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Sammanfattning 
Backspeglar på dagens lastbilar bidrar till fordonets bränsleförbrukning på grund av det luftmotstånd 

som de orsakar. Detta bidrag kan minskas om de fysiska speglarna ersätts av digitala motsvarigheter, 

i form av kameror monterade på lastbilens utsida och bildskärmar placerade inuti lastbilshytten. Ett 

sådant ingrepp medför en rad möjligheter för förbättring av inte bara fordonets verkningsgrad utan 

även förarmiljön. Med digitala backspeglar så skulle det vara möjligt att visa stödjande grafik i den 

vy som presenteras på bildskärmarna; föraren skulle kunna förses med extra siktfält; och förarens 

direktsikt skulle kunna förbättras. 

I detta examensarbete, genomfört i samarbete med Scania CV AB, har ett antal aspekter av arrange-

mang av digitala backspeglar undersökts med hänsyn till deras fysisk-ergonomiska konsekvenser. Ar-

betet behandlar bildskärmskomponenterna i kamera-monitor-systemet, inklusive deras position, storlek 

och det visade siktfältets omfattning, i syfte att utveckla rekommendationer för hur digitala backspeg-

lar bör implementeras, ur ett fysisk-ergonomiskt perspektiv. 

Inledningsvis genomfördes en förstudie, i vilken förare av tunga lastbilar intervjuades på kvalitativt 

semi-strukturerat vis, och en enkätstudie genomfördes via Scanias officiella Facebook-sida. Därefter 

genererades och utvärderades ett antal koncept, bland annat med hjälp av Oculus Rift och digitala 

prototyper i en virtuell verklighet. 

Genom att, för vägledning, kombinera Quality Function Deployment-metoden och Pughmetoden val-

des tre principiellt olika koncept som därefter representerades i form av fysiska prototyper i en körsi-

mulator med fast bas, i vilken användbarheten hos dem testades. I testet mättes förares prestations-

förmåga i termer av filpositionens standardavvikelse och deras förmåga att upptäcka närmande bakom-

varande fordon. Därutöver ombads deltagarna att subjektivt skatta sin arbetsbelastning.  

Med stöd av resultaten från körsimulatortestet föreslås två typer av bildskärmsarrangemang samt 

rekommendationer för det fortsatta arbetet med implementeringen av digitala backspeglar i lastbils-

hytten. 
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Abstract 
The rear-view mirrors on today’s trucks contribute to the fuel consumption of the vehicle as a result 

of the air drag they cause. This could be decreased by replacing the physical mirrors with digital 

equivalents, consisting of cameras mounted on the truck and monitors positioned inside the cabin. 

Such a replacement brings about a number of opportunities for enhancing not only the efficiency of 

the truck but also the driver environment. With digital rear-view mirrors, supplementary information 

could be superimposed on the rear view shown in the monitors, additional fields of vision could be 

presented to the driver and the direct vision could be improved. 

In this master thesis project, carried out in cooperation with Scania CV AB, a number of aspects of 

digital rear-view mirror arrangement were investigated with regard to their physical ergonomic impli-

cations. The study considers the monitor components of the camera-monitor system, including their 

position, size and the field of vision they are to present, with the purpose of developing recommenda-

tions for how digital rear-view mirrors should be implemented, from a physical ergonomics point of 

view. 

Initially, a prestudy was performed, in which drivers of heavy trucks were interviewed in a qualitative 

semi-structured manner, and a survey study was carried out through Scania’s official Facebook page. 

Next, concepts were generated and evaluated using, among other methods, digital prototypes in a 

virtual reality environment with the help of Oculus Rift. 

Combining the Quality Function Deployment method and the decision-matrix method for guidance, 

three principally different concepts were selected and subsequently represented in the shape of physical 

prototypes in a fixed-base driving simulator, in which they were subjected to usability testing. In the 

testing, driving performance was measured in terms of the participants’ standard deviation of lane 

position and their ability to detect rearward approaching vehicles. In addition, the participants were 

asked to subjectively assess their perceived workload. 

Supported by the results of the driving simulator test, two types of monitor arrangements are suggested 

together with recommendations for the continued work of implementing digital rear-view mirrors in 

the truck cabin. 
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Nomenclature 
List of nomenclature used in this document. 

Notations 
𝐿 Length of display 

𝑀 Mean image magnification ratio 

𝑎 Distance between the ORP and the display center 

𝑝 P-value 

𝛼 Significance level 

𝛽 Angular extent of the displayed field of vision 

𝛾 Angular extent of the camera’s field of vision 

𝜂 Percentage of the camera’s field of vision displayed in the monitor 

𝜃 Display viewing angle 

Abbreviations 
AP A-pillar arrangement 

AP/IP A-pillar and instrument panel arrangement 

AP/S A-pillar and shelf arrangement 

AP/WS A-pillar and windscreen arrangement 

BL Baseline 

COE Cab over engine 

DS Driver side 

FOV Field of vision 

IP Instrument panel arrangement 

ISO International Organization for Standardization 

km/h Kilometers per hour 

ORP Ocular reference point 

PS Passenger side 

QFD Quality Function Deployment 

ROC Radius of curvature 

SDLP Standard deviation of lane position 

VRML Virtual reality modeling language 

Terms and definitions 
Class II mirror Main rear-view mirror 

Class IV mirror Wide-angle rear-view mirror 

Class V mirror Close-proximity mirror 

Class VI mirror Front mirror 
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1 Introduction 
This chapter introduces the background of the project, the project’s purpose, its delimitations 

and the methods employed. 

1.1 Background 

The rear-view mirrors on today’s trucks contribute to the fuel consumption of the vehicle as 

a result of the air drag they cause. This could be decreased by replacing the physical mirrors 

with digital equivalents, consisting of cameras mounted on the truck and monitors positioned 

inside the cabin. Such a replacement brings about a number of opportunities for enhancing 

not only the efficiency of the truck but also the driver environment. With digital rear-view 

mirrors, supplementary information could be superimposed on the rear view shown in the 

monitor displays, additional fields of vision could be presented to the driver and the direct 

vision could be improved. 

At the time of writing, in markets where UNECE Regulation no. 46 (2013) applies only two 

of the four compulsory mirror types of a heavy truck are allowed to be replaced by a so called 

camera-monitor system (CMS), namely the front mirror (Class VI) and the close-proximity 

mirror (Class V). With the recent publication of ISO 16505 (International Organization for 

Standardization, 2015) – a standard providing safety, ergonomic and performance require-

ments for CMSs – however, it is likely that a substitution of the two remaining mirror types 

– the main mirror (Class II) and the wide-angle mirror (Class IV) – with a CMS, soon will 

be permitted on these markets. 

One of the aspects that demands being addressed in the implementation of digital rear-view 

mirrors, in order to ensure adequate comfort and safety, is physical ergonomics (i.e. according 

to Nussbaum and van Dieën (2006, p. 763) the discipline concerned with the humans’ physical 

characteristics effect on physical activity, including repetitive motions, workplace layout and 

equipment design), with emphasis on the design of the driver’s environment.  

This study investigates the arrangement of digital rear-view mirrors replacing the physical 

main and wide-angle mirror, from a physical ergonomics point of view. The investigation is 

carried out for Scania CV AB (henceforth Scania) trucks. 

1.2 Aim 

A number of aspects of digital rear-view mirror arrangements are investigated, with regard 

to their physical ergonomic implications. The study considers the monitor components of a 

camera-monitor system, including their position, size and the field of vision they are to pre-

sent. The aim of the study is to develop recommendations for how to implement digital rear-

view mirrors with consideration given to physical ergonomics of drivers of heavy trucks. 
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1.3 Scope 

Both time and resources are limited, and as such the extent to which the field of physical 

ergonomic implications of digital rear-view mirror implementation is explored demands de-

limitations. 

It is not within the scope of this project to investigate: 

o The detailed design of the monitor component of the CMS 

o Components of the CMS other than the monitors 

o Mirrors other than Class II and Class IV 

o The cognitive ergonomic implications of CMS implementation 

o Supplementary display information 

1.4 Outline 

In the second chapter, Frame of reference, theoretical definitions and concepts used through-

out the whole study are presented. The third chapter, Qualitative interview study, describes 

the process of interview preparation, conduct and analysis, while the fourth chapter, Survey 

study, is a presentation of how the survey study was completed. Chapter five, Concept devel-

opment, is an account of how concepts were generated and selected, while the following chap-

ter six, Concept evaluation, covers the testing of the concepts. Finally, in chapter 7, General 

discussion, the results and methods are discussed and recommendations for future work are 

offered. 

Chapter three, four, five and six all contain theoretical framework pertinent to those specific 

project stages, as well as the results of the implementations and discussions of these. 

1.5 Method 

In this project, a linearly structured design method is applied, outlined with the support of 

Ullman’s mechanical design process (2010, p. 81). The methods used to address the different 

activities in the project are described below. 

Background research 

In the background research, a literature study is performed in order to collect the knowledge 

required for proper approach of the subject matter. This includes searching for relevant books, 

research articles, thesis works, standards and regulations with the help of online databases 

and search engines. 

User questioning 

Using the knowledge gained from the background research, users from the target group are 

then questioned in order to obtain subjective views that can be of assistance in developing 

further understanding of the problem. In these stages, both qualitative interviews and a 

survey study are employed, and can be seen presented in chapter three and chapter four. 
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Concept development 

Concepts are later generated and specified, supported by the findings from the background 

research and user questioning phases. No conventional concept generation methods are ap-

plied in this stage, due to the restricted nature of the problem definition. Instead, rough 

concept prototypes are iteratively redesigned and tested, both in a physical truck and in a 

virtual reality environment. This is followed by a selection of concepts for subsequent evalu-

ation. The development of concepts is described in chapter five.  

Concept evaluation 

Concepts chosen in the previous project stage are subjected to evaluation in terms of CAD 

manikin analyses and usability testing in a driving simulator. The testing provides both 

subjective and objective assessments of the concepts for concern in the final evaluation.   The 

evaluation of concepts is covered in chapter six. 
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2 Frame of reference 
In this chapter, theoretical concepts and definitions fundamental to the study – applied and 

references throughout the following chapters of the report – are presented. Concepts related 

to the design and development of heavy trucks together with theory of vision serve as the 

foundation of the frame of reference. These areas of information were explored, and subse-

quently screened with regards to the purpose of the study. In addition, CMS are briefly 

introduced. 

2.1 Heavy trucks 

This study is concerned with the N3 category of trucks, as classified in Annex II in Directive 

2007/46/EC of the European Parliament and of the Council (European Commision, 2007, p. 

62). This type of truck is referred to as heavy truck (henceforth truck), and is described as a 

vehicle designed and constructed for the carriage of goods, and having a maximum mass 

exceeding 12 tons. 

2.1.1 Truck mirrors 

In order to comply with the requirements of UNECE Regulation no. 46 (2013, p. 24), a heavy 

truck needs to be equipped with four types of mirrors, namely the main mirror (also known 

as the Class II mirror); wide-angle mirror (also known as the Class IV mirror); close-proximity 

mirror (also known as the Class V mirror); and front mirror (also known as the Class VI 

mirror). The four compulsory mirror types can be seen depicted in Figure 1. 

 

Figure 1. The four compulsory mirror types of a heavy truck: main mirror highlighted in turquoise; wide-angle mir-
ror in purple; close-proximity mirror in green; and front mirror in blue. 
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The close-proximity mirror and front mirror are omitted from this investigation, as defined 

in 1.3, and thus not further considered. The mirrors’ mandatory fields of vision are specified 

in UNECE Regulation no. 46 (2013, pp. 27-30) in terms of the portions of the surrounding 

road that they are required to cover, and can be seen outlined for the main mirror in Figure 

2 and for the wide-angle in Figure 3. 

 

Figure 2. Requirements on field of vision to be provided in Class II mirrors, in terms of ground projection (high-
lighted in turquoise). (UNECE, 2013, p. 28) 

 

Figure 3. Requirements on field of vision to be provided in Class IV mirrors, in terms of ground projection (high-
lighted in turquoise). (UNECE, 2013, p. 30) 
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2.1.2 Truck anatomy 

All Scania truck cabins (i.e. the enclosed space in which the driver is seated) are of cab over 

engine (COE) type, meaning that the driver, when seated, is positioned above the engine and 

the front axle of the truck. 

Some of the most important elements of a COE truck cabin, from a vison aspect, are its 

windshield, side windows and A-pillars, which are presented in Figure 4. The main and wide-

angle mirrors are usually side-mounted, and viewed through the side windows. 

 

Figure 4. Photograph of cabin interior, with the windscreen highlighted in blue, the passenger side window high-
lighted in green, and the passenger side A-pillar highlighted in red. 

2.1.3 Field of vision 

Bhise (2011, p. 105) defines the concept of field of vision (FOV) as “the extent to which the 

driver can see 360 degrees around the vehicle in terms of up and down angles (vertical or 

elevation) and left and right angles (horizontal or azimuth) of the driver’s line of sight to 

different objects outside the vehicle”. Bhise (2011, pp. 105, 116) states that this visual field 

is partially obstructed by the vehicle structure and that the vehicle’s left and right roof pillars 

(A-pillars) can obstruct the driver’s forward field of vision and, in effect, hide pedestrians 

and other vehicles. Fields of vision can be relocated through the use of devices such as mirrors 

and camera-monitor systems, and are then referred to as indirect fields of vision. 

2.1.4 Manikin 

The comfort and safety of a driver can be studied in a CAD environment with the help of 

virtual representations in the shape of digital human models, or manikins. Through the use 

of these models, the virtual driver can be varied in both shape and size, as well as adopt a 

number of different postures, in order to thoroughly evaluate the driving environment. 
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According to van der Meulen & Seidl (2007), a number of benefits are offered by the utiliza-

tion of manikins, in comparison to traditional ergonomic methods, in terms of: 

o Time – detailed evaluations can be performed without the need of clinics or mock-

ups  

o Cost – the need of building a mock-up is obviated, reducing the costs, and ergonomic 

inputs can be provided much earlier in the development process, lowering the likeli-

hood of late and expensive modifications  

o Accuracy – when compared to traditional tools such as guidelines, two-dimensional 

templates or numerical tables a manikin can offer a better representation of the wide 

range of human body variations 

2.1.5 Ocular reference point 

In designing or evaluating designs of visual human-machine interfaces, it is sometimes desir-

able to model the user's optical system. For such modelling, one method of approximating 

the user's point of view – i.e. the position from which the user is viewing the visual system – 

is using the ocular reference point (ORP), that is the middle point between the two ocular 

points of the driver. The ocular points are representations of the driver's eyes that are 

uniquely defined for each vehicle. (International Organization for Standardization, 2015, p. 

2) 

2.2 Human vision 

Driving can be regarded as being primarily a visual task. Some of the most fundamental 

driving tasks, such as route selection, lane position and collision avoidance rely to a high 

extent on vision. Furthermore, most additional information (e.g. traffic control devices, en-

gine status warnings, odometer, fuel level etc.) is being provided through visual means. With 

regards to this, the basic functionality of the human visual system must be comprehended 

when designing devices that provide visual information. (Olson, 1993) 

2.2.1 Head and eye movements 

As to the possible head and eye movements of a human, in the horizontal plane the eyes 

generally turn about 30 degrees before the head is turned, which can give a further 45-degree 

turn to either side. In the vertical plane, the eyes generally turn about 15 degrees before the 

head is turned, which can turn another 45 degrees upward and 65 degrees downward. 

(Haslegrave, 1993) 

2.2.2 Human field of vision 

The ambinocular visual field – that is the total field of vision, obtained by the union of the 

monocular fields of the right eye and the left eye – can be seen highlighted in green in Figure 

5. The vision is most detailed in the foveal range, which extends about one eccentricity angle 

from the line of sight. Outside the fovea lies the extrafoveal range (up to about 30 degrees 

eccentricity angle) and the peripheral visual range (beyond 30 degrees eccentricity angle), 

also seen in Figure 5. When driving, the foveal field of vision accommodates the most detailed 
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vision, in which road signs, for instance, are scanned. The extrafoveal field provides infor-

mation in terms of presence and location of, for instance, the roadway or surrounding vehicles. 

The peripheral vision gives awareness of larger visual targets, such as vehicles in the adjacent 

lane as well as information on moving targets and motion cues. The size of the available field 

of vision lessens with age, implying that older drivers cannot detect objects in distant fields 

to the same extent as younger drivers. (Bhise, 2011, p. 68) 

People are able to monitor the periphery of their visual field even when focusing their primary 

attention on its center, but this ability has spatial limits. In a study conducted by Morrow 

and Salik (1962) subjects were instructed to continuously perform a tracking task at the 

center of their field of vision, while having their ability to detect events at various angles in 

the periphery measured. A rapid decrease of detection performance was found to be consistent 

across subjects when the detection stimuli were beyond 30 degrees from the line of sight. 

(Flannagan & Sivak, 1993) 

 

Figure 5. The normal field of vision in degrees of visual angle. The green areas are visible to only one eye, the right 
green area to the right eye and vice versa, while the pink area marks the ambinocular field of vision. (Boff & 

Lincoln, 1988) 

2.2.3  Magnification 

The effect of image magnification on the driver’s performance in making accurate judgements 

is not conclusive. Flannagan and Mefford (2005) found that for camera-monitor systems, a 

smaller magnification factor than that found in conventional physical mirrors led to drivers 

making more accurate distance judgements; they tended to overestimate distances in a CMS 

display using the same magnification as the conventional mirror, but made accurate judge-

ments of distances both in the conventional mirror and in the CMS display with a minified 
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image. This has, however, been contrasted in other studies and further work has been sug-

gested in order to understand how drivers may judge distance in video displays. 

Higashiyama et al. (2001) has found the perceived distance of a target in a convex mirror to 

be larger than the perceived distance of the equivalent in a plane mirror. The results of the 

study show the perceived distance for a convex mirror with a 0.2 m radius of curvature 

(ROC) to be 1.8 times larger than the perceived distance for a plane mirror, while the per-

ceived distance for a convex mirror with a 0.6 m ROC is shown to be 1.2-1.4 times larger. 

The phenomenon is explained by the hypothesis that a virtual object (i.e. apparently diverg-

ing light rays) of small linear or angular size is perceived to be farther away than such an 

object of large linear or angular size. Added to this, the study also shows the growth of 

perceived distance in convex mirrors to be more compressed than the growth in plane mirrors, 

potentially complicating discrimination of relative distances of vehicles seen in convex mir-

rors. 

Smith and Gruber (1958) conducted a study in which perceived depth in photographs was 

suggested to vary as a function of the viewing distance from the photographs, by comparing 

the perceived depth in a photograph of a scene with the perceived depth in the real scene. 

Here, the perceived depth in the photograph was shortened when magnifying the optical 

array entering the eye from the photograph, and vice versa when diminishing the optical 

array. The authors also showed the perceived depth in the photograph to equal that in the 

real scene for equivalent optical arrays, i.e. the array entering the eye from a photograph 

approximating the original array entering the lens of the camera. However, more recent stud-

ies by Bengtson et al. (1980) and Hagen et al. (1978) have demonstrated that even under an 

equivalent optical array, as the size of the array decreased, the perceived depth in photo-

graphs was shortened. 

Hahnel and Hecht (2012) investigated the impact of mirror distance and curvature on judge-

ments of distance, spacing and time-to-contact, and concluded that mirror distance had a 

significant effect on time-to-contact judgements, while only marginally affecting distance and 

spacing estimations. An increased mirror distance led to overestimation of time-to-contact. 

The study showed that these effects were not caused exclusively by variation in visual angle. 

2.2.3.1 Standard recommendation 

International Organization for Standardization (ISO) (2015) recommend using certain mean 

magnification ratios – developed through physical measurements of the optical properties of 

several different mirrors found on actual trucks – when implementing camera-monitor sys-

tems as replacement of physical mirrors. The rationale of this recommendation is that the 

magnification in CMSs should resemble that which is found in conventional physical mirrors. 

The recommended mean magnification ratios for side-mounted mirrors are listed in Table 1. 
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Table 1. Mean magnification ratios for side-mounted mirrors, as recommended by ISO. (2015) (DS is an abbrevia-
tion of “driver side”, and PS is an abbreviation of “passenger side”.) 

Mirror type Side Mean magnification ratio 

Class II 
DS 0,31 

PS 0,16 

Class IV 
DS 0,091 

PS 0,046 

 

ISO suggest the following model for approximation of the mean magnification ratio, 𝑀: 

 𝑀 ≈ cos(𝜃) [
2 𝑡𝑎𝑛−1 (

𝐿
2𝑎)

𝛾𝜂
], (1) 

where 𝜃 is the monitor viewing angle; 𝐿 is the display width for calculation of the horizontal 

magnification factor, and the display height for calculation of the vertical magnification fac-

tor; 𝑎 is the distance between the ORP and the center of the display; 𝛾 is the camera’s 

horizontal field of vision for calculation of the horizontal magnification factor, and the cam-

era’s vertical field of vision for calculation of the vertical magnification factor; and 𝜂 is the 

percentage of the camera’s field of vision as displayed in the monitor. 

2.3 Camera-monitor systems 

A camera-monitor system consists of camera(s), image processor(s) and monitor device(s). 

CMSs can be used to provide indirect fields of vision and thus replace conventional mirrors 

or add additional fields of vision. 

2.3.1 State of the art 

Due to current regulations, there are no CMSs replacing Class II and IV mirrors on markets 

where UNECE Regulation no. 46 (UNECE, 2013) applies. There are, however, systems for 

replacing Class V and VI mirrors as well as systems providing additional fields of vision, such 

as reversing cameras and cameras mounted on the trailer of the truck. 
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2.3.1.1 Continental ProViu®Mirror 

Continental Automotive GmbH (2014) has presented a CMS consisting of two camera arms 

mounted on each side of the truck and 12.3” monitors integrated in each of the A-pillars of 

the vehicle. Each camera arm contains two cameras, installed at different angles in order to 

attain the proper fields of vision. The system can be seen in Figure 6. 

 

Figure 6. Continental ProViu®Mirror camera-monitor system. (Continental AG, 2014) 

2.3.1.2 Scania Class VI mirror replacement and rear view system 

Scania CV AB (2010) offers a CMS for replacement of Class VI mirrors, as well as an addi-

tional rear view. The monitors of the CMSs are located in the instrument panel as seen in 

Figure 7. 

 

Figure 7. Scania CMS Class VI mirror replacement. (Scania CV AB, 2010) 
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3 Qualitative interview study 
In this chapter, the theoretical framework for arranging and performing the qualitative inter-

view study is presented, together with a description of how it was implemented, the results 

of the implementation and a subsequent discussion. 

3.1 Theoretical framework 

Qualitative interview studies can be used in order to acquire variables, issues and hypotheses 

to be investigated further in quantitative research. Such interviews can be of exploratory 

character, where the interviewer introduces an issue and follows up on the subject's answers 

to seek new information on the topic. A qualitative interview can be carried out in a semi-

structured manner, following a predetermined structure and theme, while allowing both the 

interviewer and interviewee to steer the discussion. (Weiss, 1994, p. 11) (Kvale & Brinkmann, 

2009, p. 106) (Bohgard, 2010, p. 487)  

3.1.1 Qualitative interview methodology 

The process of performing a qualitative interview study can be facilitated by considering the 

study as a linear progression through a number of stages. Kvale and Brinkmann (2009, p. 

102) propose the following model, which consists of seven stages:  

1. Thematizing: Formulate the purpose of the investigation and conception of theme to 

be investigated. 

2. Designing: Plan the design of the study, taking into consideration all seven stages of 

the investigation. 

3. Interviewing: Conduct the interviews based on an interview guide. 

4. Transcribing: Prepare the interview material for analysis. 

5. Analyzing: Decide, on the basis of the purpose and topic of the investigation and of 

the nature of the interview material, which modes of analysis are appropriate for the 

interviews. 

6. Verifying: Ascertain the validity, reliability, and generalizability of the interview find-

ings. 

7. Reporting: Communicate the findings of the study and the methods applied in a form 

that lives up to scientific criteria and results in a readable product. 

3.1.1.1 Sampling 

When determining the size of the sample to be interviewed, Osvalder, Rose and Karlsson 

(Bohgard, 2010, p. 486) as a general guideline suggest that, for unstructured interviews, no 

more than 12 people should be interviewed. The process is costly, and therefore not recom-

mended for larger sample sizes. In addition, when conducting qualitative research, the re-

searcher should, according to Glaser and Strauss (1967, p. 61) stop sampling when saturation 

is attained, which means that the researcher no longer finds new data through additional 

sampling.  
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One technique for sampling is so called convenience sampling, in which the interviewer selects 

subjects that are at hand with little or no preferential selection. Naturally, this means that 

there is relatively little assurance of the sample being representative of the population. 

(Powell, 1997) 

3.2 Implementation 

It was assessed that not all relevant aspects of rear-view vision could be uncovered through 

study of literature, calling for first-hand exploration of the subject matter. Due to lacking the 

required knowledge needed in order to formulate specific research questions, an open research 

method was employed. Considering the characteristics of semi-structured qualitative inter-

views, described in 3.1, the interview method was considered suitable for application in this 

case. More specifically, the methodology of Kvale and Brinkmann, described in 3.1.1, was 

employed. 

The framework of themes comprised the respondent’s 

o truck driving practices, in terms of daily tasks, experience of segments (i.e. distribu-

tion, long-haulage and construction) and years in profession; 

o opinions on physical mirrors regarding field of vision (both in terms of direct vision 

and indirect vision), frequency of use, position of mirrors and image characteristics; 

o experience of, and opinions on, CMSs in terms of what their advantages and draw-

backs are; 

o experience of different traffic situations and what demands these put on mirrors. 

3.2.1 Sample 

Respondents were chosen on the basis of having truck driving as their current main occupa-

tion. Convenience sampling (as described in 3.1.1.1) – in this case selecting truck drivers 

employed at Scania as respondents – was considered sufficient for the purpose of the study; 

the group of respondents comprised drivers with experience from the three truck segments 

which was deemed to adequately represent the intended users. 

The sample consisted of eight male test drivers, all working with the evaluation of trucks. 

The age of the respondents ranged from 22 years to 58 years, their experience in profession 

from 4 years to 35 years, and their stature from 172 cm to 197 cm. 

3.2.2 Interview guide 

For the purpose of assistance during interviewing, an interview guide was constructed, seen 

in Appendix A. The interview guide consisted of predetermined questions regarding the 

themes of the interview study (such as “In what situations is adequate indirect vision crucial?” 

and “Is the magnification of the image in the mirror satisfactory?”), formulated with the help 

of theoretical knowledge of the subject matter. As more was learned of the subject matter 

during the interview process, the interview guide was refined. 
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3.2.3 Interviewing 

Both authors participated in the interviews, which were carried out in person. The majority 

of the interviews were conducted at the respective drivers’ offices, while two interviews were 

performed with the respondents driving a truck. The respondents were briefed in advance of 

the themes of the interview. 

3.2.4 Analysis 

The interviews were transcribed from notes taken during the interview sessions. Subse-

quently, the transcripts were scrutinized in order to identify distinct statements. Each state-

ment was classified as positive, negative or neutral and categorized according to the issue it 

concerned. Categories were laid out principally with consideration to theoretical aspects of 

devices for indirect vision, but where not applicable, categories specific to the results were 

created. 

3.3 Results 

The results of the interview study are presented in two different categories: the drivers’ 

opinions on camera-monitor systems and the drivers’ opinions on physical mirrors. 

3.3.1 Opinions on camera-monitor systems 

In general, the respondents were skeptical of the idea of replacing physical mirrors with CMS: 

the prevailing opinion was that such a change would not bring about any significant benefits 

and that current mirrors are mostly adequate. However, respondents with experience of using 

CMS expressed appreciation of these systems: 

o reversing cameras provide an image which is very clear, and in addition brighter than 

that of physical mirrors when driving in dark conditions; 

o CMS provide an image which is less distorted than that of physical mirrors (i.e. the 

distortion caused by the convexity of the mirror, which is required in order to accom-

modate the prescribed field of vision on a desirably small mirror surface); and 

o a single CMS set can replace multiple physical mirrors, e.g. the fields of view provided 

by Class V and VI mirrors can be accommodated by a single set of camera and 

monitor. 

The two main concerns that respondents expressed regarding implementation of digital rear-

view mirrors was that they do not trust the technology to be as robust as physical mirrors 

and that such systems would require arduous, and perhaps even unachievable, acclimatiza-

tion.  

Negative statements from those with experience of using CMSs included that obtaining indi-

rect vision from a digital display rather than a physical mirror was perceived as unnatural; a 

monitor positioned in the instrument panel inhibits visual attention switching, i.e. moving 

the gaze between physical mirrors and the monitor; and monitors can be distracting due to 

their brightness and flickering. 
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3.3.2 Opinions on physical mirrors 

Respondents described how the frequency of use of physical mirrors is highly dependent on 

the traffic situations. They also stated that the main mirrors are used more frequently than 

the wide-angle mirrors. The main mirrors are used for monitoring adjacent traffic, while wide-

angle mirrors are mostly used when turning with a trailer or when driving in city environ-

ments.  

The main criticism towards current physical mirrors concerned their obstruction of direct 

vision. A majority of the respondents stated that obstruction of direct vision is mainly a 

problem when approaching crossings and roundabouts, and when driving in busy city envi-

ronments. To circumvent this issue, drivers tend to lean their body to see around the mirrors. 

As to the field of vision provided by physical mirrors, the general opinion was that it is 

satisfactory. One respondent did however comment that a more extensive field of vision would 

be desirable, but not at the expense of impaired direct vision. 

A respondent noted that the wide-angle mirrors would benefit from greater magnification, 

but overall, respondents were content with the magnification of the mirrors. Another re-

spondent remarked that sufficient field of vision is more important than an undistorted image. 

According to respondents, there are certain situations that put particular demands on indirect 

vision: 

o when overtaking, 

o when driving in reverse, 

o when driving in city environments, and 

o when driving with a trailer attached. 

The different statements were sorted into the following categories: 

o Position 

o Field of vision 

o Magnification 

o Image quality 

o Habits 

o Distraction 

o Critical situations 

o Maintenance 
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3.4 Discussion 

o Due to the small sample size, the generalizability of the interview study results was 

considered to be rather low. It was however assessed that data saturation, as de-

scribed in 3.1.1.1, was achieved, allowing the sample to be held sufficient for the 

purpose of the study. 

o The range of received responses might have been limited by the design of the inter-

view guide as well as the interviewers’ lack of ability, due to inexperience, to elicit 

responses and to identify opportunities where elaborations would be of value. 
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4 Survey study 
The theoretical framework used in constructing the survey study, as well as an account of 

how the study was performed, are presented in this chapter. The results of the implementa-

tion are finally declared and discussed. 

4.1 Theoretical framework 

According to Osvalder, Rose and Karlsson (Bohgard, 2010, p. 488) survey studies are suitable 

for gathering data from a large number of people in a short amount of time as well as for 

validation of interview study results. Accordingly, a survey study was conducted with the 

purpose of investigating the importance of the different issues mentioned during the interview 

study. 

4.1.1 Questionnaire construction 

Peterson (2000, pp. 13-116) presents a framework for constructing effective questionnaires. 

The framework incorporates certain activities that need to be carried out, each requiring a 

number of decisions and actions. The proposed framework is presented in Figure 8. As is 

apparent in the figure, the questionnaire evaluation task loops back to the initial task, which 

demonstrates that the activities that are used to construct the questionnaire are also em-

ployed for evaluation of the questionnaire. 

 

Figure 8. Framework for constructing questionnaires. (Peterson, 2000, p. 14) 
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Review information requirements 

In the case of self-generated research, the researcher must fully understand the topic being 

studied, and review the information requirements that led to the need for a questionnaire, in 

order to be able to formulate accurate questions for use in the questionnaire. 

Develop research questions 

The researcher should compose a list of potential research questions, and subsequently screen 

these questions with respect to 

o how the answers to them will be analyzed, 

o what information they are anticipated to provide, and 

o how the ensuing information will be used. 

The research questions should be prioritized with regard to direct costs such as costs of 

construction, analysis, administration and interpretation; as well as indirect costs brought 

about by respondents refusing to answer questions due to the effort and time required or 

because of personal reasons. Only questions that are likely to provide the required information 

should be retained. 

Evaluate research questions 

Each question should be evaluated by inquiring whether the respondents 

1. can understand the question, 

2. can answer the question, and 

3. will answer the question. 

When a researcher has no experience with a potential research question, it should be submit-

ted to a panel of experts for evaluation or, if the researcher does not have access to such 

experts, be tested on a sample of individuals similar to the intended respondents. 

Determine type(s) of question(s) 

There are two elementary types of research questions, specifically open-end questions and 

closed-end questions. To open-end questions, respondents are free to provide any answer they 

see fit, as opposed to closed-end answers where the researcher provides predetermined answer 

alternatives. 

Among other ways, open-end questions can be used as follow-up questions (such as “Do you 

have any other comments?”), to prompt respondents into providing additional information. 

Open-end questions require a larger amount of time and effort to answer as well as to analyze 

than closed-end questions. Added to this, open-end questions also have higher refusal rates 

than closed-end questions.  

Closed-end questions are utilized when the researcher has “considerable knowledge” about 

both subject and respondents as well as how the answers will be used. What the researcher 

intends to find out, however, is with which frequency the respondents will choose the different 

answer alternatives. Possible answers to closed-end questions can be based on criteria sup-

plied by in-depth interviews. 
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The smaller amount of effort required to answer closed-end questions may have the conse-

quence that respondents do not sufficiently attempt to deliver thoughtful answers, but rather 

are more cued by the answer alternatives themselves than by the fundamental meaning of 

them. 

Wording 

In terms of wording, critical examination of each question is necessary before it is included 

in the questionnaire. 

Due to the unique requirements of each research situation, no formal theory of question 

wording or well-defined principles for properly wording questions exist. 

Determine questionnaire structure 

The task of structuring a questionnaire includes determining the sequence of questions and 

incorporating instructions where necessary. The structure of the questionnaire should facili-

tate its completion and minimize biasing context effects (i.e. how the placement of a question 

in a questionnaire affects the way it is answered). Consideration should be given to the 

possibility that earlier-asked questions may influence how later-asked questions are answered. 

Demographic questions require less effort to answer and have low refusal rates, and may 

therefore be placed at the end of the questionnaire, at a point at which the respondent may 

be fatigued, without detrimental effect on the answer quality. 

Evaluation 

One approach of pre-testing a questionnaire is by letting a sample of individuals self-admin-

ister the questionnaire and directly question the respondents as they are filling it in. This 

way, the individual’s comprehension of a question can be probed, why the individual answers 

in a certain manner, and so forth. Participants of the pre-test are urged to bring up thoughts, 

questions or ideas that come to mind, and offer criticisms of the questionnaire. 

4.1.2 Questionnaire completion factors 

Yan et al. (2010) suggest that the presence of progress indicators in web questionnaires re-

duces breakoff rate for short questionnaires (in this case an estimated completion time of 16 

minutes). In addition to this, the length of a questionnaire appears to affect the refusal rate: 

a larger number of questions entail a higher proportion of breakoffs. 

4.1.3 Correlation analysis 

In order to investigate the relationship between questionnaire responses in terms of strength 

and direction, correlation analysis is employed. 

A measure of the linear association between two variables, 𝑥 and 𝑦, is given by Pearson’s 

correlation coefficient 𝑟𝑥𝑦: 

 𝑟𝑥𝑦 =
∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛

𝑖=1

(𝑛 − 1)𝑠𝑥𝑠𝑦
, (2) 
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where �̅� and �̅� are the means of the two sample variables and 𝑠𝑥 and 𝑠𝑦 their standard 

deviations, and 𝑛 is the number of samples. The value of the coefficient lies between -1 and 

+1, where +1 signifies a strong positive correlation between the variables, and -1 signifies a 

strong negative correlation. A coefficient value of, or close to, zero suggests a weak or non-

existing correlation. (Andersson, 2012, pp. 165-166) 

However, a weak or non-existing correlation does not necessarily imply the lack of a relation-

ship between two variables, merely the absence of a linear relationship. It is thus important 

to plot the data, for further investigation of possible relationships. (ibid.) 

4.2 Implementation 

The questionnaire, found in its entirety in Appendix B, was constructed with the support of 

the framework presented in 4.1, and the survey data was subsequently evaluated through 

visual representations of results as well as through correlation analysis. 

4.2.1 Questionnaire construction 

The results of the interview study, i.e. the issues brought up by the respondents, were eval-

uated in terms of their relevance for further investigation within the delimitations of the 

project. Irrelevant issues were eliminated, and the remaining were listed as potential ques-

tionnaire topics. The purpose of the survey study was to investigate the importance of the 

issues, using response rate as a measurement of this. The listed issues were translated into 

potential research questions, which were subsequently screened and evaluated. 

When determining question type, the mode of administration as well as distribution channel 

were taken into consideration. A suitable distribution channel was identified in Scania’s offi-

cial Facebook page (Scania CV AB, 2015), leading to web questionnaire being an appropriate 

mode of administration. Due to the questionnaire not being directed at individuals, it was 

assumed that respondents coming across the questionnaire would be unprepared for the task 

and  that response rates therefore would be higher should questions be of closed-end character 

rather than open-end character. This, since closed-end questions require less time and effort 

to answer, as described in 4.1.1. Added to this, closed-end questions require less work to 

analyze. 

As to the exact wording of the questions, several iterations of rephrasing were required before 

the definite phrasing was decided. 

The questionnaire was structured with consideration to the different topics of the questions, 

where questions were divided into four different categories: one regarding the respondents’ 

truck driving experience; another regarding physical mirrors; a third regarding CMSs; and a 

fourth regarding demographic information. 

A first round of evaluation was conducted, where five test respondents filled in the question-

naire while being queried by the researchers. The feedback resulted in minor adjustments of 

the questionnaire structure and wording of questions. A completion time of about 8 minutes 

was estimated by measuring how long the test respondents took to fill in the questionnaire. 

The measured time length of the questionnaire supports the inclusion of a progress indicator, 

in accordance with 4.1.2. 

A second round of evaluation was carried out by distributing the questionnaire to a random 

sample of truck drivers, who were reached through their road haulage firm employers. The 
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purpose of this evaluation was to investigate whether the questions were sufficiently compre-

hensible to result in proper answers. No problems were identified and thus no adjustments of 

the questionnaire were made in this evaluation stage. 

A third round of evaluation was performed in which Scania employees, with previous experi-

ence of conducting survey studies on similar subject matters, were consulted. This was done 

in several loops, with adjustments being made after each consecutive iteration. With the 

ambition of obtaining a higher response rate, some questions were omitted from the question-

naire in order to shorten its length, according to 4.1.2. 

4.2.2 Method of analysis 

Invalid responses, such as multiple responses from single individuals and responses from in-

dividuals who did not fulfil criteria for participation (e.g. lacking relevant truck driving ex-

perience) were excluded from the results before analysis of the results was performed. 

The response data was initially studied by plotting the number of responses per answering 

alternative as a function of the answering alternatives and subsequently examining the plots. 

An example of such a plot can be seen in Figure 9. 

  

Figure 9. An example of a survey result plot. Here, the percentages of responses to the question “To what extent 
are you affected by mirrors obstructing your direct vision (i.e. your view of the outside through the windscreen and 

side windows)?” are shown. 

For cases that were deemed plausible or of certain interest, it was investigated whether there 

existed any correlations between variables by calculating Pearson’s correlation coefficient 𝑟𝑥𝑦, 

according to the method described in 4.1.3. 

Furthermore, the same cases were also plotted as bubble charts in order to investigate 

whether there existed any non-linear correlations. 

9%

19%

35%

21%

11%

5%

Don't know
Not at all 

To a very low extent 
To a somewhat low extent 

To a somewhat high extent 
To a very high extent

“To what extent are 
you affected by mirrors 
obstructing your direct 
vision (i.e. your view of 

the outside through 
the windscreen and 

side windows)?”



 

24 

4.3 Results 

After a four-day survey period, a total of 375 valid responses were submitted through the 

online questionnaire. A summary of respondent demographics and their driving experience is 

presented below: 

o 96% male respondents 

o 88% driving in Europe, 4% in Asia, 3% in Africa, 3% in Oceania and 2% in South 

America 

o 35% driving in Sweden 

o Estimated mean years of age: 36.3 

o Estimated mean years of experience: 11.7 

o 74% driving a Scania truck 

o 35% in distribution segment, 51% in long-haulage segment and 21% in construction 

segment 

4.3.1 Results summary 

In this section, a summary of important survey results are presented. In the following sections, 

the results are categorized with respect to subject matter relevance. 

4.3.1.1 Obstruction of direct vision 

28% of respondents reported that they consider themselves to be affected by obstruction of 

direct vision “To a somewhat high extent” or “To a very high extent” (these results can be 

seen in Figure 9). Added to this, when asked about possible advantages of camera-monitor 

systems, 46% of respondents with experience of using camera-monitor systems reported that 

they consider improved direct vision as an advantage of implementing CMSs, second to the 

possibility of an enlarged field of vision, considered an advantage by 48% of the same group. 

4.3.1.2 Field of vision 

A majority of respondents, ranging from 88% to 97% depending on which mirror is regarded, 

considered the field of vision provided by rear-view mirrors in Scania trucks to be sufficient 

or more than sufficient, which is illustrated in Figure 10. It should also be noted that, as 

mentioned above, 48% of respondents with experience of using CMSs consider larger indirect 

fields of vision as a potential advantage of a CMS implementation. 
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Figure 10. Survey result plot. Here, the number of responses to the question “How would you describe the field of 
vision in the mirrors mentioned below?” are shown. (DS is an abbreviation of “driver side”, and PS is an abbrevia-

tion of “passenger side”.) 

4.3.1.3 Mirror usage 

Most respondents reported that both Class II and Class IV mirrors, on either side of the 

vehicle, are used “Somewhat often” or “Very often”. The ratio between the frequencies “Some-

what often” and “Very often” varies depending on mirror class, and there seems to be some 

effect of mirror placement, albeit weaker than that of mirror class, as can be seen in Figure 

11. 

 

Figure 11. Survey result plot. Here, the number of responses to the question “How often do you use the truck mir-
rors mentioned below?” are shown. (DS is an abbreviation of “driver side”, and PS is an abbreviation of “passenger 

side”.) 
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4.3.1.4 Judgement of distance 

The difficulty with which judgements of distances are made varies depending on which mirror 

is regarded, which can be seen in Figure 12. On average, 39% of the respondents consider 

making distance judgements “Somewhat difficult” or “Very difficult”. 45% and 52% of the 

respondents regard the driver side Class IV mirror and passenger side Class IV mirror re-

spectively to be “Somewhat difficult” or “Very difficult” to make distance judgements in, in 

contrast to 27% and 34% driver side Class II mirror and passenger side Class II. 

 

Figure 12. Survey result plot. Here, the number of responses to the question “How do you experience making 
judgements of distances in the mirrors mentioned below?” are shown. (DS is an abbreviation of “driver side”, and 

PS is an abbreviation of “passenger side”.) 

4.3.1.5 Distraction from monitors 

Of the respondents that had experienced some degree of distraction from active monitors in 

camera-monitor systems, 70% stated that the brightness of the monitor is a cause of distrac-

tion. When asked to what degree they had experienced monitors to be a distraction, 11% of 

the respondents answered that they considered active monitors to distract to a somewhat 

high degree or to a very high degree – the answer distribution can be seen in Figure 13. 
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Figure 13. Survey result plot. Here, the percentage of responses to the question “Do you consider switched on 
monitors (connected to camera-monitor systems) to be a distraction while driving? If yes, to what degree?” are 

shown. 

4.3.1.6 Critical situations 

The number of responses of the answering alternatives to the question “In which situation(s) 

is it important that you have a good field of vision in the truck's mirrors?” ranged from 159 

to 334. The results to the question can be seen in Figure 14. 

 

Figure 14. Survey result plot. Here, the number of responses to the question “In which situation(s) is it important 
that you have a good field of vision in the truck's mirrors?” are shown. 
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4.3.2 Relationship investigation 

Pearson’s correlation coefficients were calculated in order to investigate potential relations 

between the respondents’ answers to the different questions of the questionnaire. Coefficients 

were only calculated for relationships that were considered to be of interest. No strong cor-

relations for interesting relationships could, however, be identified. More detailed results of 

the relationship investigation can be found in Appendix C. 

In order to investigate whether there existed any interesting non-linear relationships, the 

answers to the survey were plotted as scatter bubble charts and subsequently scrutinized. No 

relationships of interest were, however, found.  

4.4 Discussion 

o With the distribution and administration methods utilized, there was no possibility 

of verifying that the respondents belong to the target group. However, there is at the 

same time no reason to believe that possible answers from respondents outside the 

target group had any considerable influence on the results. 

o The demography of Facebook users might not accurately represent the target group. 

o To incite people to respond, two mugs were given away to two randomly selected 

respondents. This might have caused responses from insincere respondents only look-

ing to take part in the raffle. 

o The fact that 48% of respondents with experience of using CMSs consider larger 

indirect fields of vision as a potential advantage of using CMS is not necessarily 

inconsistent with the results showing that a vast majority considered the field of 

vision provided by Scania mirrors to be sufficient or more than sufficient, as a larger 

indirect field of vision can be achieved by adding additional indirect fields of vision, 

such as reversing cameras. 

4.4.1 Conclusions 

o The fields of vision provided by conventional mirrors were considered sufficient, im-

plying no needs for enlargement. 

o Passenger side mirrors are used less frequently than driver side mirrors, implying that 

angular distance from forward line of sight might be a less critical property for pas-

senger side mirrors. 

o A considerable portion of respondents deemed mirror’s obstruction of direct vision to 

affect them to a somewhat or a very high extent. This, combined with the fact that 

improved direct vision was cited as one of the most popular advantages of imple-

menting CMS, signified a need for enhancing direct vision. 

o Respondents claim to have greater difficulty making distance judgements in Class IV 

mirrors than in Class II mirrors. 

o A considerable portion of the respondents deemed making judgements of distance to 

be somewhat or very difficult, regardless of whether the mirror is a Class II or Class 

IV mirror and whether it is mounted on the driver side or the passenger side. 
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o Distraction caused by active monitors is a minor issue, regarded as distracting to a 

somewhat or very high degree by a mere tenth of the respondents. 

o Seeing as none of the proposed critical situations were completely disregarded, with 

each of the alternatives garnering responses from at least 42% of the respondents, 

none of them could be neglected.  
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5 Concept development 
In this chapter, the theoretical framework for the concept development is presented, together 

with a description of how it was carried out. The results of the concept development are then 

presented and discussed. 

5.1 Theoretical framework 

The Quality Function Deployment and decision-matrix methods, both used for selecting con-

cepts, are described below. Added to this, specific theory and research regarding arrangements 

of monitors in driving environments are presented. 

5.1.1 Quality Function Deployment 

According to Ullman (2010, p. 145), one of the leading methods for generating engineering 

specifications is the Quality Function Deployment (QFD) method. Using this method, the 

primary aspects of the problem can be established in an organized manner. Ullman lists these 

aspects: 

1. Hearing the voice of the customer 

2. Developing the specifications or goals for the product 

3. Finding out how the specifications measure the customers’ desires 

4. Determining how well the competition meets the goals 

5. Developing numerical targets to work toward 

Once the customers of the product have been identified, the next step of the QFD method is 

determining their requirements. In order to do this, information needs to be collected from 

the customers, which is mainly done through observations, surveys and focus groups. This is 

followed by an evaluation of the importance customer requirements, which is accomplished 

by generating a weighting factor for each of these. This factor indicates the amount of re-

sources that should be invested in achieving the requirements. A method of generating 

weighting factors is the fixed sum method, where 100 points are distributed among the re-

quirements – this way one is forced to rate some requirements low in order for others to be 

rated high.  

Next, the customers’ perception of competitors’ abilities to meet the requirements are sought 

to be determined, by benchmarking against them. This way, an awareness of the existing 

market is created and possible improvement opportunities are uncovered. The benchmarking 

can be accomplished by means of both subjective and objective comparisons. In cases where 

an existing product is redesigned, the existing product itself is one benchmark. 

Using the customer requirements, a set of engineering specifications are then developed. The 

engineering specifications are translations of the customer requirements in terms of measur-

able parameters, and are used as criteria for design decisions. Units and directions of im-

provement – indicated by a symbol showing whether “more” or “less” is desirable – are also 

defined for each specification. In parallel to developing engineering specifications, a relation-

ship matrix is completed, showing how an engineering specification relates to a customer’s 
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requirement. The strength of this relationship can vary, and is indicated in the matrix by a 

number or symbol, as seen in Table 2.  

Table 2. The symbols used in the relationship matrix of the QFD method, their numerical value and strength of rela-
tionship. 

Symbol Number Strength of relationship 

III 9 Strong 

II 3 Medium 

I 1 Weak 

Blank 0 None 

 

The importance of the specifications are then determined by multiplying the importance 

weighting (i.e. the weighting factor) with the relationship values to get the weighted values. 

The weighted values are summed up for each specification and later normalized across all 

specifications. 

5.1.2 Decision-matrix method 

Ullman (2010, pp. 221-226) describes an effective method for comparing alternative concepts, 

namely the decision-matrix method. It provides a framework for scoring concept alternatives 

relative to each other in their ability to meet a certain criteria. The method is an iterative 

evaluation method which rapidly identifies the strongest alternatives while helping to foster 

new ones. 

The matrix is completed in six steps: 

1. State the issue: simply describe what the purpose of the evaluation is. 

2. Select the alternatives to be compared: select ideas at the same level of abstraction 

and in the same language, developed in concept generation. 

3. Choose the criteria for comparison: choose what is usually a mix of customer require-

ments and engineering specifications, matched to the level of fidelity of the alterna-

tives. 

4. Develop relative importance weightings: indicate which of the criteria are more im-

portant and which are less important. 

5. Evaluate alternatives: choose a concept to be used as a datum, with which all other 

alternatives are to be compared using all the criteria defined in step 3. For each 

comparison, the alternative being evaluated is judged better (+1), about the same as 

(0), or worse (-1) than the datum. 

6. Compute the satisfaction: after comparing an alternative with the datum for each 

criterion, an overall total (the sum of the scores given in step 5) and a weighted total 

(the sum of each score multiplied by the importance weighting) is generated. The 

scores are not to be treated as absolute measures of the alternative’s value but rather 

be used for guidance. 
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5.1.3 Monitor arrangements 

The time during which the gaze is moved away from the road should be as short as possible, 

since it is desirable that the driver is focusing attention on what is directly ahead. This means 

that mirrors and instrument panel displays should be located as near to the driver’s forward 

line of sight as possible, minimizing the need for eye and head movements (within 15 degrees 

of divergence, if possible). (Haslegrave, 1993) 

Flannagan and Sivak (2005) suggests that a single-display arrangement may be advantageous 

due to the fields of vision being located closer to each other in such a system, thus requiring 

less time for head and eye movements when switching focus between different fields of vision. 

They also speculate that if there is substantial workload involved in deciding which display 

to gaze upon, a single-display arrangement would decrease this workload affect. 

According to Flannagan and Sivak, the forward field of vision needs to be almost continuously 

monitored at high speeds. It may be advantageous to locate rear-view devices closer to the 

forward line of sight than is recommended for conventional mirrors. By reducing the visual 

angle between forward line of sight and rear-view devices, the driver could possibly maintain 

awareness of the rear without moving their eyes from the forward field of vision. Vice versa, 

the driver would also be able to maintain awareness of the forward field of vision when gazing 

at rear-view devices if they were located close to the forward field of vision. (Flannagan & 

Sivak, 1993, pp. 207-211) 

5.2 Implementation 

Concepts were generated through iterative redesign of rough prototypes. Using CAD models, 

guidelines for technical specifications were then obtained. The concepts were then refined, 

using these guidelines, and validated in a virtual reality environment. Finally, a foundation 

for ranking concepts was laid out and a subsequent concept selection was performed. 

5.2.1 Concept generation 

Inspiration for idea generation was taken from state of the art products and ideas presented 

in reference literature and journal articles. Ideas were developed and evaluated by means of 

producing cardboard prototypes, representing different display sizes, for trying out arrange-

ments in actual truck cabins. Size and position was varied in order to find plausible alterna-

tives. The general truck cabin layout was given consideration when generating concepts, with 

the aim that generated concepts should be compatible with the geometries found in current 

truck cabins so that no major redesigns of the conventional cabin would be required. 
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Figure 15. Photograph showing the concept generation procedure using cardboard prototypes in a truck.  

In addition to generating concepts with the help of cardboard prototypes, the Oculus Rift 

was utilized. It is a virtual reality head-mounted display, as seen in Figure 16, developed by 

Oculus VR, utilizing a 3D inertial sensor to track and monitor the user’s head movements 

and update the displayed view accordingly. The device was originally developed for video 

gaming purposes, but applications in research have recently been explored. (Xu, et al., 2015)  

With the device mounted on the head, a CAD model of a Scania truck cabin could be ob-

served from a driver point of view. In contrast to the initial concept generation method, this 

allowed for instant adjustment of the display size.  

 

Figure 16. Oculus Rift virtual reality head mounted display. (Oculus VR, 2014) 

Through the use of the two above mentioned concept generation methods five concepts were 

developed, presented in 5.3.1. 
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5.2.2 CAD analysis 

In order to obtain technical specification guidelines and requirements concerning fields of 

vision and mean image magnification ratios for the arrangement concepts, a CAD analysis 

on a Scania truck model was performed. 

The analysis was performed in the software RAMSIS Automotive (Human Solutions GmbH, 

2014) – a 3D CAD tool developed for ergonomic analyses of buses and trucks – which includes 

the functionality of calculating mirror vision cones. A vision cone is a geometrical shape 

which is a representation of the spatial limits of a manikin’s field of vision; the manikin is 

able to see the volume which is enclosed by the vision cone and nothing of that which is 

outside of it. 

The fields of vision provided by the mirrors in the CAD model were approximated by con-

sidering the vision cones as pyramids, inscribing the base rectangle in the cross-section of the 

vision cone, and measuring the angles between the midpoints of the opposing rectangle sides, 

seen illustrated to the left in Figure 17. The approximated field of vision was thus defined by 

these two angles. 

  

Figure 17. To the left: illustration of the method used to approximate the extent of FOV (with the horizontal and 
vertical angles of the approximated FOV inscribed), here shown for the driver side Class II mirror. To the right: illus-

tration of the method used to calculate mean image magnification ratios (with the manikin’s visual angle of the 
mirror, shown in blue, and the horizontal angle of the approximated FOV inscribed). 

By measuring the angular size of the manikin’s view of the mirror and dividing it by the 

angular size of the vision cone, mean magnification ratios for the different mirrors were cal-

culated, seen illustrated to the right in Figure 17. This was done for three different manikin 

heights (specified in the RAMSIS Germany 2004 manikin family). The calculated mean image 

magnification ratios are presented in Table 3. 
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Table 3. The mean image magnification ratios calculated using the CAD model of a Scania truck. (DS is an abbrevi-
ation of “driver side”, and PS is an abbreviation of “passenger side”.) 

Manikin Class II DS Class IV DS Class II PS Class IV PS 

Tall driver 0,49 0,22 0,25 0,09 

Normal driver 0,47 0,2 0,32 0,09 

Short driver 0,5 0,19 0,23 0,09 

 

5.2.3 Calculation of display sizes 

Display sizes for the different concepts were calculated using the following formula (based on 

the image magnification formula presented in 2.2.3.1) 

 𝐿 ≈ 2𝑎 tan (
𝛽𝑀

2
), (3) 

where 𝛽 is the angular extent of the displayed field of vision. In 5.2.2, measurements of the 

horizontal and vertical angular extents of the field of vision were obtained for a normal driver 

manikin, which was deemed sufficiently accurate to approximate the displayed field of vision, 

in order to calculate display sizes. The distance between the ORP and display center was 

measured for the different concepts using RAMSIS and the CAD model of a Scania truck. 

In 5.2.2, mean image magnification ratios for each mirror were calculated using three different 

manikins. The largest mean image magnification ratios for each mirror, presented in Table 

3, were set as target values for calculation of monitor sizes. The resulting displays where 

subsequently evaluated, as described in 5.2.4. In cases where it was found that the displays 

caused obstruction of direct vision, recalculation of display size was performed using the 

largest possible mean image magnification ratio, with the ratios recommended by ISO, pre-

sented in Table 1, as the lower limits. 

Viewing angle was disregarded as it was assumed that a viewing angle of zero degrees would 

be achievable for every display position. 

5.2.4 Concept validation using virtual reality 

Oculus Rift was used as an initial method for evaluation of monitor size. Virtual models 

roughly representing the monitor sizes calculated in 5.2.3 were created using CATIA. These 

models, together with a model of a Scania truck cabin, were then exported as Virtual Reality 

Modeling Language (VRML) files and subsequently imported into the digital human model-

ling tool IPS IMMA (Bertilsson, et al., 2010). 

While adjusting the position of the monitor models in the IPS IMMA 3D environment, which 

can be seen pictured in Figure 18, Oculus Rift was utilized to observe and evaluate the 

different monitor models in this environment. The aim of this evaluation was merely to 

validate the monitor sizes in a cabin context. 
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Figure 18. IPS IMMA 3D environment. Note that this picture does not show the first person perspective of the Ocu-
lus Rift. 

5.2.5 Quality function deployment 

For the purpose of developing a foundation for evaluating and choosing concepts for further 

evaluation, the QFD method, described in 5.1.1, was employed. The aim of the QFD was to 

generate technical specifications and assess the importance of these. 

5.2.5.1 Engineering specifications 

With the support of the user requirements presented in 5.2.5.2, a set of engineering specifi-

cations were formulated. These specifications are presented below. 

o Mean image magnification ratio, as defined in 2.2.3.1, is a dimensionless description 

of the perceived size of objects in the display. According to part of the research 

presented in 2.2.3, image magnification is positively related to the ability of accurately 

judging distance, why it is sought to be maximized to a certain extent, where the 

target value is Scania magnification ratio, presented in Table 3. 

o Distance between monitor and ORP is a measurement of the length between the 

driver’s ORP and the center of the display. Since this property is negatively related 

to the mean image magnification, it is sought to be minimized to a certain extent. 

o Display size is a measurement of the active area (i.e. the area displaying an image) 

of the monitor. An increased display size entails a greater risk of the monitor ob-

structing the direct vision while also being an impediment to the integration of the 

monitor in the cabin environment, why the size of the display is sought to be mini-

mized (under the condition that the image magnification ratio is sufficiently large). 

o Angular distance between monitors is a measurement of the angular distance between 

the different monitors. As described in 5.1.3, a smaller angular distance between 

monitors may be advantageous when switching focus between different direct fields 

of vision, why it is sought to be minimized. 

o Angular distance from forward line of sight is a measurement of the angular distance 

between the forward line of sight and the center of the display. Reducing this angle 

may enable the driver to maintain awareness of the forward field of vision when 
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gazing at rear-view devices and improve detection performance, as described in 5.1.3 

and 2.2.2 respectively, and is thus sought to be minimized to a certain extent. 

o Obstruction of direct vision is a measurement of the extent to which direct vision is 

obstructed by the monitors. The amount of obstruction affects the driver’s awareness 

of the surroundings, as described in 2.1.3, and is thus sought to be minimized. 

5.2.5.2 User requirements 

Supported by the literature study as well as the survey study conclusions, a number of user 

requirements were phrased, seen under the What section of the QFD, see Table 4. According 

to the delimitations of the project, the selection of user requirements was limited to those 

related to the arrangement of CMS monitors. 

Table 4. Quality function deployment matrix 
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What - mm mm² ° ° ° ° ° % 

1. Objects viewed in the indirect vision device 
should not be too small 15 III II II             

2. It should be easy to make judgements of  
distance in devices for indirect vision 

17 II I I             

3. Devices for indirect vision should not be too  
far apart 4       III           

4. Driver side devices for indirect vision should be 
near the forward line of sight 8     I II III III     I 

5. Passenger side devices for indirect vision should  
be near the forward line of sight 5     I II     III III II 

6. Aversion of gaze from forward field of vision  
should be avoided 18         II III II III II 

7. Devices for indirect vision should not obstruct  
direct vision 33 I II II   I  I  I   I III 

Weighted sum     219 161 174 75 126 234 99 207 374 
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User requirement 1 states that the objects viewed in a device for indirect vision should be 

large enough for the driver to discern them in the environment. Since magnification ratio 

essentially is perceived size, there is a strong direct relation between this requirement and 

the magnification ratio parameter. By reason of magnification ratio being, among others, a 

function of the distance between monitor and ORP, and the display size, this requirement 

has indirect relations to these parameters. 

User requirement 2 considers the ease with which judgements of distances to objects behind 

the truck are made, as supported by 4.3.1.4. In accordance with the research referenced in 

2.2.3, there is a relation between perceived size of objects and the ability of determining 

accurate distances to these. Thus, the parameter relationships for this requirement corre-

sponds to those of the first user requirement, but are lowered by one factor due to the relation 

being indirect. 

Further, the displays should be positioned so that excessive head and eye movements, as 

presented in 5.1.3, is avoided when the driver attempts to obtain visual information from 

more than one display, as stated in the third user requirement. This requirement, i.e. require-

ment 3, is directly tied to the angular distance between monitors. 

User requirements 4 and 5 express that it is desirable that the displays are near the driver’s 

forward line of sight, and preferably within the driver’s peripheral vision, as defined in 2.2.2. 

As Flannagan and Sivak note, see 5.1.3, a driver will be able to maintain awareness of the 

rear without deflecting their gaze from the forward field of vision if the visual angles between 

the displays and the forward line of sight are adequately small. There are strong relations 

between these requirements and the respective angular distances between forward line of 

sight and displays. The angular distance between displays has an indirect effect on the angu-

lar distance from forward line of sight and therefore a medium-strength relation to the user 

requirement. For a given position, the size of the displays will determine the extent to which 

they are covered by peripheral vision, which is represented by a weak relationship in the 

matrix. Both user requirements are linked to the obstruction of direct vision parameter, but 

to different strengths. The driver side A-pillar allows placing the driver side displays near the 

driver’s forward line of sight without obstructing direct vision; an equivalent possibility does, 

due to the cabin geometry, not exist for the passenger side displays. For this reason, the 

strength of the relation is lower for the driver side display requirement. 

User requirement 6 asserts that aversion of gaze from the forward field of vision in order to 

scan the displays – and in doing so, temporarily losing awareness of the forward traffic envi-

ronment – should be avoided. The extent to which awareness of the forward field of vision is 

lost is related more strongly to the vertical than to the horizontal angular distance between 

monitor and forward line of sight; this since the forward field of vision extends farther hori-

zontally than vertically and more of it is therefore lost as a result of vertical head and eye 

movements. There are limited possibilities of minimizing aversion of gaze from forward field 

of vision without compromising direct vision, motivating a medium-strength relation between 

the user requirement and engineering specification. 

User requirement 7 states that the monitors should not be arranged so that they obstruct the 

direct vision of the driver, as supported by 4.3.1.1. Since obstruction of direct vision is a 

measurable parameter, this requirement is obviously strongly related to it. Obstruction of 

direct vision is a function of the size and position of the monitors, motivating medium-

strength relations to the distance to monitor from ORP and total monitor size parameters, 

and a weak relation to the mean image magnification parameter, in accordance with the 
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reasoning set forth for the first user requirement. The relation between the last user require-

ment and angular distance from line of sight is non-differentiable, as it is contingent on the 

cabin geometry – the effect of the angular distance variation is dependent upon where in the 

driver’s field of vision the monitor is located – leading to a weak relation. 

5.2.5.3 Requirement weights 

The fixed sum method of distributing points was utilized for determining the weight of the 

user requirements. First, the ranking of requirements was determined through pairwise com-

parisons, which can be found in Table 1 in Appendix D, and then qualitative judgements 

based on theory and survey study results served as the basis for distributing the points. 

The user requirements of highest priority are those linked to direct vision. Obstruction of 

direct vision, requirement 7, is most important because it permanently limits the driver’s 

possibilities of obtaining visual information from the forward field of vision, which is the most 

important FOV in high speed situations, as presented 5.1.3. Aversion of gaze from forward 

field of vision, requirement 6, is the second most important requirement. The effect is similar 

to obstruction of direct vision, but the difference is that it is temporary. 

Next, in order of priority, are the user requirements concerning the visual information in the 

displays. The most important of these is the requirement that judgements of distances should 

be made with ease, requirement 2, due to this being a critical function of any device for 

indirect vision. Second, in terms of importance, is the requirement on image quality with 

regards to image magnification, requirement 1, which affects the driver’s ability to accurately 

identify what is seen in the display. This requirement is not as strongly related to active 

decision making as the previous one, but is important for proper interpretation of the traffic 

environment behind the truck. 

Third, in order of priority, are the requirements related to how the driver acquires visual 

information. The requirements related to peripheral vision, requirements 4 and 5, were 

deemed slightly more important than the requirement regarding the distance between moni-

tors, requirement 3, because having rear-view information available at all times is regarded 

as more important from a safety point of view than minimizing head and eye movements in 

switching between displays. Here, there is a distinction made between driver side and pas-

senger side displays due to the traffic environment generally being more intense, and thus 

more frequently monitored, on the driver side of the truck. Due to this, the requirement 

considering the driver side displays, requirement 4, is given a somewhat higher weight. 

5.2.6 Concept selection using decision-matrix method 

The number of concepts to be further evaluated needed to be reduced due to time constraints. 

The decision-matrix method, as described in 5.1.2 was utilized as guidance for selecting three 

concepts for such evaluation. The engineering specifications and their corresponding weights, 

as generated in 5.2.5 were used as the criteria and weights in the decision-matrix. Three 

iterations of the decision-matrix method were carried out. 

5.3 Results 

The generation of concepts led to five candidates, of which three were selected for further 

evaluation. The results of the concept generation as well as the concept selection are presented 

in the following sections. 
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5.3.1 Generated concepts 

Five candidates were generated, all different in terms of the position of the monitors. These 

five candidates are described and illustrated below. 

A-pillars arrangement 

In this concept, the Class II and Class IV driver side displays are located on the driver side 

A-pillar, and the Class II and Class IV passenger side displays are located on the passenger 

side A-pillar. The displays are sized such that they have the same angular width as the A-

pillars, as seen from the driver’s point of view. This arrangement is based on the product 

described in 2.3.1.1, and is referred to as the A-pillar arrangement (henceforth AP). The 

arrangement can be seen in Figure 19. 

 

Figure 19. Illustration of AP arrangement. Class II displays are highlighted in deep blue, and Class IV displays are 
highlighted in pink. 

A-pillar and instrument panel arrangement 

For this concept, the instrument panel houses the Class II and Class IV passenger side dis-

plays, while the Class II and Class IV displays are positioned in the same manner as in the 

AP arrangement. This arrangement is referred to as the A-pillar and instrument panel ar-

rangement (henceforth AP/IP), and is illustrated in Figure 20. 
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Figure 20. Illustration of AP/IP arrangement. Class II displays are highlighted in deep blue, and Class IV displays 
are highlighted in pink. 

Instrument panel arrangement 

Building on the idea of minimizing the distance between monitors, as presented in 5.1.3, all 

of the displays are housed in the instrument panel in this arrangement and are positioned in 

a single cluster. This arrangement is referred to as the instrument panel arrangement (hence-

forth IP), and is illustrated in Figure 21. 

 

Figure 21. Illustration of IP arrangement. Class II displays are highlighted in deep blue, and Class IV displays are 
highlighted in pink. 

A-pillar and shelf arrangement 

A variation of the AP/IP arrangement, the A-pillar and shelf arrangement (henceforth AP/S) 

utilizes the space above the windscreen to house the Class II and Class IV passenger side 
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displays, while retaining the driver side displays position described in the AP arrangement. 

The arrangement is illustrated in Figure 22. 

 

Figure 22. Illustration of AP/S arrangement. Class II displays are highlighted in deep blue, and Class IV displays are 
highlighted in pink. 

A-pillar and windscreen arrangement 

The A-pillar and windscreen arrangement (henceforth AP/WS) is another variation of the 

AP/IP arrangement, in which the Class II and Class IV passenger side displays are located 

at about the same horizontal distance from the forward line of sight as in the AP/IP arrange-

ment, but placed at the same height as the driver side displays. The arrangement is illustrated 

in Figure 23. 

 

Figure 23. Illustration of AP/WS arrangement. Class II displays are highlighted in deep blue, and Class IV displays 
are highlighted in pink. 
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5.3.2 Concept selection 

First, the AP concept was used as the datum, since this concept most closely resembles the 

conventional arrangement of physical mirrors, thus being suitable for comparison. As seen in 

Table 5, the AP/IP and AP/S concepts scored the highest, while the IP and AP/WS concepts 

scored similarly, why the IP concept was used as the datum in the next iteration. The com-

parison scored in slight favor of the IP concept, as seen in Table 5. Lastly, since the AP/IP 

and the AP/S concepts are principally similar in their design and scored equal in the first 

iteration, a third iteration was performed using the AP/IP as reference, which scored in favor 

of the AP/IP concept, as seen in Table 5. The resulting matrices for all iterations of the 

decision-matrix method can be found in their entireties, in Table 1, Table 2 and in Table 3 

Appendix E. 

Table 5. Weighted totals of each alternative, for each iteration of the decision-matrix method. The letter “D” indi-
cates that the alternative was used as the datum. 

Iteration IP AP/IP AP AP/S AP/WS 

1 95 521 D 521 147 

2 D 132 -95 -108 -2 

3 -132 D -521 -315 -59 

 

Three principally different concept suggestions were chosen for further evaluation, namely 

the AP, AP/IP and IP concepts. 

5.3.2.1 Concept specification 

In Table 6, the selected concepts are specified in terms of mean image magnification ratio, 

total display size and distance between the ORP and display center. 

Table 6. Technical specifications for selected arrangement concepts. (DS is an abbreviation of “driver side”, and PS 
is an abbreviation of “passenger side”.) 

Arrangement Side Mirror type 
Mean image 

magnification 
Display size, 
W x H [mm] 

Distance between the ORP 
and display center [mm] 

AP 

DS 
Class II 0,32 

130 x 363 900 
Class IV 0,12 

PS 
Class II 0,25 

212 x 516 1900 
Class IV 0,09 

AP/IP 

DS 
Class II 0,32 

130 x 363 900 
Class IV 0,12 

PS 
Class II 0,38 

124 x 295 850 
Class IV 0,11 

IP 

DS 
Class II 0,31 

261 x 350 850 
Class IV 0,11 

PS 
Class II 0,41 

Class IV 0,12 
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5.4 Discussion 

o The AP concept was selected on the basis of its resemblance to the conventional 

physical mirror arrangement. Although scoring low in all iterations of the decision-

matrix method, as can be seen in Table 5, the concept is assumed to have a shorter 

learning curve than the other alternatives which makes it interesting for further eval-

uation despite its potential disadvantages. 

o The AP/IP concept was selected due to its consistently high scores throughout all 

decision-matrix method iterations. The AP/S concept was rejected for the reason of 

being principally similar to AP/IP, but scoring less in a direct comparison to it. 

o Although scoring about the same as the AP/WS concept, the IP concept was selected 

by virtue of being principally different from all other alternatives while improving 

direct vision – one of the major possible advantages of replacing physical mirrors with 

CMSs – to a greater extent than the AP/WS concept. 

o The CAD measurements were made in a single truck configuration, which could put 

the generalizability of the results into question. 
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6 Concept evaluation 
This chapter considers the evaluation of the concepts. A theoretical framework, supporting 

the evaluation process, is laid out, together with a description of how it was implemented, 

the results of the implementation and a discussion of the results. 

6.1 Theoretical framework 

Benefits and disadvantages of using a driving simulator as an evaluation method are laid out 

in this section. Some considerations to be given when designing an experiment are presented, 

together with methods used to measure and assess driving performance and workload. The 

statistical methods used to analyze the results of the simulator testing are also described. 

6.1.1 Driving simulators 

A driving simulator is a system intended to represent real vehicle driving through the use of 

virtual environments in which the user controls a virtual vehicle by operating physical con-

trols, often resembling those of the real vehicle. 

There are several advantages of using driving simulators rather than driving in a real envi-

ronment. One such advantage is that it allows for driving under conditions that might be 

illegal, unethical or for other reasons inappropriate would it have been performed in a real 

traffic situation. It also allows for a greater level of control and reproduction since the be-

havior of the traffic and the road layout can be manipulated. Another advantage is the ease 

with which data can be collected; obtaining accurate performance measurements is far more 

cumbersome in a field study, while such data is readily available in a simulator. (de Winter, 

et al., 2012) 

There are, however, also disadvantages of using driving simulators. For instance, the fidelity 

of the simulator may affect the behavior of the driver, causing invalid results – the absence 

of real danger and real consequences in the simulator may trigger a false sense of safety and 

responsibility. (ibid.) 

6.1.2 Designing of experiments 

When conducting a within-subject study (i.e. a study in which every subject performs the 

experiment under every condition), it is, according to Goodwin (2010, pp. 216-219) necessary 

to take into account that experience from earlier parts of the study could affect performance 

in subsequent parts, known as a carryover effect. A method of controlling such effects is 

counterbalancing, i.e. using multiple sequences in order to balance the effects of experience. 

To achieve a complete counterbalancing, a study would need to include 𝑋! number of se-

quences and participants, where 𝑋 is the number of conditions. However, when a study is 

limited with regards to the number of participants – so that complete counterbalancing can-

not be achieved – a so called balanced latin square design can be used. A balanced latin 

square fulfils the requirement that every condition of the study occurs once in every sequential 

position and that every condition precedes and follows every other condition exactly once. 

Optimally, the number of participants of the study should be a multiple of the number of 

conditions, or else these conditions cannot be fulfilled. 
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6.1.3 Measuring driving performance 

Walsh et. al. (2008) recommend measuring three core levels of driving behavior for predicting 

accidents. These are the automative behavior, such as tracking and steering; the control be-

havior, such as maintaining distances, passing, maneuvering, dividing attention (dual atten-

tion tasks) and perception (e.g. time to collision); and the executive planning behavior, such 

as risk taking, impulsivity and information processing. Reaction time, which reflects the con-

trol behavior level, and standard deviation of lane position, which reflects the automative 

behavior level, are described below. 

6.1.3.1 Reaction time 

When an unexpected vehicle or pedestrian appears, the driver needs to react with both quick-

ness and precision in order to prevent a potential accident. The time interval between the 

introduction of a stimulus and the initiation of a response is referred to as the reaction time. 

A measurement of this time interval is suitable for evaluation of driving performance as it is 

believed to reflect both the efficiency and the speed of the driver’s cognitive-motor processes. 

(Stelmach & Nahom, 1993) 

Due to a commonly observed speed-accuracy tradeoff effect, taking both speed and accuracy 

into consideration in studies of the dynamics of perceptual and cognitive processes, rather 

than merely measuring speed, is often preferable. (Wickelgren, 1977) 

6.1.3.2 Standard deviation of lane position 

Another commonly used measure for assessing driving performance is the standard deviation 

of lane position (SDLP), i.e. the weaving of a vehicle. 

Verster and Roth (2011) describe the procedure for calculating the SDLP in two steps. First, 

the mean lane position for the drive is calculated with the following formula 

 𝑀𝐿𝑃[𝑋] = 𝜇, (4) 

where 𝑋 is the lane position with the mean value 𝜇. Second, the standard deviation of 𝑋, 

which is the square root of the variance of 𝑋, is calculated accordingly: 

 𝑆𝐷𝐿𝑃 = √𝑀𝐿𝑃[(𝑋 − 𝜇)2] (5) 

6.1.4 Subjective workload assessment using NASA-TLX 

As a complement to the objective performance measurements, a subjective workload rating 

can be utilized. Developed by NASA (NASA Ames Research Center, 1986), the Task Load 

Index (also known as NASA-TLX) is a tool for subjective assessment of workload, including 

assessment across six different workload factors: 

o Mental demand 

o Physical demand 

o Temporal demand 

o Performance 

o Effort 
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o Frustration 

The first step of the NASA-TLX is to make an evaluation of each factor’s contribution to 

the workload of the task. This is accomplished by making all 15 possible pairwise comparisons 

between workload factors – in each pairwise comparison the subject circles the workload 

factor that they consider to have contributed the most. The weight of a workload is calculated 

by tallying all the times a workload factor was selected as the most contributing workload 

factor in these pairwise comparisons. The second step of the NASA-TLX requires the subject 

to rate the workload factors across six scales. The scales and their endpoints can be seen in 

Table 7. 

Table 7. Table of workload assessment scales and their endpoints. 

Workload factor Endpoints 

Mental demand Low/High 

Physical demand Low/High 

Temporal demand Low/High 

Performance Good/Poor 

Effort Low/High 

Frustration level Low/High 

 

The scores of each scale are multiplied by the corresponding weighting factor, and the 

weighted scores are summed up to a total workload score. 

6.1.5 Statistical analysis 

When conducting a statistical analysis of variance, either parametric or non-parametric tests 

are applied depending on the characteristics of the data. According to Field (2009, pp. 132-

133), for a test to be considered parametric, the four following basic assumptions have to be 

met: 

1. The data is normally distributed. 

2. The variances are the same throughout the data. 

3. Data is measured at least at the interval level. 

4. Data from different participants is independent. 

In cases where any of these assumptions are not met, a non-parametric test should be applied. 

Friedman’s test (Friedman, 1937) is a non-parametric test used for analyzing variance of test 

data with two or more conditions, using the same participants in all conditions. In Friedman’s 

test, the data is ranked between conditions and assigned a score of 1 to 𝑘, where 𝑘 is the 

number of conditions in the test. If there are ties between conditions, they are assigned a 

mean value of the ranks. The null hypothesis, 𝐻0, of Friedman’s test is that there are no 

differences between the mean ranks of the conditions. 

Friedman’s test statistic, 𝑥𝑟
2, is calculated according to the following equation: 

 𝑥𝑟
2 =

12

𝑛𝑘(𝑘 + 1)
∑ 𝑅𝑖

2

𝑘

𝑖=1

− 3𝑛(𝑘 + 1) (6) 
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where 𝑅𝑖 are the rank sums of the respective conditions and 𝑛 is the number of subjects. If 

𝑥𝑟
2 is greater than should be expected by chance, where the critical value of 𝑥𝑟

2 depends on 

the significance level 𝛼, the number of conditions and number of subjects, the null hypothesis 

of Friedman’s test can be rejected. 

If Friedman’s test shows significance, post-hoc analysis of the data can be applied. One such 

analysis is the Wilcoxon, Nemenyi, McDonald-Thompson multiple comparison (Hollander, et 

al., 2014, pp. 316-322) in which pairwise comparisons between conditions are made based on 

Friedman rank sums. 

6.2 Implementation 

The concepts were evaluated by subjecting them to tests in a driving simulator, and later 

analyzing them using RAMSIS. 

6.2.1 Simulator test 

For the purpose of evaluating the monitor arrangements, a simulator test was conducted in 

a fixed-base driving simulator, see Figure 24. As described in 6.1.3, there are three core levels 

of driving behavior that are recommended for study when assessing the risk of accidents. For 

this evaluation, measurements reflecting two of these levels were taken, namely the reaction 

time and standard deviation of lane position. 

 

Figure 24. Photograph showing the interior of the fixed-base simulator. 

 

A total of twelve drivers participated in the test. Seven of the participants were full-time 

professional drivers at Scania, and the other five were Scania employed engineers with driving 

experience, specialized in experimental evaluation. 
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The experiment consisted of driving in four different conditions: three monitor arrangement 

concept conditions and one baseline condition. The purpose of including the baseline was to 

use it for validation of the concepts, with it serving as a point of reference in the subsequent 

data analysis. The experiment was designed as a within-subject study, where every partici-

pant performed the test in all conditions. In order to account for carryover effects, sequencing 

of conditions was counterbalanced with balanced latin squares. 

During the tests, one of the test administrators was present in the simulator in order to be 

able to assist the participants should any questions or issues arise.  

6.2.1.1 Scenario description 

A driving scenario was constructed with the aim of evaluating the driving performance of the 

participant in a situation demanding adequate rear-view. In accordance with the survey study 

results, as presented in 4.3.1.6, the scenario included multiple instances of being overtaken 

by passing vehicles as well as overtaking other vehicles, which were both stated to be critical 

situations (although to different degrees) from a mirror use perspective. A three-lane highway 

was chosen as a suitable environment for the evaluation. 

In the scenario, a leading vehicle drives at a constant speed of 70 kilometers per hour (km/h) 

on a three-lane highway during the course of ten minutes, and the participant follows. After 

three minutes of familiarization driving, in which the participants are to accustom to the new 

conditions, vehicles begin to appear in the adjacent lanes rearward of the participant’s vehicle. 

These vehicles appear at a set distance of 500 meters from the leading vehicle, and travel at 

constant speed to pass both the participant and the leading vehicle. The speeds of the passing 

vehicles are considerably higher than that of the leading vehicle – three different speeds are 

assigned: 90 km/h, 110 km/h and 130 km/h. A total of twelve passing vehicles appear over 

the course of the scenario: half passing to the left, and the other half passing to the right of 

the leading vehicle. Ahead of the leading vehicle, slower vehicles – travelling at a speed of 50 

km/h – are introduced and are either passed or overtaken, depending on in what lane they 

are positioned. A timeline describing the sequence of events, the path of the leading vehicle 

and the speeds of the passing vehicles can be found in Appendix F. Between conditions, the 

colors and models of the vehicles – except for those of the leading vehicle and the participant’s 

vehicle – were changed, while both the sequence of events and the path of the leading vehicle 

remained identical for every condition. 

6.2.1.2 Primary task 

Before the start of the test, the participants were instructed to follow the leading vehicle, 

while maintaining a fixed distance to it with the help of road delineators as distance refer-

ences. They were also told at what speed the leading vehicle would travel. The participants 

were in addition instructed to follow the path of the leading vehicle as it made lane changes 

and overtook other vehicles. Participants were requested to try to drive as they would have 

in an equivalent real life traffic scenario. 

6.2.1.3 Vehicle detection task 

As described in 6.1.3.1, reaction time is a useful measurement for evaluation of driving per-

formance. A secondary task with which such a measurement could be obtained was thus 

designed. In this task, the participants were instructed to press a button on the steering wheel 

as soon as they identified a new rear vehicle, excluding those that had been passed or over-

taken. By measuring the time between the moment of a vehicle’s introduction on the scene 

and the moment the participant indicated that the vehicle had been identified, a reaction 

time was obtained. This reaction time was then translated into a detection distance, defined 
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as the absolute distance between the participant vehicle and the detected vehicle at the 

moment of detection. 

In addition to this, the participants were also told to report the color of the identified vehicle, 

as soon as they were able to distinguish this. The reporting of color was used in order to 

confirm that the participant had identified an actual vehicle and thus ensure a measure of 

deliberation, as well as to add to their workload. 

6.2.1.4 Subjective assessment 

After each run, the participants were instructed to fill in a Swedish version of the NASA-

TLX questionnaire (based on a translation made by Kylmä and Nagmér (2007)), in which 

both the pairwise comparison and the rating scale questionnaires were administrated. The 

workload factors were each rated on a scale from 1 to 5. The questionnaire can be found in 

its entirety in Appendix G. 

The participants were also briefly interviewed after each run, being asked about their opinion 

on the previously tested arrangement. The interview guide used for these interviews can be 

found in Appendix H. 

6.2.1.5 Experiment set-up 

The experiment was set up in a truck driving simulator. The simulator consisted of a truck 

cabin located in a room with panoramic projections of a simulated traffic environment cov-

ering the test subject’s complete unobstructed field of vision from the cabin. The truck cabin 

was equipped with steering wheel, brake, throttle and indicators with which the test subject 

could control the functions of the simulated vehicle. A sound system in the cabin provided 

sound effects, including participant vehicle engine sounds, sounds of surrounding vehicles and 

indicator sounds. 

Prototypes of the three different display arrangements selected in 5.3.2, and a baseline ar-

rangement were created by using projectors to project rear-view images on white cardboard 

surfaces, as seen in Figure 24. 

The baseline arrangement was intended to roughly represent a conventional physical mirror 

arrangement, and can be seen pictured in Figure 25. The AP/IP arrangement prototype can 

be seen in Figure 26; the IP arrangement prototype can be seen in Figure 27; and the AP 

arrangement prototype can be seen in Figure 28. 

  

Figure 25. Photographs showing the experiment set-up of the baseline arrangement. 
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Figure 26. Photograph showing the experiment set-up of the AP/IP arrangement prototype. 

 

Figure 27. Photograph showing the experiment set-up of the IP arrangement prototype. 

  

Figure 28. Photographs showing the experiment set-up of the AP arrangement prototype. 
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6.2.2 Vision time calculation using RAMSIS 

An analysis of the arrangements with regards to their position relative to the driver’s visual 

field was carried out. Using RAMSIS Automotive (Human Solutions GmbH, 2014), the an-

gular distance between the forward line of sight and the center of the displays was measured, 

as seen illustrated for the passenger side display of the AP arrangement in Figure 29. The 

time required to perform the head and eye movement when moving the gaze from the forward 

line of sight to the center of the display was then calculated. In addition, the time needed to 

adjust the eye fixation was also accounted for. Both calculations were performed using the 

built-in vision time calculation utility. 

 

Figure 29. Illustration of angular distance measurement in RAMSIS, here for the passenger side display of the AP 
arrangement. 

6.3 Results 

The concept evaluation resulted in a number of both objective and subjective measurements 

obtained from the driving simulator testing, as well as a quantitative analysis with the help 

of digital human models. 

6.3.1 Simulator test 

A summary of respondent demographics and their driving experience is presented below: 

o Eleven of the participants were male and one was female 

o Mean years of age: 45 

o Mean years of experience: 15 
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o Ten of the participants had long-haulage as their main type of driving, while two 

only had test driving experience 

In order to check whether the data from the subjective evaluation was normally distributed, 

the data was visualized in histograms, which can be seen in Appendix I. The visualizations 

showed that the data was not normally distributed and, thus, non-parametric statistical tests 

were applied. 

6.3.1.1 Vehicle detection task 

The vehicle detection task returned two dependent variables: detection distance and detection 

rate. Detection distance was defined as the absolute distance between the participant vehicle 

and the detected vehicle at the moment of detection. Missed vehicles were not counted to-

wards the mean detection distance. Detection rate was defined as the percentage of vehicles 

that were indicated within the time-slot of their appearance to the moment they passed the 

participant’s vehicle. The mean detection distances and mean detection rates for each partic-

ipant were calculated, and are shown in Figure 30. 

   

Figure 30. Mean detection distances and mean detection rates by condition. Whiskers in the left chart denote 
range of the mean detection distance, and whiskers in the right chart denote range of the mean detection rate. 

The median detection rate for all concept arrangements was 100%, and 96% for the baseline 

condition. The IP concept reached the highest mean detection rate of all conditions. Variance 

analysis of the data sets, conducted using Friedman’s test, as described in 6.1.5, did not reach 

statistical significance for either measurement: 𝑥𝑟
2(3) = 4.3, (𝑝 = 0.231, 𝛼 = 0.05) for mean 

detection distance and 𝑥𝑟
2(3) = 4.76, (𝑝 = 0.191, 𝛼 = 0.05) for mean detection rate. 

6.3.1.2 Standard deviation of lane position 

Standard deviation of lane position was calculated according to the procedure described in 

6.1.3.2. Lateral position was continuously measured during the tests. For the purpose of 

calculating SDLP, measurements were obtained from a set stretch of the simulation, with the 

same endpoints being used for all participants, as seen delineated by the vertical lines in 

Figure 31. The stretch was chosen on the basis of being a distance during which the partici-

pants did not perform any lane changes. In order to ensure that anomalies – such as atypically 
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early or late lane changes overlapping the endpoints of the set stretch – did not influence the 

results, trajectories for all the trials were plotted and inspected. An example of such a plot 

can be found in Figure 31. 

 

Figure 31. Lateral position plotted as a function of distance travelled. The pink vertical lines mark the start and end 
points of the stretch for which SDLP was calculated. The turquoise horizontal lines outline the lanes of the high-

way. 
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SDLP was calculated for all participants, and the results are plotted in Figure 32. 

 

Figure 32. Standard deviation of lane position by condition. Whiskers denote the range of the measured SDLP. 

Friedman’s test showed there to be a statistically significant difference between the means of 

two or more concepts, 𝑥𝑟
2(3) = 8.7, (𝑝 = 0.034, 𝛼 = 0.05), with post-hoc Wilcoxon, Nemenyi, 

McDonald-Thompson multiple comparison then proving the means of AP/IP and AP to be 

significantly different, in favor of AP/IP. 

6.3.1.3 Subjective assessment 

The results of the NASA-TLX survey were in slight favor of the baseline condition, with a 

mean score of 1.74. Of the concept arrangements, the AP/IP scored the lowest, with a mean 

score of 1.85. Variance analysis of the scores conducted using Friedman’s test did not reach 

statistical significance: 𝑥𝑟
2(3) = 2.77, (𝑝 = 0.429, 𝛼 = 0.05). The mean NASA-TLX total 

scores for each condition can be seen in Figure 33. 
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Figure 33. Mean NASA-TLX score by condition.  

The only workload factor that showed significant difference between conditions was the effort 

factor: 𝑥𝑟
2(3) = 11.01, (𝑝 = 0.012, 𝛼 = 0.05). Post-hoc analysis using Wilcoxon, Nemenyi, 

McDonald-Thompson multiple comparison showed a significant difference between the base-

line and the AP/IP arrangements. The mean NASA-TLX effort scores for each condition can 

be seen in Figure 34. 

 

Figure 34. Mean NASA-TLX effort score by condition. 

When interviewing the test participants, ten out of twelve stated that they preferred the AP 

arrangement, when asked to select a favorite among the concepts, while one participant rated 

the AP and AP/IP arrangements equally, and one participant held the AP/IP arrangement 

as the favored concept. Several participants preferred the baseline over the concept arrange-

ments, but also commented that this might be a consequence of habit. 
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The most repeated issue was that in the IP and AP/IP arrangements, the vertical distance 

from the forward line of sight to the display positioned in the instrument panel causes aver-

sion of gaze from the forward view and introduces a new type of eye and head movement. 

Some participants also noted that having the displays inside the cabin affects their perception 

of the width of the truck; in the baseline arrangement, the driver is instead forced to gaze at 

the outermost parts of the truck, i.e. the mirrors. One participant commented that bringing 

the mirrors into the cabin removes the incentive to look out through the side windows. An-

other participant mentioned that it feels somewhat counterintuitive having the driver side 

display to the right of the forward line of sight, as is the case in the IP arrangement. 

6.3.2 Vision time calculation using RAMSIS 

The results of the measurement of eye and head movements and the time to perform said 

movements, made using the RAMSIS Automotive software, are presented in Table 8. 

Table 8. Results of RAMSIS vision time calculation. Head and eye movement angles as well as total movement 
time from forward line of sight is calculated for each of the proposed display positions. 

Arrangement Display Eye movement [°] Head movement [°] Time [ms] 

AP 
DS 15,1 7,2 102 

PS 14,9 48,6 516 

AP/IP 
DS 15,1 7,2 102 

PS 16,4 32,6 359 

IP DS/PS 16,5 31,1 343 

 

The angular distances measured between displays and forward line of sight are depicted in a 

model of the human visual field in Figure 35. 

 

Figure 35. Visualization of the displays’ position in the human visual field (defined in Figure 5). Note that the image 
does not fairly represent distances in terms of length, only the angular distance from the manikin’s forward line of 

sight. 
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6.4 Discussion 

o In order to more extensively evaluate the concepts, inclusion of traffic scenarios other 

than highway driving would have been preferable. It would have been of especial 

interest to include the highly prioritized situations in 4.3.1.6, since this potentially 

would have allowed effects of improved direct vision to become more apparent than 

is the case in the traffic scenario that was used in the simulator testing. 

o The design of the scenario is not a completely fair representation of a corresponding 

real life traffic situation, largely due to the behavior of other road users (e.g. over-

taking to the right of the test participant’s vehicle, and driving slowly in the middle 

lane) but also due to the path of the leading vehicle being somewhat abnormal (e.g. 

changing lanes for no apparent reason). The reason for not designing a fully realistic 

scenario was, however, that participants needed to be exposed to an adequate amount 

of stimuli and a sufficient amount of data points needed to be obtained within a 

limited amount of time, resulting in an increased pace of events. 

o The tasks given in the simulator test required an abnormal amount of observation of 

the rear, which might have amplified effects that in a real life scenario would be 

negligible. For instance, more eye and head movements are performed, more time is 

spent monitoring the displays, and the passenger side displays are used more fre-

quently (the ratio between driver side and passenger side display usage is skewed). 

o Despite the scenarios being identical across all four conditions (in terms of events), 

no subjects realized that this was the case. Some participants even commented on 

what they perceived as a difference in traffic intensity between conditions, indicating 

that potential scenario learning effects were weak. 

o As described in 6.1.1, the use of driving simulators may yield invalid results as a 

consequence of the fidelity of the system affecting the driver’s behavior. 

o Two measurements were used for objective evaluation in the simulator test: detection 

distance and standard deviation of lane position. These are mainly assessments of the 

concepts from a driving safety point of view, chosen on the basis of safety being a 

highly regarded aspect of driving. An objective evaluation could, naturally, be more 

comprehensive, taking additional driving aspects into account, such as driving effi-

ciency or physical health. Due to time and resource constraints, such measurements 

were, however, omitted, with the safety aspect given higher priority. 

o The detection rate measurement showed near perfect results for all conditions, elim-

inating any need of considering this in the analysis of the detection distance results. 

o As to the statistical analysis of the results, only one of the three taken measurements 

reached significance, namely the SDLP, while both mean detection distances and 

mean NASA-TLX scores are above the significance threshold. However, the proba-

bility value calculated for the mean detection distances (𝑝 = 0.231) indicates that 

there might still be an effect of monitor arrangement on the driver’s monitoring of 

the rear. Regarding the mean NASA-TLX scores, the calculated probability value 

(𝑝 = 0.429) signifies a too high degree of uncertainty for these results to be a mean-

ingful factor in the evaluation of the arrangements. Interesting to note, however, is 

that the mean scores of the effort factor in the NASA-TLX assessment showed a 

significant difference in favor of the baseline arrangement, which might be a conse-

quence of participants having more experience using the conventional arrangement. 
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o The fact that significance was not reached in all statistical analyses is – supported by 

the absence of normally distributed measurement data – attributed to an insufficient 

sample size. 

o The AP/IP arrangement’s proximity to the forward line of sight, as measured in 

6.3.1, might explain it outperforming the other arrangements both in terms of detec-

tion distance and SDLP. Being close to the forward line of sight might facilitate 

peripheral detection of rear vehicles, as described in 2.2.2, as well as minimize time 

spent on gaze movements. 

6.4.1 Conclusions 

o In terms of performance, all concepts were in the same region as the baseline, con-

firming their feasibility. 

o The measurements obtained from the driving simulator testing were in favor of the 

AP/IP arrangement in terms of detection distance and SDLP. With regards to this, 

it is recommended that this arrangement be further developed and evaluated. 

o When asked, a vast majority of the test participants preferred the AP arrangement. 

This, together with the fact that the AP arrangement is rather resembling of the 

conventional mirror set-up (implying a short learning curve), may possibly make it 

suitable for use in a period of transition from physical mirrors to digital equivalents. 

With regards to this, it is recommended that also this arrangement be further devel-

oped and evaluated.  
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7 General discussion 
In this chapter, the final results of the study are presented and discussed. Also, the employed 

methods are reviewed and recommendations for future work are presented. 

7.1 Results 

Recommendations for implementation, from a physical ergonomics point of view, are pre-

sented for two different types of digital rear-view mirror arrangements comprising the number 

of monitors, an outline for their position in the cabin, the size of the displays and the fields 

of vision they are to render. It should, however, be noted that further development and 

evaluation is required before any of these arrangements possibly can be implemented. 

As stated in 6.4.1, the AP/IP arrangement, as seen in Figure 36, is proposed for further 

development, due to it showing highest performance in the driving simulator tests. Added to 

this, the AP arrangement, pictured in Figure 36, is also proposed for further development, 

considering its popularity among the test participants together with its resemblance to the 

conventional physical mirror arrangement. This resemblance might make it suitable for im-

plementation in a period of transition between physical and digital rear-view mirrors. 

  

Figure 36. Illustrations of the two arrangements that are proposed for further development. To the left, the AP ar-
rangement is shown, and to the right, the AP/IP arrangement is shown. 

It should, however, be noted that the approach applied in this work is not, by any means, 

the sole method of undertaking the physical ergonomic implications induced by the imple-

mentation of digital rear-view mirrors; a different approach may very well render an equally 

valid result. Consideration also needs to be given to the fact that the given recommendations, 

to an extent, are based on non-significant results. In addition, it should be noted that the 

evaluation of the concepts was not all-encompassing; a selection of measurement variables 

was made, possibly deprioritizing crucial aspects of the arrangements. 
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7.2 Scope 

Rather than investigating the effect of individual monitor attributes, the problem was ap-

proached at an arrangement level, where a number of technical properties were varied be-

tween concepts. It was, however, discovered that it might be necessary to also study isolated 

properties and their respective effects on the usability of the system. One such study could 

be concerned with the effect of the display’s image magnification on the driver’s ability to 

judge distances.  

According to the majority of the survey respondents, the fields of vision provided by conven-

tional physical mirrors are adequate, implying no need for enlargement. Supported by these 

opinions, no following investigation of how these fields of vision could be modified was con-

ducted. Even so, there is reason to believe that the possibilities that digital rear-view mirrors 

entail could be utilized to render fields of vision that, in fact, would be recognized as superior 

to those of physical mirrors (the shape of the field of vision provided by a physical mirror is 

very much limited by its optical characteristics; a camera-monitor system does not share 

these limits). It would, in that case, also be necessary to investigate whether the renderings 

of such fields of vision would affect the feasibility of the recommended arrangements.  

Similar to the rendering of new fields of vision, an inclusion of digital Class V and Class VI 

mirrors (as well as monitors for additional fields of vision, such as reversing cameras) in the 

implementation would also demand an investigation of their potential effect on the proposals. 

Due to a lack of technological solutions for how changed field of visions (achieved by head 

movements in physical mirrors, as described in ISO 16505 (International Organization for 

Standardization, 2015, pp. 92-93)) could be provided, study of how such a solution influences 

the arrangement of displays was not possible. 

Not all Scania markets are regulated by UNECE Regulation no. 46, and the results may thus 

not be applicable in such cases. In continued work, consideration must be given to the regu-

lations governing these markets. 

7.3 Implementation 

The study of literature was performed with no prior knowledge of the subject matter, which 

in combination with an apparent lack of published research, may have hindered the formu-

lation of relevant research questions as well as the gathering of information. This process 

could possibly have been facilitated by consulting experts for guidance. 

As to the interview study, this method necessitates considerable amounts of hands-on expe-

rience in order for it to become truly effective. Due to the interviewers’ lack of this, there is 

a risk that not all relevant driver opinions were unearthed. It may, for that reason, be of 

value to continue interviewing drivers about this topic. 

Both in generating and selecting concepts, neither truck drivers nor experts were involved. It 

was deemed that the involvement of external participants would be redundant due to the 

constricted nature of the problem. Concept development using virtual reality is not an estab-

lished method, putting its appropriateness into question; it was, however, chosen in order to 

explore the possibilities of using such a method in this context. It is also assumed that virtual 

reality would have been more useful if access to a physical cabin had not been available. 
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The measurements obtained from CAD models were not validated, and could be comple-

mented or even substituted with measurements taken in a physical cabin. This way, the 

calculation of mirror magnification factors could have been performed in a manner compliant 

with the method used in ISO 16505 (International Organization for Standardization, 2015, 

pp. 98-104). 

Driving in a real truck on a closed circuit could be both a substitution of and an addition to 

evaluating the concepts in a driving simulator, contributing higher fidelity to the testing. 

This would, on the other hand, be costly, difficult in terms of test environment control, and 

hinder obtainment of accurate measurements. 

7.4 Recommendations for future work 

o The proposed arrangements’ effects on the driver’s ability to react to sudden events 

in the forward field of vision need to be thoroughly studied before further develop-

ment is commenced. One such study could for instance treat the driver’s brake reac-

tion time. 

o The arrangement of the monitor(s) intended to render the fields of vision provided 

by Class V and Class VI devices for indirect vision needs to be given consideration. 

o The arrangement of monitor(s) rendering additional fields of vision, such as reversing 

cameras, needs to be given consideration. 

o The rendering of changed field of visions, achieved by head movements in physical 

mirrors, needs to be given consideration. 
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Appendix A – Interview study guide 
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Appendix B – Survey questionnaire 
In this appendix, the questionnaire used for the survey study is presented. 
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Appendix C – Correlation analysis 
Correlation coefficients were calculated and the results were plotted in order to investigate 

whether there existed relationships between the different variables. 

In this appendix, the survey questions are referred to in abbreviated form. See Table 1 for a 

complete list of the abbreviations used in this appendix. 

Table 1. Legend for questionnaire question abbreviation. 

Abbreviation Questionnaire question 

Experience How many years of truck driving experience do you have? 

Age Your age in number of years 

Stature Your stature in centimeters 

FoV MMDS How would you describe the field of view in the driver side main mirror? 

FoV MMPS How would you describe the field of view in the passenger side main mirror? 

FoV WADS How would you describe the field of view in the driver side wide-angle mirror? 

FoV WAPS 
How would you describe the field of view in the passenger side wide-angle mir-
ror? 

JoD MMDS How do you experience making judgements in the driver side main mirror? 

JoD MMPS How do you experience making judgements in the passenger side main mirror? 

JoD WADS How do you experience making judgements in the driver side wide-angle mir-
ror? 

JoD WAPS How do you experience making judgements in the passenger side wide-angle 
mirror? 

Obstruction 
To what extent are you affected by mirrors obstructing your direct vision  
(i.e. your view of the outside through the windscreen and side windows)? 

Switching Frequency How often do you switch between different types of trucks? 

Convenience How do you experience switching between trucks? 

Distraction 
Do you consider switched on monitors (connected to camera-monitor systems) 
to be a distraction while driving? If yes, to what degree? 

Usage MMDS How often do you use the truck’s driver side main mirror? 

Usage MMPS How often do you use the truck’s passenger side main mirror? 

Usage WADS How often do you use the truck’s driver side wide-angle mirror? 

Usage WAPS How often do you use the truck’s passenger side wide-angle mirror? 

 

Pearson’s correlation coefficients were calculated for a number of relationships. Correlations 

were only calculated for relationships that were considered interesting and plausible. The 

resulting correlation coefficients can be seen in Figure 1. 
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Figure 1. A matrix displaying the Pearson’s coefficients calculated for the different questions of the survey. 
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Appendix D – QFD pairwise comparison 
In this appendix, the pairwise comparison of user requirements employed in the Quality 

Function Deployment method is presented. 

In Table 1, the pairwise comparison utilized to rank the different user requirements in the 

QFD method is shown. 

Table 1. Pairwise comparison of user requirements used in the QFD method. 
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What 

Objects viewed in the indirect vision device 
should not be too small   1 0 0 0 1 1 

It should be easy to make judgements of dis-
tance in devices for indirect vision 0   0 0 0 1 1 

Devices for indirect vision should not be too far 
apart 1 1   1 1 1 1 

Driver side devices for indirect vision should be 
within the area of peripheral vision 1 1 0   0 1 1 

Passenger side devices for indirect vision should 
be within the area of peripheral vision 1 1 0 1   1 1 

Aversion of gaze from forward field of vision 
should be avoided 0 0 0 0 0   1 

Devices for indirect vision should not obstruct di-
rect vision 0 0 0 0 0 0 

  

Sum 3 4 0 2 1 5 6 
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Appendix E – Decision-matrix method 
In this appendix, the resulting matrices for all iterations of the decision-matrix method are 

presented. 

In Table 1, the resulting matrix of the decision-matrix method iteration using the AP concept 

as the datum is presented. In Table 2, the resulting matrix of the decision-matrix method 

using the IP concept as the datum is presented. In Table 3, the resulting matrix of the 

decision-matrix method using the AP/IP concept as the datum is presented. 

Table 1. Decision-matrix with the AP concept used as the datum. 

Criteria Weight IP AP/IP AP AP/S AP/WS 

Mean image magnification 219 1 1 

D
A

T
U

M
 

1 1 

Distance to monitor from ORP 161 1 1 1 1 

Total monitor area size (H x W) 174 1 1 1 1 

Angular spread of monitors (horizontal & vertical) 75 1 1 1 1 

Angular distance from forward line of sight, horizontal, DS 159 -1 0 0 0 

Angular distance from forward line of sight, vertical, DS 267 -1 0 0 0 

Angular distance from forward line of sight, horizontal, PS 132 1 1 1 1 

Angular distance from forward line of sight, vertical, PS 240 -1 -1 -1 -1 

Obstruction of direct vision 374 0 0 0 -1 

Weighted total 95 521 D 521 147 

 

Table 2. Decision-matrix with the IP concept used as the datum. 

Criteria Weight IP AP/IP AP AP/S AP/WS 

Mean image magnification 219 

D
A

T
U

M
 

-1 -1 -1 -1 

Distance to monitor from ORP 161 0 -1 0 0 

Total monitor area size (H x W) 174 0 -1 0 0 

Angular spread of monitors (horizontal & vertical) 75 -1 -1 -1 -1 

Angular distance from forward line of sight, horizontal, DS 159 1 1 1 1 

Angular distance from forward line of sight, vertical, DS 267 1 1 1 1 

Angular distance from forward line of sight, horizontal, PS 132 0 -1 0 0 

Angular distance from forward line of sight, vertical, PS 240 0 1 -1 1 

Obstruction of direct vision 374 0 0 0 -1 

Weighted total D 132 -95 -108 -2 
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Table 3. Decision-matrix with the AP/IP concept used as the datum. 

Criteria Weight IP AP/IP AP AP/S AP/WS 

Mean image magnification 219 1 

D
A

T
U

M
 

-1 0 0 

Distance to monitor from ORP 161 0 -1 0 0 

Total monitor area size (H x W) 174 0 -1 0 0 

Angular spread of monitors (horizontal & vertical) 75 1 -1 -1 1 

Angular distance from forward line of sight, horizontal, DS 159 -1 0 0 0 

Angular distance from forward line of sight, vertical, DS 267 -1 0 0 0 

Angular distance from forward line of sight, horizontal, PS 132 0 -1 0 0 

Angular distance from forward line of sight, vertical, PS 240 0 1 -1 1 

Obstruction of direct vision 374 0 0 0 -1 

Weighted total -132 D -521 -315 -59 
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Appendix F – Test scenario description 
In this appendix, a description of the scenario used in the simulator test, complete with a 

graphical illustration in the form of a timeline, is given. 

In the driving simulator test scenario, a leading vehicle drives at a constant speed of 70 

kilometers per hour (km/h) on a three-lane highway during the course of ten minutes, and 

the participant follows. An illustration of the scenario timeline can be seen in Figure 1. The 

leading vehicle’s trajectory is marked with a pink line in the illustration. 

After three minutes of familiarization driving, in which the participants are to accustom to 

the new conditions, vehicles begin to appear in the adjacent lanes, rearward of the partici-

pant’s vehicle. These vehicles appear at a set distance of 500 meters from the leading vehicle, 

and travel at constant speed to pass both the participant and the leading vehicle. The speeds 

of the passing vehicles are significantly higher than that of the leading vehicle – three different 

speeds are assigned: 90 km/h, 110 km/h and 130 km/h. A total of twelve passing vehicles 

appear over the course of the scenario: half passing to the left, and the other half passing to 

the right of the leading vehicle. Their point of passing is marked in the timeline, as are their 

respective speeds. 

Ahead of the leading vehicle, slower vehicles – travelling at a speed of 50 km/h – are intro-

duced and are either passed or overtaken, depending on in what lane they are positioned. 
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Figure 1. A timeline showing the different events of the driving simulator test scenario.  
The speeds of the passing vehicles are indicated in their respective box, given in km/h. 
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Appendix G – NASA-TLX questionnaire 
In this appendix, the NASA-TLX questionnaire used in the subjective workload assessment 

in the driving simulator testing is presented. 
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Appendix H – Test interview guide 
In this appendix, the interview guide used during the driving simulator test interviews is 

presented. 
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Appendix I – Histogram charts 
As a first measure in deciding what type of statistical analysis should be applied to the data 

obtained from the simulator test, the data sets were plotted in histogram charts in order to 

verify whether the data was normally distributed or not. These histograms are presented in 

this appendix. 

In the histograms presented in Figure 1, the data distribution of the mean detection distance 

measurements is visualized. 

 

 

Figure 1. Histogram charts visualizing the data distribution of the mean detection distance measurements. 
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In the histograms presented in Figure 2, the data distribution of the detection rate measure-

ments is visualized. 

 

 

Figure 2. Histogram charts visualizing the data distribution of the detection rate measurements. 

In the histograms presented in Figure 3, the data distribution of the SDLP measurements is 

visualized. 

 

 

Figure 3. Histogram charts visualizing the data distribution of the SDLP measurements. 

0
2
4
6
8

10
12
14

83% 89% 94% 100%

Fr
eq

ue
nc

y

Detection rate

Baseline

0
2
4
6
8

10
12
14

92% 94% 97% 100%

Fr
eq

ue
nc

y

Detection rate

IP

0
2
4
6
8

10
12
14

92% 94% 97% 100%

Fr
eq

ue
nc

y

Detection rate

AP/IP

0
2
4
6
8

10
12
14

83% 89% 94% 100%

Fr
eq

ue
nc

y

Detection rate

AP

0

1

2

3

4

5

6

Fr
eq

ue
nc

y

SDLP [m]

Baseline

0

1

2

3

4

5

6

Fr
eq

ue
nc

y

SDLP [m]

IP

0

1

2

3

4

5

6

Fr
eq

ue
nc

y

SDLP [m]

AP/IP

0

1

2

3

4

5

6

Fr
eq

ue
nc

y

SDLP [m]

AP



3 

In the histograms presented in Figure 4, the data distribution of the NASA-TLX scores is 

visualized. 

 

 

Figure 4. Histogram charts visualizing the data distribution of the NASA-TLX scores. 

In the histograms presented in Figure 5, the data distribution of the NASA-TLX effort scores 

is visualized. 

 

 

Figure 5. Histogram charts visualizing the data distribution of the NASA-TLX effort scores. 
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