its combination on rear wheel.  

In Figure 38 and Figure 39 the effect of parameters are determined for the response data d and 

e. As the Pareto chart shows, parameters C and D have a significant effect on response d which 

is distance from front wheel to the curb, parameter C has a significant effect for response e 

distance from rear wheel to the curb.  

 

 

 

6 Discussion and Conclusion  
In this chapter the developed method is discussed and compared with the old one and at the 

end a conclusion is made whether the new method is useful or not.      

6.1 Discussion  
The aim of this project was to develop an optimized test method which can replace the current 

test method. There are also some other issues, such as the sensor’s measuring error and the 

optimization of the distance from vehicle to the curb that have been investigated. Different 

factorial design methods are used a lot in production technology, but this design can be adapted 

in a lot of other experimental designs as well, as one example is shown in this report. Factorial 

design required more preparation time relative the old methods for this application. The test 

time also increases for each test since a large number of responses needs to be measured for 

each test. With factorial design not all input parameters can be combined and tested, such as 

the parameters that are difficult or requires a lot of set up time. This would lead increased test 

time which is against the optimization requirements. This limitation leads that a number of test 

cases in Table 14 cannot be tested with factorial design.  
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But with factorial design as showed earlier 11 SAP functions can be tested at the same time 

and, this means a great reduction of tests which also means reduction of test time. With the old 

method each function would need 20 tests and a total of 220 tests are required to verify the 11 

functions. But with the factorial design the input parameters for these 11 functions can be 

combined and tested together in a maximum of 48 tests in case the number of replicate is 3 and 

resolution is 4. And the number of replicates does not need to be high to get a better mean 

approximation which can be observed in Figure 31 and 34. Another reason why to choose 

factorial design is that with this design the effect of main parameters and their combination on 

the responses can be studied. The effects can be studied and determined for any response 

measured during the tests. The effects can be studied graphical in several ways, such as Pareto 

diagram in Figure 21, 22, 40 and 41 or as just two way interactions in Figure 25 and 27 which 

help to interpret the result.  

The reason why the interactions of the parameters are important is that this project also aimed 

to study the behaviour of the responses d (distance from front wheel to the curb) and e (distance 

from rear wheel to the curb) and measuring error. In Figure 33 the responses d and e are plotted 

against measuring error; it shows no particular behaviour. For further research on measuring 

error the response data for slot size is plotted in Figure 34 and 37, which shows that the 

measuring error appears more in slot width. There are no specific explanation to this behaviour 

so far and in order to further research on this, more parameters need to be added; such as 

different type of curbs, different type of parking slots and different type of surfaces.  

Since the measuring error appears more in slot width, the response for each replicates is plotted 

in Figure 36, the error accrues more for measuring the 2 meters slots. There are so far no 

particular answer to this and what can affect the measuring error. In Figure 37 it can be 

observed that the parameter C (scanning distance) has somehow an effect on measuring error, 

since the error increases when parameter C has high level and decreases when it has low level. 

But this is true only for 2 meter wide slots and not for all cases. Since in Figure 38 and 41 the 

effect of slot width is significant for both front and rear wheel, further research on this 

parameter is recommended.                                

6.2 Conclusion  
The result of this work is a proposed and verified function verification test method for parking 

assistance functions. And the proposed factorial design is a successful choice for this 

application as the result showed that the number of tests are reduced and the response can be 

used to verify a number of the functions. But the old method also need to be used for the 

functions that cannot be verified by factorial design. And by performing more than one 

replicates the statistic requirements are also fulfilled with this design.  

The questions regarding the relation between the measuring error and the OK position of the 

vehicle as discussed before can be answered and concluded that the OK position of the vehicle 

is not related to the measuring error of the slot size. In order to solve this issue further research 

needs to be done which include other parameters than the ones in this work. 
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7 Recommendations and Future work  
There are some recommendations work needs to be considered in case this design is used in 

the future, and some future work needs to be done to answer the questions concerning the 

measuring error discussed in Chapter 1.  

7.1 Recommendations 
When using factorial design for such an application, it is recommended to choose the input 

parameters according the verification document. Once the design parameters are chosen set the 

parameter which is hard to change as the matrix column which does not require too often level 

change. A well structured template is necessary to record the responses when several 

parameters are combined and tested. It is also recommended to perform the tests in pair, where 

the driver is responsible to do the parking manoeuvre and measuring the different response 

while the co-experimenters has to record all the data, because the amount of response data can 

be large and needs to be recorded correctly. The co-experimenter should be concentrating only 

on this task and guiding the driver on which test configuration the driver should perform.       

7.2 Future work  
A separate factorial design needs to be performed to study the measuring error for slot width 

and also other input parameters than the one used in this report must be used. And as discussed 

before and the test should be performed in randomized order. If the screening test succeed and 

the number of input parameters can be decreased to relative small numbers. Once the number 

of parameters are reduced they can be used in a response surface method to find the optimized 

parameter setup for the OK-Position of the vehicle.  
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