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ABSTRACT 
The Swedish car manufacturer, Volvo Cars, are a pioneer in the automotive industry regarding 

vehicle safety. Ever since they invented the three-point seat belt, the safety aspect has been their 

main priority. Today, a car is equipped with new technology and is highly dependent on 

software solutions. This implies that software features are used to increase the safety of the car. 

The level of uncertainty increases with the new features, which highlights the importance of 

creating a robust product to avoid potential problems. During the last decade, the DCOV 

approach (Define – Characterize – Optimize – Verify) evolved to create a product that is 

insensitive to variation and appreciated by the customers.  

 

Volvo Cars are currently developing a camera monitoring system (CMS) that is supposed to 

replace the conventional rear-view mirror with an exterior camera and an interior display. The 

purpose of this master’s thesis is to develop a robust design for the CMS that satisfies the 

customers. By using the DCOV approach, the aim is to identify potential risks and failure modes 

to avoid hardware and software related problems, and at the same time, develop a product that 

is based on the voice of the customer.  

 

This thesis demonstrates the problems with the conventional mirrors and the parking assistance 

cameras, which are associated with the folding function, the mirror adjustment, and the wide-

angle module. The analysis of customer surveys indicates that blind spot indicators are 

appreciated by the customers while the mirror size is a critical factor. The mirrors need to be 

large enough to provide a good rear-view visibility, but small enough to maintain good forward 

visibility. A parameter diagram, robustness checklist and a system failure mode and effect 

analysis (S-FMEA) were conducted to identify risks, noise factors and failure modes with the 

CMS. It resulted in 44 failure modes where six of them were considered as critical, which means 

a high level of severity or frequent occurrence. The six critical failure modes were identified at 

the S-FMEA meetings with the business units Manufacturing, Display systems, 

Electromagnetic compatibility and CMS camera. Three business units were software related, 

which shows the difficulties with the transition from a hardware related rear-view mirror to the 

CMS.  

 

The recommendations for Volvo Cars are divided into two categories, where the first is 

associated with the CMS and should be seen as a continuation of this thesis. Volvo Cars should 

complete the S-FMEA and the included actions. By conducting the recommendations for the 

CMS, it will be properly tested to resist noise factors and manage potential variation. The long-

term recommendations are proposals for future actions, which include a CMS for the inner 

mirror and investigate BLIS options. If the recommendations are considered, it will increase 

the possibility of creating a robust design, based on the voice of the customer. The result of this 

study highlights the power of the DCOV approach, as it clearly shows that it is possible to 

reduce the warranty costs. If the folding function is excluded, and the CMS software becomes 

easy to update, the warranty costs could be reduced by SEK 5 million.   

 

Keywords: DCOV, Camera Monitoring System, Customer Satisfaction, Robust Design  



 

  



SAMMANFATTNING 
Den svenska biltillverkaren Volvo Cars har länge fokuserat på säkerhetsaspekten i deras bilar. 

De har varit pionjärer inom området sedan de uppfann och implementerade trepunktsbältet. 

Idag har flera nya funktioner tillkommit i syfte att göra bilen säkrare. Det har skett stora 

förändringar sedan trepunktsbältet introducerades. Idag innehåller bilarna mängder av teknik 

vilket medför att de potentiella problemen ökar. Med teknikens framfart har bilens säkerhet 

förbättrats med mjukvarulösningar som parkeringsassistans och varningssystem för döda 

vinkeln. Att ersätta den traditionella hårdvaran med mjukvarulösningar innebär att det har blivit 

viktigare att skapa en robust produkt för att undvika de problem som kan uppstå. DCOV (Define 

– Characterize – Optimize – Verify) har utvecklats för att på ett systematiskt sätt skapa en 

produkt som är okänslig mot variation och samtidigt uppskattad av kunderna.  

 

I skrivande stund utvecklar Volvo Cars ett kamerasystem (CMS), som ska ersätta den 

traditionella ytterbackspegeln med en kamera och en tillhörande display. Syftet med 

examensarbetet är att skapa en robust design för CMS som uppskattas av kunderna. Genom att 

följa DCOV-flödet är förhoppningen att identifiera potentiella risker och störfaktorer för att 

undvika hårdvaru- och mjukvarurelaterade problem. 

  

Resultatet indikerar att det finns problem med den traditionella backspegeln, speciellt med 

funktioner relaterade till parkeringskameran, den automatiska infällningen av backspegeln samt 

vidvinkelkameran. Analysen av kundundersökningar visar att varningssystemet för döda 

vinkeln är uppskattad, medan backspeglarnas storlek är kritisk. Backspegeln måste vara 

tillräckligt stor för att erbjuda en bra sikt bakåt, samtidigt som den ska vara liten nog att inte 

försämra sikten framåt. Ett parameterdiagram, en robustness checklist och en system-

feleffektsanalys (S-FMEA) upprättades för att identifiera störfaktorer, risker samt felorsaker 

och hur dessa kan undvikas. Analysen resulterade i 44 felorsaker där sex av dom var kritiska, 

vilket innebär att de är vanligt förekommande eller påverkar säkerheten. De kritiska 

felorsakerna associerades med områdena Produktion, Displaysystem, Elektromagnetisk 

kompabilitet och CMS-kamera. Tre av fyra områden är mjukvaruområden, vilket tydliggör 

svårigheterna när den traditionella backspegeln ska ersättas med CMS. 

 

Rekommendationerna till Volvo Cars är indelade i två kategorier. De första 

rekommendationerna är en fortsättning av examensarbetet där S-FMEA bör slutföras och 

tillhörande testmetoder för CMS ska bestämmas. Att genomföra dessa rekommendationer 

innebär att CMS kommer testas ordentligt för att hantera eventuell variation. De resterande 

rekommendationerna är förslag för framtida projekt, vilket inkluderar ett CMS för den inre 

backspegeln och alternativa varningssystem för döda vinkeln. Studiens resultat påvisar styrkan 

med DCOV vid produktutveckling och vilka kostnadsbesparingar som kan göras. Att minimera 

storleken på CMS för att undvika infällningsfunktionen kan generera en kostnadsbesparing på 

fem miljoner svenska kronor.  

 

Nyckelord: DCOV, Camera Monitoring System, Kundnöjdhet, Robust Design 

   



  



LIST OF ABBREVIATIONS 
 

Abbreviation Full name Description 

BLIS Blind spot information system 

Software solution that uses cameras and radars to 

identify cars in the blind spot to provide a visible 

warning in the rear-view mirror. 

CMS Camera monitoring system 
An exterior camera together with an interior display that 

will replace the conventional rear-view mirror.  

DCOV 
Define – Characterize – 

Optimize – Verify 
The phases in the DCOV approach. 

DFSS Design for Six Sigma 
A proactive methodology used for problem prevention 

when developing products. 

ECU Electronic control unit 
A system in the car that control one or more electrical 

systems in the vehicle. 

FMEA Failure mode and effect analysis 
A tool that is used to identify risks, failure modes and 

effects. 

HMI Human-machine interaction 
In this thesis, it is the interaction between software 

features in the car and the driver. 

HOQ House of quality 
A tool that is used to show customer requirements, 

engineering metrics and the correlation between them.  

P-diagram Parameter diagram 

A tool that is used to increase the understanding of a 

system by visualizing inputs, outputs, control factors, 

error states and noise factors.  

QFD Quality function deployment 
A method that is used to transform the voice of the 

customer into specific product characteristics. 

S-FMEA 
System failure mode and effect 

analysis 

A tool that is used to identify risks, failure modes and 

effects for a system. 

SPA Scalable product architecture The platform that the analyzed cars is built on. 

VOC Voice of the customer 
Analyzed customer surveys to get an understanding of 

the customer needs and demands.  
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1  INTRODUCTION  
The introduction starts by providing a motivating background to this master’s thesis by 

discussing the importance of differentiation, product development, and customer understanding 

to deliver a product that is appreciated by the customers. The problem is then addressed 

followed by a presentation of the purpose of the thesis. 

 

1.1  BACKGROUND 

Many industries, including the car industry, are facing an increased competitiveness which 

implies that organizations need to develop their products continuously to increase customer 

value and stay competitive (Hallgren & Olhager, 2009; Hoerl & Gardner, 2010; Li, 2013). 

Organizations try to differentiate their products to increase customer value, where lowering 

costs, delivering higher quality or offering unique features are three examples (Tay, 2003; Oh 

& Rhee, 2010). According to Herrmann, Brenner, and Stadler (2018), car manufacturers are 

primarily concentrating on delivering innovative and unique products, which clarifies the 

importance of successful product development projects. The changing business environment 

has become apparent, where Butner and Ho (2019) describe that the automotive industry is a 

prominent industry regarding the adoption of human-machine interaction (HMI). The 

complexity of product development projects has increased due to the HMI, and Whang (2017) 

highlights the importance of ensuring high-quality products to stay competitive. When the 

complexity is high, the cost of rework tends to increase, which according to Love and Sohal 

(2003) is assumed to be twelve percent of the total expenses in an engineering project. Car 

manufacturers should therefore prevent problems during product development projects to avoid 

unnecessary rework and develop high-quality products. 

 

Niebecker, Eager, and Moulton (2010) claim that product development projects at large car 

manufacturers tend to be cross-functional and managed without a clearly defined project goal. 

Furthermore, the authors state that it can lead to internal problems between departments due to 

poor communication and conflicting interests regarding technical aspects. A car consists of 

approximately 30 000 parts (Jetro, 2005), which indicates that every business unit needs to 

cooperate in developing, building, and assembling a car successfully. Except for internal 

problems, car manufacturers also need to collaborate with external stakeholders, such as 

suppliers. Tay (2003) states that supplier outlays represent up to 60 percent of a car 

manufacturer’s costs, which has led to a situation where companies try to establish long-term 

relations over multiple vehicle programs. To prevent problems, methodologies such as Design 

for Six Sigma (DFSS) have evolved (Gutiérrez Gutiérrez, Lloréns‐Montes & Bustinza Sánchez, 

2009).  

 

Six Sigma is considered as a suitable methodology to solve identified problems (Pepper & 

Spedding, 2010). The DFSS methodology was developed to prevent traditional issues related 

to the introduction of a new product (Hahn, Doganaksoy & Hoerl, 2000). In contrast to Six 

Sigma, DFSS is proactive which is why organizations use DFSS when developing new products 

instead of improving released products (Banuelas & Antony, 2004). A key factor to successful 



 

 2 

DFSS projects is teamwork (Lloréns and Molina, 2006; Shamji, 2005). This factor clarifies the 

importance of good communication and collaboration between business to become successful 

(Fouquet, 2007). If a DFSS project is conducted properly, the created product is often 

insensitive to noise (robust design) and generated from the voice of the customer (VOC) 

(Carvalho, Magalhaes, Varela, Sa & Gonçalves, 2016; Fouquet, 2007). The creation of a robust 

design has become important since a car consists of multiple complex systems with features 

such as cameras, sensors, software, and displays.  

 

Within the DFSS methodology, several approaches evolved in the consultancy industry. One 

approach that has gained significant adoption in the automotive industry is the four phases 

Define – Characterize – Optimize – Verify (DCOV). The systematic approach is suitable for 

problem prevention and is useful in product development projects (Awad & Shanshal, 2017; 

Pusporini, Abhary & Luong, 2013; Mehrjerdi, 2013). Structured improvements are essential 

for organizations’ competitiveness (Prasanna & Vinodh, 2013), and as the competitiveness 

among car manufacturers increases, this approach could be used to avoid common problems. 

The inventors in the automotive industry are usually larger organizations, and according to 

Tjahjono et al. (2010), the DCOV approach is often appreciated as it is perceived as a structured 

and user-friendly approach. When new and unexplored features are added to a car, Tidwell and 

Sutterfield (2012) conclude that tools associated with DCOV can be used to prevent the usual 

problems which is important when developing complex products. 

 

1.2 PROBLEM DISCUSSION AND PURPOSE 

As discussed in the previous section, there are problems when developing new products, 

especially in the automotive industry where cars include several technical features. This thesis 

will be a part of a product development project for a camera monitoring system (CMS) at Volvo 

Cars. The product is a virtual rear-view mirror that will replace the conventional exterior rear-

view mirror. The CMS consists of an exterior camera with an interior display that shows the 

rear view and has not been a part of any previous car models. It is crucial to fully understand 

customer needs when developing new products with new features (Domborowski, Richter & 

Krenkel, 2017). Furthermore, Alsted Søndergaard and Harmsen (2007) highlight the 

importance of delivering a product that exceeds customer expectations. One challenge with new 

products is the lack of customer data, which need to be managed (Shamsuzzoha, Kyllönen & 

Helo, 2009). One way of managing this problem is by analyzing customer data from similar 

products, such as the conventional rear-view mirror. These data should be interpreted carefully 

since the customer requirements tend to be inexplicit regarding new products.  

 

Henshall and Campean (2009) state that cars are complex products, and due to the technical 

features, there are numerous interactions among systems that can cause problems. Close 

collaboration with other business units will be essential to avoid problems caused by these 

interactions. The purpose of this master’s thesis is to develop a robust design for the new CMS 

that satisfies the customers. By using the DCOV approach and its associated tools, the aim is 

to prevent problems caused by the technical complexity, misunderstanding of the customer or 

the interactions with other systems. The results from this thesis can serve as a foundation for 
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the supplier selection as potential risks, and critical failure modes will be identified. The 

purpose is decomposed into three milestones which are shown in Table 1.1.  

 

Table 1.1. Description of the milestones generated from the purpose. 

Milestone No. Description 

M.1 

Define 

Identify and understand the VOC and translate it to engineering metrics. An initial 

concept for the CMS, including engineering metrics, will be developed based on the 

House of quality (HOQ).  

M.2 

Characterize 

Conduct a system analysis for the initial concept for the CMS to understand how it 

interacts with other systems. 

M.3 

Optimize 
Optimize the design for robustness and conduct a risk analysis 
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2 CASE STUDY BACKGROUND 
The second chapter contains information about the case study company Volvo Cars and the 

camera monitoring system with its associated features. An explanatory and theoretical section 

about Design for Six Sigma is presented to offer a holistic view of the used methodology and 

approach before entering the methodology chapter. Different approaches are discussed and 

compared with the purpose of decreasing the level of detail in the methodology chapter. 

 

2.1 VOLVO CARS AND CMS 

Volvo Cars’ headquarters is located in Gothenburg, Sweden, but manufacturing occurs on three 

different continents (Volvo Cars, 2018a). Volvo Cars have been a pioneer in the industry 

regarding the safety aspect, which is why the creation of safe cars is their main core value 

(Backman & Börjesson, 2006). Volvo Cars’ vision is that nobody will be seriously injured or 

killed in a new Volvo by the year 2020 (Volvo Cars, 2019b). When the market changes, 

organizations need to focus on multiple areas that may not be considered as their specialty to 

stay competitive. The automotive industry is facing an increasingly competitive intensity, 

where innovation and HMI are significant areas of the fast-paced development (Herrmann et 

al., 2018). As of 2016, Volvo Cars developed a new platform called scalable product 

architecture (SPA). The new platform led to a unique design with modern features on six car 

models built in this platform which are marked with blue boxes in Figure 2.1. The CMS will be 

an optional feature on the new platform SPA2, which is an improvement of the first SPA.  

 

 
Figure 2.1. Cars built on the SPA-platform, marked with blue boxes. Adapted from Volvo 

Cars (2019a). 
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Vehicles today have features such as parking assistance, radar sensors, cameras and collision 

warnings that are standard on many cars.  By 2025, the aim is that half of the sold Volvo Cars 

vehicles will be driven on electrical power and that one-third of the cars will be autonomous 

(Volvo Cars, 2018a). The aim shows the willingness to compete as an exclusive brand with a 

focus on technology as well as safety. A new feature that another car manufacturer launched 

2018 was the CMS with virtual mirrors. The conventional exterior rear-view mirror is replaced 

with an exterior camera and an interior display above the door handle. Figure 2.2 visualizes the 

design of the CMS. Today, the CMS does not include the interior rear-view mirror, but it may 

be an option in future car models. The purpose of the virtual mirror is to simplify the 

adjustments, improve aerodynamics and increase safety, through less blind spots and a smaller 

design. The smaller design of the CMS will improve the aerodynamics, and will, therefore, 

have a positive effect on the environment.   

 

 
Figure 2.2. Picture of a camera monitoring system developed by another car manufacturer. 

 

Engineers from the rear-view mirror team explained that the CMS had requirements that were 

already determined. For example, the CMS will have two cameras, two electronic control units 

(ECU), and one display on each door panel. A few software requirements were also determined 

as the driver should be able to manually adjust and save display settings in a driver profile, and 

the display brightness should be adjustable. In opposite to the manual driver settings, the CMS 

will have automatic features as speed dependent zooming and temperature dependent 

defrosting.  
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2.2 DESIGN FOR SIX SIGMA AS A METHODOLOGY 

Organizations that work with product development have traditionally prioritized other aspects 

than structure and routine since it can inhibit the developers’ creativity (Nilsson-Witell, Antoni 

& Dahlgaard, 2005). Creativity is essential in product development projects, but there are risks 

associated with letting the project proceed randomly. Several concepts have evolved during the 

last decade to create a better structure when developing new products (Ericsson, Gingnell & 

Lilliesköld, 2015). One such concept is the DFSS methodology, which is a systematic way of 

developing products that the customer wants. The aim is to create products that meet customer 

requirements and are insensitive to variation, which is why DFSS is useful for problem 

prevention rather than problem-solving (Gamal Aboelmaged, 2010) 

 

DFSS used to follow the traditional DMAIC approach, but quite fast companies started to 

change the two last phases to design and verify, which completed the sequence Define-

Measure-Analyze-Design-Verify (DMADV) (Watson & DeYong, 2010). Later on, American 

Society for Quality published handbooks for Black Belts and Green Belts within Six Sigma and 

DFSS. Watson & DeYong (2010) describe that the handbooks presented a new sequence of 

Identify-Design-Optimize-Verify (IDOV). The authors state that consultants were driving the 

development of DFSS to differentiate their methodology from others. The effort put into 

differentiation resulted in several approaches, where one is called Define-Characterize-

Optimize-Verify (DCOV) and has gained significant adoption in industrial practices (Gamal 

Aboelmaged, 2010; Kumar, Antony, Madu, Montgomery & Park, 2008). The DCOV approach 

adapted from Volvo Cars (2018b), the DMADV-approach adapted from Kwak and Anbari 

(2006), and the IDOV approach adapted from Banuelas and Antony (2004), are shown as a 

comparison in Table 2.1. 

 

Table 2.1. Comparison between the approaches DCOV, DMADV, and IDOV. 

DCOV 

Define Characterize Optimize Verify 

Define project scope and 

capture customer needs. 

Understand how the 

system works. 

 

Optimize design for 

robustness against noise 

factors. 

 

Confirm and verify 

design robustness. 

DMADV  

Define Measure Analyze Design Verify 

Initiate and plan the 

project. 

 

Capture customer 

needs. 

 

Develop a design 

concept. 

Develop detailed 

design. 

Implement full-

scale processes. 

IDOV 

Identify Design Optimize Verify 

 

Identify customer CTQs. 

 

Design concept and 

analyze process 

capability. 

Optimize tolerances and 

parameters. 

Confirm that pilot 

studies match 

expectations. 

 

According to Ericsson et al. (2015), one reason for companies to use the DCOV approach is to 

secure a quick and customer focused process with high quality. The authors explain that one of 
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the studied companies uses the DCOV approach as a stage-gate model with tollgates between 

each phase. When tools such as failure mode and effect analysis (FMEA) and quality diagrams 

are conducted before continuing to the following phase, it is easier to keep track of the project 

and assure high quality. If using the DCOV approach, each of the four phases can be seen as an 

iterative process, if they are interpreted as tollgates.  
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3 METHODOLOGY 
This chapter explains the conducted literature review followed by a substantive section about 

the execution of the case study, each phase in the DCOV approach is presented separately. The 

purpose of these four sections is to answer questions of why and how the DCOV tools are used 

in this thesis. Lastly, the chapter is summarized with a discussion about the research quality.  

 

3.1 LITERATURE REVIEW 

DFSS is a relatively new and unexplored methodology which has evolved to prevent problems 

in opposite to Six Sigma that is used to solve problems. A comprehensive theoretical framework 

was established to obtain an understanding of the connection between the DFSS methodology 

and the DCOV approach with other concepts. When the project was initiated with a literature 

review, it made it possible to anticipate which tools were suitable for conducting this study and 

which problems that might occur during a DCOV project. By understanding how the customer 

needs are changing and how the products in the automotive industry have progressed as the 

technical complexity has increased, it was easier to reach the aim of this thesis.  

 

Secondary data were collected through scientific articles from different databases to establish 

the theoretical framework. As Table 3.1 shows, there is a lack of research regarding DFSS and 

DCOV. By using multiple databases, it increased the possibility of finding relevant and useful 

articles. The scientific articles were prioritized based on the number of citations since a well-

cited one implicates that different researchers have read and analyzed the article. This increased 

the possibility of finding trustworthy articles. The literature review continued during the project 

as new insights were obtained. By gathering and analyzing articles continuously, the aim was 

to understand each step of the DCOV approach. Table 3.1 shows a selection of the used search 

words and the number of found articles in the study.  

 

Table 3.1. A list of search words with the number of found articles and corresponding date. 

Databases Emerald Insight Scopus Google Scholar 
Date of the 

search 

Search Word Found Found Found  

DFSS 112 593 11 000 2019-02-21 

DCOV 7 29 2 108 2019-02-21 

DMAIC 515 1 128 24 300 2019-02-21 

Product Development 215 382 424 336 5 830 000 2019-03-04 

Human-Machine 

Interaction 
13 981 7 341 188 000 2019-04-01 

Risk Management 111 580 518 035 4 040 000 2019-03-07 

 

3.2  EXECUTION OF THE STUDY 

This master’s thesis followed the DCOV approach, which was suitable as the aim of the thesis 

was to prevent problems related to the CMS. As described in section 2.2, several approaches 

are associated with DFSS, which according to Gamal Aboelmaged (2010) are used in similar 

contexts. The author states that the DCOV approach has gained a significant advantage in 

industrial practices which is a reason why the DCOV approach was used in this study. Volvo 
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Cars have adopted the DFSS methodology in their product development projects, where the 

DCOV approach has become accepted and popular among the employees. The knowledge 

within DFSS and DCOV at Volvo Cars was decisive when the specific approach was selected.  

 

Different tools can be useful during a DCOV project, where the team members often evaluate 

which of these that are suitable. The selection of tools depends on the purpose of the project, 

and Figure 3.1 shows all of the tools that Volvo Cars are using. After a discussion with the 

supervisor at Volvo Cars, the prioritized tools used in this study are marked with blue boxes in 

Figure 3.1. These tools are explained and motivated separately in section 3.2.1 to 3.2.3.  

 

 
Figure 3.1. The workflow of the DCOV approach with associated tools. The tools marked 

with blue boxes are used in this thesis. Adapted from Volvo Cars (2018b). 

  

3.2.1 DEFINE 

The initial phase of a project is often considered as the most important since the scope, purpose, 

and goal of the project is determined (Carvalho et al., 2016). The purpose of the define phase 

was divided into two parts. The first purpose was to identify and understand customer needs for 

a rear-view mirror. Secondly, to analyze quality history data to reduce warranty costs and create 

a robust design. Quality function deployment (QFD), is useful when translating customer needs 

into the engineering metrics (Garver, 2012). The creation of specific engineering metrics is 

important when developing new products. Therefore, tools within QFD were considered to 

develop an initial concept for the CMS.  

 

According to Aghlmand, Lameei, and Small (2010), the first step of QFD is to identify the key 

customer segment that the product intends to target, which is a good starting point together with 

quality history data. The identification was conducted through archive studies, which according 

to David and Sutton (2016) are research based on existing data. Data regarding the target 
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customer were received from a business unit of Volvo Cars that worked with the positioning of 

the upcoming car. When the customer segment was identified, it was easier to realize which 

data to collect to understand the customer needs. Aghlmand et al. (2010) describe that customer 

needs can be collected in different ways, where customer surveys were used in this study. 

Archive studies were also used for quality history data. The two internal portals that were used 

to gather information regarding the customer needs and the quality data are described in Table 

3.2.  

 

Table 3.2. Explanation of the internal portals used for customer data and quality history data. 

Portal Purpose Description 

Early warning system  

(Quality history) 

Understand which 

technical issues that have 

occurred with the rear-

view mirrors and parking 

assistance cameras. 

The early warning system is an internal portal which 

contains of quality history data. The data includes the 

number of warranty repairs and the associated costs. 

The data are collected and compiled by Volvo Cars. 

Categorizing by error codes and car models was 

possible.  

Customer surveys 

Voice of the customer 

(VOC) 

Understand the customer 

requirements regarding 

rear-view vision and 

camera features. 

The VOC was gathered through a quality portal 

which contained customer data from different car 

manufacturers. These were collected and compiled 

by an external organization. The data contained 

open-ended answers according to different 

categories, where “visibility & safety” was used in 

this thesis.  

 

A meeting was held with the supervisor at Volvo Cars to discuss which error codes that should 

be included in the analysis of the early warning system data. Error codes with no connection to 

the rear-view visibility were excluded, which decreased the complexity of the analysis (see 

Appendix A for a description of the search). To understand how the VOC should be interpreted 

and categorized, two quality engineers at Volvo Cars were invited to a meeting which enabled 

a logic analysis of the VOC. The main category “visibility & safety” was used and further 

classified into sub-groups with the purpose of not mixing complaints regarding the rear-view 

mirror and the parking assistance camera. According to David and Sutton (2016), open-ended 

and anonymous answers are favored as they tend to be honest. By analyzing data from the early 

warning system and customer surveys, it increased the possibility of developing a concept for 

the CMS that would not break due to technical issues, and at the same time be appreciated by 

future customers as their previous complaints were considered.  

 

Garver (2012) highlights the importance of understanding the VOC. Otherwise, the project 

could be built on a weak foundation and possibly jeopardize customer satisfaction. A demo car 

including a CMS was tested to avoid misunderstandings from the VOC. The demo car was built 

by Volvo Cars for engineers working with the CMS to enable testing in traffic situations. By 

analyzing customer complaints, followed by a test drive, it was easier to understand the VOC. 

If a customer complained about a specific blind spot or the camera's response to sunlight, it 

might be difficult to understand if it is not experienced. A summary of the customer complaints 

was brought to the test drive, where different situations were tested.  
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When the VOC was interpreted and analyzed, a HOQ was established that could be used to 

create an initial concept for the CMS. According to Adiano and Roth (1994), a HOQ is 

appropriate to translate customer requirements into engineering metrics, where the first step is 

to understand the VOC. One issue with the VOC was the customers’ tendency to state a solution 

to a problem rather than their actual need. Therefore, the VOC needed to be translated into 

clearly defined customer requirements before it could be used in the HOQ. The completed test 

drive was helpful to understand the actual need. Translations from the VOC into requirements 

were done for each sub-group from the customer surveys. The customer requirements were 

given a weight based on the frequency and the importance from a safety aspect. Each customer 

requirement was discussed and compared to each other to determine the importance. The 

customer requirements were placed on the left-hand side of the house, together with the 

corresponding weight, see Figure 3.2. 

 

 
 

Figure 3.2. Conceptual HOQ. Adapted from Shin, Kim and Jeya Chandra (2002). 

 

The customer requirements were then translated into measurable engineering metrics, used to 

create a concept for the CMS. Hauser and Clausing (1988) argue that it is important to have 
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measurable engineering metrics with associated target values to develop a successful product. 

Internal documents called design prerequisites were used to translate customer requirements 

and to set target values. The design prerequisites are developed internally and contain specific 

information about the affected product, such as wanted outcome and technical specifications. 

The purpose of these documents is to define the requirements and performance of a product. 

For example, design prerequisites for the interior displays or the parking assistance camera 

could be used to understand which settings that are considered as optimal, which could be used 

to set target values for the CMS. If the display for the parking assistance camera is considered 

too dark, the default settings for the screen brightness was used to create an engineering metric 

that corresponded to the specific requirement. Other business units were involved in 

understanding which type of engineering metrics that should be used to consider all customer 

requirements. A quality engineer reviewed the HOQ with a focus on the engineering metrics 

before the relationship and correlation matrices were established.   

 

As shown in Figure 3.2, the body of the HOQ consisted of a relationship matrix which showed 

the relationships between the engineering metrics and the customer requirements. Three 

different symbols were used to indicate the strength of the relationship. The matrix in the roof 

described the correlation between the engineering metrics, to determine if the engineering 

metrics supported or counteracted each other. Before the concept for the CMS was created, a 

competitive analysis was conducted and placed at the right-hand side of the HOQ. The analysis 

included an estimation of how Volvo Cars seemed to fulfill the customer requirements 

compared to its competitors. The wanted outcome of the CMS was also estimated to visualize 

a comparison to the conventional rear-view mirrors. The quality portal that was used to analyze 

the VOC also consisted of data from other car manufacturers. By categorizing the answers into 

similar sub-groups, it was possible to compare each car manufacturer. 

 

The engineering metrics with the highest weight were evaluated and presented in a table which 

constituted the initial concept for the CMS. The table included the engineering metric with its 

target value followed by an explanation of the solution. The proposed concept was entirely 

based on the VOC, quality history data and the HOQ. The next step was to consider the UN 

regulations to ensure that the concept was within the legal requirements before continuing with 

the next phase.  

  

3.2.2 CHARACTERIZE  

The purpose of the characterize phase was to identify and understand how the initial concept 

for the CMS interacted with other systems. According to Volvo Cars (2018b), failures in a 

system are caused by interactions, which makes them critical to analyze to improve the initial 

concept. According to Henshall and Campean (2009), interfaces are explained as systems, 

subsystems, or the operating environment that relate to the primary system through material-, 

energy-, or information exchange. The authors state that a boundary diagram is a suitable tool 

for complex systems, such as a car, where interfaces to subsystems are highly important and 

need to be managed. The diagram demonstrates how subsystems are linked to each other, and 

how the primary system interacts with other systems outside the boundary (Fritzsche, 2006). 

An example of a boundary diagram is shown in Figure 3.3. 
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Figure 3.3. A conceptual boundary diagram where the dashed line shows the system 

boundary. It visualizes interactions with the system and indicates which type of exchanges 

that occur. Adapted from Volvo Cars (2018b). 

 

As a first step, a meeting was held with engineers from the rear-view mirror team to discuss 

and identify which information that CMS needed, and which interactions that were necessary 

to develop a product that worked according to the requirements. Except for the engineering 

metrics developed during the define phase, the CMS design prerequisites consisting of a 

description of the requirements and the performance, were used. The requirements were 

primarily based on data from previous rear-view mirrors and knowledge regarding cameras and 

displays. These requirements were presented in the design prerequisites and a Microsoft 

PowerPoint presentation. Together with the legal requirements, it was possible to understand 

which information the CMS needed, and then identify the required interactions. The boundary 

diagram was visualized on a whiteboard to determine if the interaction was a physical 

connection, a material exchange, a data exchange or an energy transfer. 

 

The boundary diagram was then converted to Microsoft PowerPoint to present an 

understandable visualization. The rear-view mirror team had established an electrical 

architecture diagram for the CMS which was compared with the boundary diagram to analyze 

similarities and differences. The found differences were discussed with two members of the 

rear-view mirror team to improve the boundary diagram. By dividing the CMS into subsystems 

and visualize interactions, it contributed to a better understanding of the CMS and to which 

extent it was going to affect or be affected by systems related to other business units. To identify 

affected business units was essential since problems related to interfaces tend to be discovered 
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late in development processes and often appear at organizational boundaries (Volvo Cars, 

2018b).  

 

To increase the level of detail from the boundary diagram, an interface list was established. 

According to Volvo Cars (2018b), the interface list is a suitable tool to analyze interactions 

between systems and identify potential noise factors. The tool is based on the boundary diagram 

and is presented as a table where each row corresponds to an interaction (Volvo Cars, 2018b). 

As a first step, the information from the boundary diagram was transferred into the interface 

list. Table 3.3 shows a conceptual interface list, where the interaction type and interface affected 

was transferred directly from the boundary diagram. A meeting was held to establish the 

interface list and to minimize the risk of forgetting important information. The interface list 

resulted in a user-friendly interaction document, which was intended to further facilitate the 

creation of a parameter diagram (P-diagram) and an FMEA later in this thesis. 

 

Table 3.3. Example of an interface list which is generated from the boundary diagram 

visualized in Figure 3.3 

Interaction 

type 
Importance 

Interface 

affected 
Description 

Function(s) 

(+) 

interactions 

Quality 

History 

Noise factors (-) 

interactions 

Energy 

transfer 
High 

System to 

system A 

System A will 

supply the 

system with 

power 

Needed to 

make the 

system operate 

correctly 

The cable 

connection to 

the system has 

been loose X 

times during 

2018 

Electromagnetic 

noise and 

vibrations 

 

3.2.3 OPTIMIZE  

In the third phase, the purpose was to manage the potential risks that could impair the product 

and consider noise factors to create a robust design. According to Awad and Shansal (2017), a 

robust product has a design that manages variations caused by random variables. The CMS 

needed to be robust since it interacts with both the environment and with other systems in the 

car. There are different tools to use when creating a robust design, where the P-diagram is useful 

to determine the cause of failure and visualize the system (Henshall & Campean, 2009). It was 

a clear connection between the P-diagram and the tools that were used in the characterize phase. 

The noise factors identified in the interface list were used in the P-diagram where the 

information from the boundary diagram were inputs in the P-diagram. A Microsoft Access 

template provided by Volvo Cars was used to establish the P-diagram, with a possibility to 

convert it to a Microsoft Excel file. Figure 3.4 shows a conceptual P-diagram.  
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Figure 3.4. A conceptual P-diagram. Adapted from Henshall and Campean (2009). 

 

The inputs are typically defined as factors that contribute to the desired outcome. These were 

identified in the boundary diagram. The inputs consisted of three different categories, data 

transfer, energy transfer, or physical connection. The noise factors that were identified in the 

interface list was transferred to the P-diagram, together with suggested noises from the used 

template. The possibility of adding noise factors from the template was useful to identify all 

possible noises. Control factors can be controlled by the engineer and should be selected to 

minimize the deviation from the ideal function (Volvo Cars, 2018b). Since control factors are 

parameters set by an engineer, the design prerequisites for the CMS were used to determine the 

control factors. The ideal function outputs are affected by the inputs as they determine how the 

CMS should work. The ideal function output is then described as a list of functions that the 

CMS should be able to do. Solutions from the concept created in the define phase, pre-

determined functions from Volvo Cars, and legal requirements were used in the P-diagram. The 

error states were the opposite of the ideal function output, which could be caused by noise 

factors. If the CMS should display a rear view with no latency due to the legal regulations, one 

error state could be a displayed image with too long latency. 

 

From the P-diagram in Microsoft Access, a robustness checklist was generated and exported to 

Microsoft Excel. In the robustness checklist, all noises and error states were listed, and a matrix 

was created to identify the correlations between the noises and the error states. If the noise 

“ambient temperature” correlated with the error state “deactivated defroster,” the strength of 

the correlation was determined and visualized with an S for strong or a W for weak. Aldridge, 

Taylor, and Dale (1991) state that the robustness checklist is an important tool to create a robust 

design. By establishing a robustness checklist, it increased the level of detail from the P-
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diagram, which according to Henshall and Campean (2009) is a major advantage before the 

FMEA is started.  

 

The third and last tool that was used in the optimize phase was an FMEA for the system (S-

FMEA). The S-FMEA was used because of its effectiveness when trying to prevent that failure 

modes reaching customers (Aldridge et al., 1991; von Ahsen, 2008). The first step of the S-

FMEA was to identify and invite representatives from business units, whose area interacted 

with the CMS, to a brainstorming meeting. A quality engineer together with an engineer from 

the rear-view mirror team established a list of representatives that were of interest for the 

meeting. The purpose of the brainstorming meeting was to identify risks associated with the 

representatives’ area of expertise and responsibility. A short presentation of the CMS was held 

to inform the representatives about the new system, which was followed by a brainstorming 

meeting where the respondents wrote down potential risks in silence on post-it notes. All risks 

were then presented and discussed during the meeting, which made it possible to increase the 

understanding. After the meeting, all notes were collected and transferred to a program called 

XFMEA which is used to conduct FMEAs at Volvo Cars. Jain (2017) states that it is powerful 

to use a tool that the employees understand, which made the XFMEA suitable. The second step 

was to establish the S-FMEA, where separate meetings with each representative were held. The 

risks from the brainstorming meeting were discussed to identify potential failure modes and 

how they should be avoided. One advantage of working cross-functional was that each business 

unit could contribute with their knowledge to make accurate risk evaluations. To ensure that 

the XFMEA software was used correctly, a quality engineer participated in these meetings.  

 

3.2.4 VERIFY  

According to Volvo Cars (2018b), the purpose of the last phase is to verify that the design is 

robust against noise factors. The capability of the manufacturing process should be verified as 

well as standardize operating procedures and establish process control plans. Prashar (2014), 

concludes that cost of poor quality, capability analysis, mean time to failure, and statistical 

process control are tools commonly used in the verify phase. Since the CMS project continued 

when this thesis was completed, the verify phase consisted of recommendations for future 

actions. The actions were divided into recommendations for the CMS and long-term 

recommendations. By conducting the proposed actions, it will serve as a verification of the 

robustness of the design.  

 

3.3  RESEARCH QUALITY 

Saunders et al. (2009) discuss the difficulty to prove a study’s credibility, even though it is 

important for the perception of the study. When discussing the quality of a study, validity and 

reliability are frequently used. The validity of the study refers to the extent that it measures 

what it is intended to measure (Saunders et al., 2009; Yin, 2009), and the reliability is the degree 

to which the study is consistent over time (David & Sutton, 2016). 

 

One action that increased this study’s validity was the usage of triangulation, which means that 

data were collected and analyzed in different ways (David & Sutton, 2016). An example is the 

use of customer surveys and observations to understand customer requirements. By analyzing 
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the VOC and at the same time create a scenario to experience the complaints, it increased the 

understanding of the situation and the meaning of the complaint. Saunders et al. (2009) argue 

that such actions often improve validity since different sources can complement each other. 

When the S-FMEA was established, a similar mindset was used. The involved business units 

were gathered to ensure that all failure modes were considered. At large organizations as Volvo 

Cars, it is important to take advantage of the available resources and knowledge to obtain a 

holistic view.  

 

One concern with the design of this study is to determine if the results were generalizable since 

all secondary data were about conventional mirrors and parking assistance cameras. When the 

conventional mirrors are replaced by the CMS, it is possible that the customers will have 

different requirements, and that the CMS was developed on false premises. The assumption 

made in this study implies that customers have similar requirements and opinions about the 

CMS as for the conventional mirrors. Saunders et al. (2009) argue that it could be difficult to 

generalize the results when conducting a case study since only one industry and one company 

is analyzed. Therefore, data from competitors were analyzed when the HOQ was established to 

complement the internal data. By analyzing competitors, it was possible to evaluate other 

customer requirements and hopefully make the results more generalizable.  

 

It was difficult to ensure the reliability in this study, especially since the CMS was a new 

product and the available data will change over time. If a similar study is conducted in the 

future, there will be available data regarding the CMS which probably are more legitimate. By 

using a systematic approach as DCOV, it should facilitate future researchers to obtain similar 

results as the study followed a pre-determined workflow. If a future study is conducted at Volvo 

Cars, it is beneficial that this study followed the DCOV approach instead of IDOV or DMADV 

since Volvo Cars use the DCOV approach. The used tools in this study are well-known and 

motivated, which should contribute to increased reliability.  
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4 THEORETICAL FRAMEWORK 
This chapter provides a discussion about product development, customer satisfaction and 

human-machine interaction that are important in the automotive industry. To understand how 

a product can be created and released effectively, the chapter contains a section about risk 

management. The main purpose of the chapter is to provide a deeper understanding of the 

correlation between Design for Six Sigma and product development projects.  

  

4.1 PRODUCT DEVELOPMENT IN THE AUTOMOTIVE INDUSTRY 

Product development is defined as information- and knowledge-intensive work that occurs 

between design engineers and manufacturing engineers when using their ability to improve the 

output of a product (Hong, Doll, Nahm & Li, 2004). Because of the availability of information, 

customers can compare organizations and products, which according to Domborowski et al. 

(2017) is one reason for improving product development processes. As a consequence, 

organizations are trying to improve their product development processes continuously to stay 

competitive (Aziz & Arayici, 2018). When organizations try to improve a process where the 

outcome has a direct connection to the customer, a market understanding is needed to deliver a 

product that exceeds customer expectations (Alsted Søndergaard et al., 2007).  

 

In addition to the market understanding, Biemans and Harmens (1995), and Shamsuzzoha et al. 

(2009) argue that product understanding is crucial to develop a superior product. The authors 

state that larger organizations often use a cross-functional team approach to achieve product 

understanding. Shamsuzzoha et al. (2009) discuss the fact that it is impossible to develop a 

successful product if the engineers do not understand the user requirements and potential 

functional issues. The lack of understanding seems to be a reason why product development 

projects fail, which means that product specifications should be clearly defined when the project 

starts (Hong et al., 2004; Lam, Chin & Cheung, 2006).  

 

Organizations in the automotive industry have started to adopt systematic approaches such as 

DCOV, where cross-functional teams play a central role (Ericsson et al., 2015). The DCOV 

approach is used to prevent problems, and Proehl (1996), states that cross-functional teams are 

another way of preventing problems during the early stages of a product development project. 

Figure 4.1 shows that the majority of the failures are created early in the project while they are 

found in the later stages. When the failures are found just before the start of the production, the 

failure costs have started to increase. By using the DCOV approach with a focus on cross-

functional teams, it may be possible to prevent the failures that are created in the early stages 

of a project.  
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Figure 4.1. The relationship between the creation of the failures, the cost of the failures, and 

where the customers find the failures. Adapted from Volvo Cars (2018b).  

 

The combined skills and experiences from the business units within an organization should be 

used during product development projects. Otherwise, it tends to be a common pitfall. Hong et 

al. (2004), argue that lack of shared knowledge and information could lead to undefined project 

goals that are misunderstood by the project members, which is confirmed by Woodcock, 

Mosey, and Wood (2000). Woodcock et al. (2000) add communication barriers to the list of 

pitfalls and clarifies that it leads to quality problems founded during production. Therefore, 

communication between the employees is crucial to understand the product and to avoid 

unnecessary problems.  

 

4.1.1 CUSTOMER SATISFACTION 

Quality is often considered as an important factor for increased customer satisfaction, but for 

complete satisfaction, organizations need to meet all customer requirements (Asher, 1989). 

Customer requirements should be met and preferably exceeded through product development 

to stay competitive (Shen, Tan & Xie, 2000). Borchardt, Souza, Pereira, and Viegas (2018) 

state that the automotive industry has changed over time, which car manufacturers need to adapt 

to. The authors explain that customers in the automotive industry are expecting more than just 

a car, where technical features and after-sales services are two examples. Another example is 

that organizations that used to focus on high volume and low-cost production may be forced to 

adjust its production as the customers require innovative and unique products (Meng, Jiang, He 

& Guo, 2015). When the customer requirements are changing, the level of customer satisfaction 

can be challenging to measure, which is why Gupta and Shri (2018) propose that the 

organization's growth could be seen as an indicator.  

 

When a customer buys a car, there are many aspects to consider, which is why car 

manufacturers need to offer a product that is perceived as superior compared to the competitors 

(Oliver & Delbridge, 1991). Borchardt et al. (2018) conclude that customers in the automotive 

industry that not suffered from quality issues are more satisfied. Less technical failures, 
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therefore, lead to satisfied customers. Some might argue that it is obvious that a high level of 

problems leads to a low level of satisfaction, which is why Ginn, Jones, Rahnejat, and Zairi 

(1998) highlight the importance of using the VOC in product development projects.  

 

Customer focus plays a central role in quality management (Found & Harrison, 2012), and QFD 

is often used to translate customer needs into specific product characteristics (Garver, 2012). 

The correlation between customer satisfaction and product characteristics are sometimes 

visualized through the Kano model. According to Gupta and Shri (2018), the Kano model is a 

two-dimensional non-linear model which shows the relationship between the degree of 

customer satisfaction and functionality. A conceptual Kano model is shown in Figure 4.2 where 

the excitement attributes, the performance attributes, and threshold attributes are visualized. 

The requirements that correspond to the green curve is called excitement attributes and are 

usually not expressed by the customers. A product feature that meets these requirements tend 

to lead to a higher level of satisfaction, especially since it is something that the customers do 

not expect. The threshold attributes are considered as must-be requirements. These are often 

not expressed by the customers but are considered as obvious features.  

 

 

 
Figure 4.2. A conceptual Kano model. Adapted from Gupta and Shri (2018). 

 

The Kano model can be used to categorize and prioritize the customer requirements (Gupta & 

Shri, 2018), which is useful in the automotive industry where the customer demands are 

changing fast (Rooks, 1997; Shen et al., 2000). Berman and Kesterton-Townes (2012) explain 

that customers request personalized content where the providers must go beyond the digital 
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experience to fulfill customer needs. The changed request has led to a situation where human-

machine interface solutions have increased, especially regarding complex systems and products 

(Kochan, 2004). 

 

4.2 HUMAN-MACHINE INTERACTION 

Digitalization has transformed several industries, including the automotive industry, where 

humans interact with and benefit from technology (Butner & Ho, 2019). The interaction 

between humans and technology is called human-machine interaction (HMI). Herrmann et al. 

(2018) explain that HMI in the automotive industry is used to provide the driver with necessary 

and important information from the car. The authors describe HMI as information that are sent 

between the driver and the car.  

 

The automotive industry is affected by the HMI in many ways, where Herrmann et al. (2018) 

discuss the importance of not forgetting the safety aspect when developing new features based 

on HMI. The authors describe that monitoring features such as sensors and cameras are two 

examples of HMI, where parking assistance and lane assistance are two outcomes that can 

improve safety. Except for the positive outcomes, some challenges need to be managed. 

Flannagan and Mefford (2005) discuss the differences in the magnification factor between a 

CMS and a conventional mirror. If the CMS has a smaller magnification factor than the 

conventional mirror, drivers tend to have a more accurate distance judgment with the CMS. 

The magnification factor for the conventional mirror could be adjusted by adding a convexity 

or concavity to the mirror, which according to Higashiyama, Yokoyama, and Shimono (2001), 

will be different from CMS.  

 

Butner and Ho (2019) explain that car manufacturers are early adopters and leaders of HMI, 

which may imply that the progress will continue over time. The development of CMS is one of 

the latest HMI solutions in the automotive industry, where Schmidt et al. (2016) state that CMS 

offers advantages over the conventional mirror in multiple aspects. Conventional mirrors tend 

to create a blind spot due to the size and have limitations in rear-view visibility, which can be 

improved with a camera (Cortes, 1998). There seems to be a possibility of improving the safety 

and the functionality with HMI, as well as increased customer satisfaction. Similar to 

organizations, customers adapt to technology in different ways, which implies that the complex 

systems inside a car need to be flexible and capable of responding to unpredicted events to be 

useful. One major challenge with camera systems is that traffic signals, headlights, and other 

warning signals are designed for the human vision (Zhao, Liang & Chen, 2018), which can 

cause safety problems when replacing the conventional mirror with a camera and a display. 

Schmidt et al. (2016) add the differences in speed perception between a camera and the 

conventional mirror as a potential problem. Except for the technical difficulties, there are 

factors associated with the driver that needs to be evaluated. If a product is replaced or 

drastically changed, the psychological aspect is affected when the driver loses trust in the 

product (Zhao et al. 2018). These advantages should be evaluated through proper risk 

management, which is important when the market changes at a rapid pace (Dzindolet, Beck & 

Pierce, 2006).  
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4.3 RISK MANAGEMENT 

Domborowski et al. (2017) argue that the increased importance of customer satisfaction is one 

reason for developing new products. According to Stamatis (2003) and Gary Teng, Ho, Shumar, 

and Liu (2006), organizations work in different ways to avoid customer dissatisfaction. The 

authors conclude that risk management is used to prevent customers from feeling dissatisfied 

and fooled when purchasing and consuming a product. According to Cervone (2006), a risk is 

defined as a problem that has not happened – yet. The author concludes that risks are frequently 

connected to engineering industries, such as construction or mechanical engineering. Keil, 

Cule, Lyytinen, and Schmidt (1998) discuss that common risk factors often are similar, 

regardless of the industry. The authors list misunderstanding of customer requirements, 

conflicts between departments, and poor communication as a few risk factors. 

 

In the automotive industry, it is important to develop a product that is insensitive to noise, or 

variations in external conditions, which is the definition of a robust design (Antony, 2002). 

Lanzotti and Vanacore (2007) state that noise factor management is crucial in a product 

development project when developing a robust product, especially since a car should work in 

different conditions and environments, independent of external factors such as the temperature 

and humidity. Today, a car consists of both hardware and software systems, and when 

developing new products based on HMI, risk management has become the primary source of 

gaining competitive advantage (Elahi, 2013). One concern for car manufacturers is the 

increased dependency of suppliers. The increased technical complexity has led to a situation 

where car manufacturers need to focus on their core business, and therefore, need to rely on 

their suppliers (De Boer, Labro & Morlacchi, 2001). Micheli, Cagno, and Zorzini (2008) 

conclude that when suppliers get involved, there are more risks and uncertainties to manage. 

Therefore, organizations in the automotive industry have realized the importance of an effective 

relationship with suppliers, which is why different tools and methodologies have evolved 

(Tidwell & Sutterfield, 2012). 

 

According to Aldridge et al. (1991) and von Ahsen (2008), FMEA is one of the most popular 

tools within organizations’ risk management and is used to prevent failures from reaching 

customers. FMEA is a before-the-event action, instead of a reactive tool for problem-solving 

(Webber, 1990). Dale and Shaw (1990) conclude that different types of FMEAs have been a 

part of the automotive industry for a long time and that it is useful when developing the 

products. The FMEA is often used to address all interfaces and interactions among systems, 

subsystems, the environment, and the customers (von Ahsen, 2008). Therefore, the FMEA 

could be useful to create an understanding of complex technical products, and maybe create 

product specifications to evaluate suppliers. According to Blackhurst, Scheibe, and Johnson 

(2008), some organizations use different matrices created to minimize risks associated with 

supplier selection, while other organizations use advanced frameworks. Gary Teng et al. (2006) 

state that FMEA is one way to evaluate suppliers and at the same time assuring high quality. If 

an organization has established an FMEA, it can be used for comparisons with suppliers, which 

can be seen as an advantage since their own FMEA is based on their requirements.   
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5 ANALYSIS AND RESULTS 
The fifth chapter summarizes the analysis and results from each phase in separate sections. All 

four sections begin with a summary of phase-specific results before the details are presented in 

the following sub-sections. 

 

5.1 DEFINE PHASE – SUMMARY 

The conducted archive studies consisted of data from the early warning system portal and 

customer surveys. When analyzing the quality history data, twelve categories were identified 

as critical as they caused warranty repairs related to rear-view visibility. The number of repairs 

was plotted and compared with the total cost. It appeared that the power unit connected to the 

mirror folding and mirror adjustment caused the most errors and was also the most expensive 

error. The quality data highlighted the importance of having software that is easy to update, as 

a failed software update tend to result in more expensive hardware replace. The analysis of the 

customer surveys resulted in ten categories that were used to determine the customer 

requirements for the HOQ. The mirror size was critical as a small mirror provides an insufficient 

rear view, while a large mirror impairs the forward visibility. The customer requirements were 

translated into engineering metrics with specific target values which formed the initial concept 

for the CMS. The concept included metrics for the camera housing size, display size, field of 

view and camera frame rate.  

 

5.1.1 QUALITY HISTORY DATA FOR REAR-VIEW VISION 

The primary task was to understand the technical aspect of the conventional rear-view mirror 

to avoid similar problems with the CMS. The early warning system portal consisted of 

information about repairs conducted within the warranty period and was used to determine 

which factors that can cause problems. Data were sorted on error codes and part names to 

exclude the repairs that did not have a connection to the rear-view visibility. Twelve categories 

were frequent in the early warning system data which are shown in Table 5.1. The blind spot 

information system (BLIS) was included in the search since it was a part of the conventional 

mirror and will be a part of the CMS if it is placed in the display.  
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Table 5.1. Explanation of the categories used in the early warning system. 

Category Description 

BLIS ASDM software 

Active safety domain master is the computer responsible for active 

safety. The category is used when the active safety domain master 

software is updated due to BLIS problems. 

BLIS door mirror replace The rear-view mirror is replaced due to BLIS problems 

BLIS SOD replace 

Side obstacle detection is the sensors that collect information about 

other vehicles in the blind spot. This category is used when the sensors 

are replaced due to BLIS. 

BLIS SOD software 
The software connected to the side obstacle detection is updated due to 

BLIS. 

Defrost door mirror replace The rear-view mirror is replaced because of a broken defroster. 

Power door mirror replace 
This category is used when the rear-view mirror is replaced due to 

problems with folding or mirror adjustment. 

PAC ASDM software 
The active safety domain master software is updated because of 

problems connected to the parking assistance camera.  

PAC WAM software 

Wide angle vision module is the computer responsible for the wide 

vision. The category is used when the software is updated due to the 

parking assistance camera. 

PAC WAM replace 
The wide-angle vision module is replaced due to parking assistance 

camera problems. 

PAC door mirror replace 
The category is used when the parking assistance camera fails, and the 

rear-view mirror needs to be replaced. 

PAC PAM software 

Parking assistance module is the computer responsible for the parking 

assistance camera. When the software is updated due to parking 

assistance camera, this category is used. 

PAC software 
The category is used when the software connected to the parking 

assistance camera is updated. 

 

According to Borchardt et al. (2019), the number of repairs may be equal to the number of 

dissatisfied customers. Therefore, the number of repairs were analyzed to determine which 

categories that caused the most problems with the conventional mirror to avoid customer 

complaints with the CMS. Figure 5.1 shows a total of 3 740 warranty repairs, distributed in 

twelve categories. The category “power door mirror replace” is the most frequent with a total 

of 1 894 warranty repairs. Two error types are included in this category, which could be a reason 

for a large number of repairs. When there are problems with the mirror folding or the mirror 

adjustment, they are both categorized as “power door mirror replace”. It has been a discussion 

between business units at Volvo Cars if the folding function on the CMS should be included in 

the concept. The result indicates that the folding function should be excluded to reduce warranty 

repairs and warranty costs. It will probably be possible since the camera will be smaller than 

the conventional rear-view mirror and the folding function might lose its purpose. If the camera 

housing is small enough, the folding function will be unnecessary. Also, when the camera 

replaces the conventional rear-view mirror, there will not be a conventional mirror to adjust. If 

this situation aligns with Figure 4.1 described in section 4.1, the warranty costs could be 

drastically reduced if the errors are found before the start of the production.  
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Figure 5.1. The number of repairs within the warranty period divided into the early warning 

system categories.  

 

The total warranty costs for the twelve categories were analyzed to conclude if the number of 

repairs correlates with the total warranty costs. Figure 5.2 shows similar patterns as Figure 5.1, 

where “power door mirror replace” and “PAC WAM replace” together represent 78% of the 

total costs. The data indicated that the “PAC WAM software” often is conducted as a first step, 

which is followed by a replace if the error still exists. The “PAC WAM replace” could be 

divided into two smaller groups to distinguish which hardware replaces that are conducted after 

a software update. When the results are categorized in this way, software related errors may be 

included in the category “PAC WAM replace” as it is the final action in the repair shop.  
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Figure 5.2. Total warranty costs divided into the early warning system categories. 

 

The results from the early warning system indicate that the folding function should be excluded 

due to the number of warranty repairs and the associated costs. By decreasing the number of 

repairs, the warranty cost could be decreased by SEK 5M. A comparison between the “PAC 

WAM software” with “PAC WAM replace” shows similar patterns for the number of errors, 

while Figure 5.2 shows that “PAC WAM replace” is more expensive. Hardware related 

problems seem to be more expensive than software related problems, and since the hardware 

tend to be replaced if a software problem is not solved, it is crucial to develop an easy to update 

software for the CMS. The results presented in Figure 5.1 and Figure 5.2, represents a product 

understanding which according to Shamsuzzoha et al. (2009) is important when developing a 

new product and making decisions about product characteristics. 

 

5.1.2 UNDERSTANDING THE CUSTOMER REQUIREMENTS FOR CMS 

Customer surveys connected to the conventional rear-view mirror were analyzed to increase 

the possibility of developing a superior product. Meng et al. (2015) highlight the importance of 

understanding customer data to develop a product that preferably exceeds customer 

requirements. The surveys contained different categories, which made it possible to select and 

sort data. Answers from the category “visibility and safety” associated with the car model year 

2016 to 2019 were analyzed. Car models from Volkswagen, Audi, and Porsche were included 

to understand the market and if there were any differences between car manufacturers. Alsted 

Søndergaard (2007) highlights the importance of a market understanding in product 

development projects, where a competitor analysis is one way of achieving that. The open-

ended answers from the customer surveys were summarized into ten categories that are shown 

in Table 5.2.  
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Table 5.2. Explanation of categories for the VOC. 

Category Explanation 

BLIS + 
Positive comments about BLIS. The system works well and is necessary for good 

visibility and safety. 

BLIS – BLIS does not work well nor as expected.  

Overall vision + The overall vision is good without any specific complaints or positive comments. 

Overall vision – The overall vision is bad, without any specific complaints. 

Headrest – The backseat headrest creates a blind spot that obstructs the rear-view vision. 

Mirror size + 
The mirror size is appreciated as it provides a good rear view and does not obstruct 

forward visibility. 

Mirror size – 
The mirror size is not appreciated since it is too small to provide a good rear view or 

obstructs the forward visibility due to its size.  

Mirror weather + 
A good rear-view visibility in all weather conditions. Both cameras and mirrors are 

working well when raining/snowing or when it is sunny/foggy. 

Mirror weather – 
Cameras and mirrors are affected too much by the weather. Bad visibility due to 

rain/snow or sun/fog.  

BLIS audio The customer wants an optional audio function to complement the BLIS light. 

 

The categories are visualized and compared in Figure 5.3 to understand the differences between 

car manufacturers. Due to confidentiality, the car models are excluded, but Figure 5.3 shows 

that BLIS is an appreciated feature while the mirror size seems to be problematic. The frequency 

of the category “mirror size –“ shows the importance of analyzing competitors. It seems to be 

a bigger problem for the competitors which means that it could have been forgotten or not seen 

as a problem if the competitors were not analyzed.  

 

There are complaints regarding both the number of blind spots and the size of the blind spots. 

The increased amount of electronics in the car could be a possible reason as the rear-view 

mirrors, and the B-pillars are larger than before. It may also be the reason for the positive 

attitude to BLIS. With good visibility, the BLIS would not be as necessary as it is today. One 

problem with the conventional rear-view mirror that will be solved with the CMS is the 

contradictory between a larger mirror size and the blind spot created behind the mirror. A large 

mirror is appreciated since it provides better visibility than a small mirror. On the other hand, 

it creates a larger blind spot. With the CMS, it is possible to minimize the camera housing and 

maximize the display size. 
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Figure 5.3. Comparison between the VOC categories and car manufacturers. 

 

As Table 5.2 shows, the category “mirror size – “ is a complaint regarding the mirror size. The 

category includes a mirror that is too small which deteriorates rear-view visibility and a mirror 

that is too big which creates a blind spot. The new camera housing for the CMS is going to be 

considerably smaller than the conventional rear-view mirror, which will improve the forward 

visibility. When developing the CMS, the camera placement and the screen size will be crucial 

to provide a rear view that is perceived as better than the conventional rear-view mirrors. Ginn 

et al. (1998) argue that it is vital to develop a product that is based on the VOC, which makes 

it important to improve the rear-view vision and at the same time minimize the mirror size. The 

results from the VOC can be considered as the performance attributes from the Kano model 

explained in Figure 4.2 since the attributes are expressed.  

 

There are legal requirements for both the field of view and the magnification factor, which must 

be considered when determining the display size. The conventional rear-view mirror size can 

be calculated by using the legal requirements for the field of view, shown in Figure 5.4. By 

calculating a minimum size for the conventional rear-view mirror, the dimensions were used as 

a starting point for the CMS when establishing the HOQ.  
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Figure 5.4. Legal requirements for the field of view. Adapted from the United Nations (2014). 

 

The first step when establishing the HOQ was to identify the customer complaints from each 

category in Table 5.2 and translate them into customer requirements, where the translations are 

presented in Appendix B. When the customer requirements were determined, a 

weight/importance was calculated based on two factors, frequency, and safety. The frequency 

of the complaint was evaluated where a high value indicated a shared opinion by many 

customers. The safety aspect was considered in a similar way, where a high number indicated 

the importance from a safety aspect. The weight/importance was then calculated according to 

Equation (1), where (F) is frequency and (S) is safety. The calculation made is possible to 

compare the requirements as the frequency, and the safety was considered equally important.  

 
 

𝑊𝑒𝑖𝑔ℎ𝑡/𝑖𝑚𝑝𝑜𝑟𝑡𝑎𝑛𝑐𝑒 =  
𝐹 × 𝑆

10
 (1) 

 

The calculations resulted in the left-hand side of the HOQ which is shown in Figure 5.5. The 

customer requirements were then used to create measurable engineering metrics, supposed to 

contribute to a better product.  
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Figure 5.5. The established HOQ for the CMS, competitor analysis excluded.  

 

A target value was set to the engineering metrics, which is shown in Figure 5.5 and magnified 

in Figure 5.6. The height and the width for the camera housing size are not determined as it is 

the design engineers’ responsibility. These dimensions should also be calculated based on 

aerodynamics. The target values were determined in different ways. The legal requirements for 

the field of view were evaluated when choosing a target value for the display size. One thing to 

remember is that the field of view can be changed easily by moving the head when using 

conventional mirrors. The driver cannot change the field of view by head movements when 

using a CMS, which must be considered when setting a target value. The result from Zobel 

(1998), was used to understand how the audible BLIS could work, as the study clarifies how 

the warning tone selection in cars should be set. There were issues regarding what to focus on 
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when determining the target value for the camera frame rate and the display placement. If the 

display is placed in the periphery, it will require a higher frame rate to avoid flicker. The 

flickering issue was experienced during the test drive and increased the understanding of the 

user requirements, which according to Shamsuzzoha et al. (2009) are important to develop a 

successful product. Therefore, all aspects associated with the frame rate, display placement, 

cost reduction, and customer satisfaction were considered together when the target values were 

set.  

 

The analysis of the VOC clarified that the customers have different opinions regarding specific 

features. Some customers wanted a wider rear-view vision, while other customers were satisfied 

with the current vision. The variation in customer requirements shows the importance of 

personalization, which according to Berman and Kesterton-Townes (2012) are necessary to 

fulfill customer needs. The CMS will increase the personalization of the rear-view mirrors since 

it will be possible to make display changes depending on speed or propulsion status. Such 

personalized settings could be interpreted as excitement attributes if the customers do not expect 

a high level of personalization. The level of personalization needs to be evaluated against user 

experience and HMI, to avoid irritations and confusions due to a large number of settings. 
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Figure 5.6. Target values and weights for each engineering metric. 

 

The weight/importance for the engineering metrics were considered when the initial concept 

for the CMS was created. The engineering metrics and the weight/importance are included in 

Figure 5.6. To calculate the weight, the number that corresponds to the symbol in the 

relationship matrix in the HOQ was multiplied with the relative weight for each customer 

requirement. These calculations were then summarized into a total weight for each engineering 

metric shown in Figure 5.6. The results indicate that the field of view, the camera housing size, 

and the display size were the most important. These three engineering metrics have a clear 
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connection to the visibility, which may be a reason why the customers emphasized these 

metrics. There is a possibility that the customers might change their opinions when they have 

experienced the CMS. The lack of experience may be a reason for the low level of importance 

associated with the display brightness, as the current displays are not used in a similar way 

when driving. The HOQ includes a competitor analysis which is presented in Appendix C.  

 

5.1.3 INITIAL CONCEPT CREATION 

The initial concept is generated from quality history data and customer surveys, presented in 

previous sections. Table 5.3 shows the engineering metrics that were used to create the initial 

concept, followed by short descriptions of the corresponding solutions. These were the metrics 

with the highest weight/importance in Figure 5.6, where a relative weight equal to or higher 

than four was considered important enough to be included in the concept. By choosing four as 

the critical number, a proper amount of metrics was included. Since the VOC served as a basis 

for the initial concept, the customer requirements should be met, which according to Shen et al. 

(2000) is the key factor to stay competitive. Except for the VOC, the design prerequisites for 

the CMS and the legal requirements were considered when the solutions were developed, see 

Appendix D for examples of design prerequisites and legal requirements. 

 

Table 5.3. Engineering metrics translated into specific solutions for the initial concept. 

Engineering Metric Solution 

Camera housing size 
The camera house should have measurements optimized to minimize the blind spot 

behind the rear-view mirror. To be determined by design engineers.  

Display size 
The display size should be 7” to provide a good rear view with a field of view that 

meets the legal requirements, see UN regulation No. 46.  

Field of view in the 

display 

The field of view should be at least 45 degrees on the driver side and 20 degrees on 

the passenger side to fulfill the legal requirements in UN reg. 46.  

Camera frame rate 

The camera frame rate should be at least 60 fps per second which should be 

enough to manage different ambient lights. See the design prerequisites for the 

CMS 

Glaring function 
The function should be restricted to +/- 10% of the outside brightness, due to legal 

requirements (UN regulation No. 46.). 

Time to heat the 

camera lens 

At cold starts, heating should be activated in 4 minutes followed by off in 2 

minutes for three cycles. Otherwise on in 30s followed by off in 30s, see the design 

prerequisites for the CMS.  

Washer fluid pressure 
Should be similar to the windshield pressure at 30 psi. The setting could be 

changed depending on the sensitivity of the camera lens. 

Camera housing 

extrusion 

Camera housing should be extruded 15 mm from the camera lens with a cover 

glass. It should protect the camera lens from dust and still provide a rear view 

within the legal requirements in UN regulation No. 46. 

BLIS warning in the 

display 

BLIS indicator should be placed in the top rear corner of the CMS display. The 

customer surveys indicated that a BLIS light should be placed in the mirror instead 

of the door panel.  

 

When determining which features to include and which to exclude, other aspects than the 

weight/importance was considered. Features such as vibrational BLIS could be associated with 

the lane keeping assistance, and therefore confuse the driver. The CMS is already a substantial 

modification to the rear-view visibility, and by adding extra features may lead to a situation 
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where the driver loses trust in the vehicle. Zhen et al. (2018) discussed the psychological aspect 

when developing a new product and that radical changes can confuse the customer. 

 

The customer focus is often considered as the most important aspect, but when developing a 

new product, it is impossible to ignore other external aspects (Found & Harrison, 2012). One 

difficulty was to determine if the BLIS should be placed in the mirror display or as a separate 

light indicator in the door panel. It was evident that the customers preferably have the BLIS in 

the mirror instead of the door panel. Regarding the CMS, if it loses power, the BLIS will be 

turned off if it is placed in the display. Such occurrences are crucial to analyze before choosing 

a final concept.  

 

When the display size was determined, the magnification factor was analyzed. Flannagen and 

Mefford (2005) discuss the differences in magnification factor between a CMS and a 

conventional mirror. The camera frame rate and the display size were set to a target value that 

does not change the speed and distance perception drastically. The initial concept also consisted 

of requirements that were pre-determined by Volvo Cars as well as legal requirements. 

Appendix D shows examples of both legal requirements and pre-determined requirements. The 

pre-determined requirements correspond to the threshold attributes in the Kano model as the 

experience from Volvo Cars development of conventional mirrors were used. For a further 

understanding of these requirements see Volvo Cars (2019c), UN Regulation No. 46 (United 

Nations, 2014) and ISO 16505 (International Organization for Standardization, 2015).  

 

5.2 CHARACTERIZE PHASE – SUMMARY  

The initial concept from the define phase was used to conduct a system analysis consisting of 

a boundary diagram and an interface list. The boundary diagram visualized that the camera, 

display, and ECU belonged to the CMS boundary, while it interacted with seven other systems 

through a physical connection, data exchange or energy transfer. These interactions were the 

exterior environment, the interior environment, the interior and exterior door panel, the parking 

assistance camera, the door control unit and the low power controller. The boundary diagram 

was decomposed into an interface list where noise factors to all interactions were identified. 

Electromagnetism and software updates were common, while noises related to the environment 

such as temperature, dust, and water were analyzed to create a superior product.  

 

5.2.1 VISUALIZATION OF THE SYSTEM BOUNDARY 

When the initial concept was created, a fundamental understanding of the CMS was obtained. 

The concept together with the design prerequisites for the CMS clarified that the CMS would 

have to interact with other systems to work correctly. The CMS will interact with the exterior 

and interior environment since the camera housing is placed outside the car while the display 

will be placed inside the car. Figure 5.7 shows the boundary diagram, where the colored arrows 

represent the type of interaction. The numbers in the boundary diagram are used as a 

simplification as every interaction could be found easily in the interface list, see Table 5.4.   



 

 36 

 
Figure 5.7. A boundary diagram that visualizes the CMS and the interactions with other 

systems. 

 

The interactions associated with the driver and the battery were included in the boundary 

diagram, even if the interactions do not have a direct linkage to the CMS. The purpose of 

including these interactions was to provide a deeper understanding of the entire CMS by 

visualizing them in the boundary diagram. Interaction number four, five, six, seven and eight 

were included to analyze the environments’ impact on the CMS. Interaction two and three are 

the energy transfer, where electrical power is provided by the battery through the door control 

unit. The major interaction in the boundary diagram is between the low power controller and 

the ECU. Information from all over the car is sent to the low power controller and then to the 

ECU through a controller area network, which is a network for data communication. As Figure 

5.7 shows, numerous systems interact with the CMS which implies that several business units 

were affected. By visualizing the boundary for the CMS, it will be easier to determine the 

business units’ responsibility which aligns with Hong et al. (2004) conclusions that a project 

needs to be clearly defined to avoid such misunderstandings. The boundary diagram could also 

serve as a basis for the collaboration between business units as they all understand the 

interfaces.  

 

Biemans and Harmens (1995), and Shamsuzzoha et al. (2009) describe the importance of a 

product understanding when developing a new product. When the conventional rear-view 

mirrors are replaced with software-oriented solutions as the CMS, the collaboration between 

business units becomes even more important. Before the boundary diagram was established, 

two assumptions were made. The first implied that the driver should be able to change the CMS 

settings directly on the display. The second assumption implied that signals should be sent to 

the ECU from different sources instead of just one. Figure 5.7 shows that the driver changes 

the CMS settings in the center stack display and that all signals are sent from the low power 
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controller. By using the cross-functional approach, it was possible to understand the CMS and 

possibly avoid the common problems and pitfalls such as a lack of product understanding 

discussed by Hong et al. (2004).  

 

5.2.2 CMS INTERFACES 

When the interactions were identified in the boundary diagram, an interface list was established 

to obtain a deeper understanding of each interaction. Each row in the interface list represents 

an interaction, see Table 5.4. The purpose of the interface list is to increase the level of detail 

from the boundary diagram. By presenting all interfaces in a table, it was possible to sort quality 

history and potential noise factors related to specific interactions. When the interface list was 

established, it was easier to create the P-diagram which is the foundation for a robust design. 

The columns named “interaction type” and “interface affected” are information from the 

boundary diagram, while the other consist of new information. Ten out of 13 interfaces were 

considered as required since they are necessary for the CMS to work according to the 

requirements. For example, the system needs a power supply from the door control unit and 

information from the low power controller to work properly. If there is a problem with the 

required interfaces, an error state occurs. Interior environment, exterior environment, and 

parking assistance camera were considered medium important since they were not required for 

the CMS to work. However, these interfaces still needed to be considered since they could 

affect the CMS. 
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Table 5.4. The interface list for the CMS. 

No. 
Interaction 

type 

Importanc

e 

Interface 

affected 
Description 

Function(s)  

(+) interactions 
Quality history 

Noise factors*  

(-) interactions 

1 
Data 

exchange 
Required 

Low power 

controller to 

ECU 

The ECU will 

receive (and 
send) electronic 

signals 

Control the CMS to make it 
operate in the desired way 

Analyze quality history 

for CEM, VIU, VCU, 

IHU, etc. 

Electromagnetic 

noise 
Software updates 

Power loss 

2 
Energy 

transfer 
Required 

Door control 

unit to the 
camera 

Power supply to 

the camera 

defroster and 

turning signal 

Electrical power   

Power loss 

Electromagnetic 
noise 

3 
Energy 

transfer 
Required 

Door control 

unit to ECU 

Power supply to 

the ECU 
Electrical power   

Power loss 
Electromagnetic 

noise 

4 
Physical 

connection 
Required 

Door interior 

to display 

The CMS 

display will be 

located in the 

door panel 

Mounted in the door panel 

to provide a similar 
placement as the 

conventional rear-view 

mirror 

Analyze mounting 

arrangement for other 
displays, such as CSD 

or displays in the 

headrests 

Customer slamming 

the door, display 

errors 
A high audio volume 

could cause 

vibrations to the 

display 

5 
Physical 

connection 
Required 

Door exterior 

to camera and 
camera 

housing 

The camera 

housing will be 
mounted to the 

door body 

The camera will be placed 
in the same location as the 

conventional rear-view 

mirror to meet the legal 

requirements for the field 

of view, and protect the 
camera from dust 

  

Collisions with the 

camera housing 

Noise, vibrations 

and harshness 

Aging of materials 

6 
Physical 

connection 
Medium 

Interior 
environment 

to display  

The display is 

exposed to the 

interior 

environment 

  

Analyze how other 

displays have been 

affected by the interior 

environment 

Compartment 

temperature 

Humidity 

Dust 

7 
Physical 

connection 
Medium 

Exterior 

environment 
to camera and 

camera 

housing 

The camera is 

exposed to the 

exterior 

environment  

  

Analyze how parking 

assistance cameras and 
mirror housings have 

been affected by the 

exterior environment 

Stone chips 

Ambient 

temperature 

Noise, vibrations 

and harshness 
Dust 

8 
Physical 

connection 
Medium 

Parking 

assistance 

camera to the 

camera 
housing 

The parking 

assistance 

camera will be 

mounted in the 
camera housing 

  

Analyze if it has been 

issues with the 

mounting arrangement 

of the parking 
assistance camera 

Noise, vibrations 

and harshness 

9 
Energy 
transfer 

Required 
ECU to 
Camera  

The ECU will 

supply power to 

the camera 

Electrical power   

Power loss 

Electromagnetic 

noise 

10 
Data 

exchange 
Required 

ECU to 

Camera 

The camera 
image will be 

sent to the ECU 

Process the image in the 

desired way  

Analyze latency for 
parking assistance 

cameras 
Electromagnetic 
noise 

Software updates 

Power loss 

The ECU will 

send signals to 
the camera 

defroster 

The defroster logic will 

compute when to 

activate/deactivate the 
defroster to provide a rear-

view without obstructions 

on the camera glass 

  

11 
Energy 

transfer 
Required 

ECU to 

display 

The ECU will 

supply power to 
the display 

Electrical power   

Power loss 

Electromagnetic 
noise 

12 
Data 

exchange 
Required 

ECU to 

display 

The ECU will 

send a processed 

image to the 

display 

Process the image to show 
the desired panning and 

zooming on the display 

  

Electromagnetic 

noise 

Software updates 

Power loss 

13 
Physical 

connection 
Required 

ECU to 

display 

The ECU will 

be placed on the 

back of the 

display 

Space efficient and fewer 

parts to mount for 
manufacturing 

 

Customer slamming 

the door, ECU errors 

A high audio volume 

could cause 

vibrations to the 
ECU 

The heat from ECU 

affecting the display 

and vice versa 
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The column named “function (+) interactions” was used to describe how the interfaces 

contributed to the wanted outcome. It was useful to review if the interfaces were necessary, or 

if other alternatives were more suitable. If the desired outcomes are stated in the interface list, 

it is easier to understand if the proposed solutions were the best. The interior door was 

considered as important since the displays are going to be placed in the door panels. When this 

interaction was written, it was difficult to motivate why the display should be placed in the door 

panel instead of somewhere else. An alternative position could be next to the speedometer, 

which would contribute to fewer head movements and therefore, generate a safer placement. 

However, a display positioned in the driver information module has benefits, but it would 

eventually result in a lack of surrounding awareness. Furthermore, Zhao et al. (2018) state that 

the psychological aspect is affected when a product is replaced or drastically changed. Since 

the CMS can be considered as a product that changed the conventional rear-view mirrors 

drastically, it was preferred to place the displays inside the door panel to reduce the impact on 

the psychological aspect.  

 

Usually, quality history is presented in the interface list, which was difficult with the CMS since 

some of the interfaces are new and there are no data available. Therefore, quality history was 

discussed during the S-FMEA meetings to determine which data should be used to prevent 

similar problems with the CMS. As shown in the right-hand column in Table 5.4, the noise 

factors associated with each interface are presented. Electromagnetism, power loss, software 

updates, and customer usage are common noise factors, and therefore, critical to analyze and 

avoid. When the noise factors are presented together with the associated interaction, it is easier 

to continue with the P-diagram and then the S-FMEA. The identification of the noise factors 

could be seen as the key takeaway from the interface list as it will save time and simplify the 

FMEA. The classification of the interactions is also important as different risks can be 

prioritized based on these classifications. A risk associated with a required interaction is often 

more critical to avoid than a risk associated with a medium interaction. 

 

5.3 OPTIMIZE PHASE – SUMMARY 

The identified noises in the interface list were used to establish a P-diagram that visualized the 

system inputs, ideal function outputs, control factors, noise factors, and potential error states. 

The P-diagram resulted in 23 noises distributed on the five categories: piece to piece variation, 

changes over time, customer usage, external environment, and system interaction. The noise 

factors together with 32 identified error states were transferred into a robustness checklist that 

clarified that the critical noises were connected to software updates, electromagnetism and 

power loss between the door control unit and ECU. The S-FMEA consisted of twelve smaller 

S-FMEAs where the business units Corrosion, Manufacturing, Contamination, Perceived 

quality geometry, Perceived quality material, Door trim systems, Electrical performance, 

Display systems, CMS camera, Aging polymer materials, Electromagnetic compatibility, and 

Service cost of ownership had separate meetings. The critical failure modes according to the 

classification were: difficult to assemble camera housing, too slow starting time for the display, 

frozen image in display, door structure not grounded, fail to fulfill EMC requirements, and 

image latency is too high.  
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5.3.1 THE CREATION OF A ROBUST DESIGN 

The P-diagram was established to visualize the inputs, outputs, noise factors, control factors 

and error states for the CMS. The inputs were transferred from the boundary diagram where the 

signals explained how the wanted outcome could be achieved. The control factors included in 

the P-diagram were gathered through the design prerequisites for the CMS, where all factors 

that can be controlled by Volvo Cars are included. Table 5.5 shows the 23 identified noise 

factors, where the five bold categories are default in the used template. The result shows that 

customer usage has nine associated noises while the external environment has eight. It was 

expected that the majority of the noises were connected to customer usage and the external 

environment. Especially since a car is driven by people in different environments and 

circumstances which car manufacturers cannot affect. Customer usage could differ a lot 

depending on family size, age, and location. One example is that door slamming may be more 

frequent if there are children involved. Both customer usage and external environment are 

comprehensive categories compared to the other three, which could be a reason why there are 

more noises associated with these categories. The complete P-diagram including inputs, 

outputs, and control factors is shown in Appendix E.  

 

Table 5.5. The identified noise factors from the P-diagram, divided into five categories. 

Noise Factors 

Piece to piece 

variation 
Changes over time Customer usage 

External 

environment 
System interaction 

Assembly 

variations 

Wear 

Aging of material 

Software updates 

Scratches on the 

camera lens 

Customer slams the 

door 

Audio volume 

Vibrations 

Collisions 

Stone chips 

Washer fluid 

Exterior wash 

Ice and snow 

removal 

Trailer tow 

Water 

Ambient 

temperature 

Compartment 

temperature 

Humidity 

Dust 

Road salt 

Electromagnetic 

noise 

Ice and snow 

Heat from other 

systems 

 

 

The error states are usually the opposite of the ideal function output, which can be caused by 

one or several noise factors. The initial concept created in the define phase, the legal 

requirements and the inputs were all considered when determining the ideal function output. 

There are connections between the error states and the noise factors. If the CMS does not 

activate, the noise factor associated with power loss could be the main cause. The noises 

associated with the external environment could cause error states such as water leakage or 

camera obstructions. The ideal function outputs and the error states for the CMS are listed in 

Table 5.6.  
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Table 5.6. The Ideal function output and Error states from the P-diagram. 

Ideal function output Error state 

CMS should activate when the car is unlocked. CMS does not activate when the car is unlocked. 

If the door is closed from inside, CMS shuts down 

after five minutes. 

CMS does not shut down after five minutes when the 

door is closed from inside. 

When the door opens, the CMS activates. CMS does not activate. 

When the driver is outside the vehicle, CMS is 

activated for two minutes if the door is open. 

CMS is not active for two minutes when the door is 

open. 

The door closes from outside, CMS on for 10s. When the door is closed, the CMS is not on for 10s. 

CMS is temperature dependent. CMS is not temperature dependent. 

CMS is speed dependent. CMS is not speed dependent. 

BLIS should be in the CMS display. BLIS is not in the display. 

Full vision provided when reversing. No full vision when reversing. 

Full vision when turning signal is on. No full vision when turning. 

Brake pedal activates the CMS. The brake pedal does not activate CMS. 

Defroster activates when the camera is obstructed. 
Defroster does not activate when the camera is 

obstructed. 

When propulsion is on, CMS is active. When propulsion is on, CMS is not. 

CMS is included in the driver profile. CMS is not included in the driver profile. 

The camera adapts depending on the vehicle load. The camera does not adapt to the vehicle load. 

CMS is switched off when the energy level is low. CMS is active when the energy level is low. 

CMS defroster is connected to the rear-window 

defroster. 

CMS defroster is not connected to the rear-window 

defroster. 

Display brightness that follows CSD. Display brightness does not follow CSD. 

Manual zoom and panning. No manual zoom or panning. 

Manual activation of auto adjustment. 
Not possible to manually activate the auto 

adjustment. 

The door control unit provides power to the CMS. 
The door control unit does not provide the CMS with 

power. 

Image latency is less than 200ms. Image latency is too high. 

CMS is mounted according to instructions. CMS is not mounted correctly. 

CMS is water resistant. Water leakage. 

Easy to update CMS software. Difficult or not possible to update software. 

13500 hours of lifetime. It is broken before the expected lifetime. 

CMS should meet legal requirements. CMS does not meet legal requirements. 

 

CMS should be provided with electrical power. 

 

Power loss between ECU and display. 

Power loss between ECU and camera. 

Power loss between door control unit and camera. 

Power loss between door control unit and ECU. 

CMS should work between -30 to +85 degrees. CMS is overheated. 

 

The P-diagram was transferred into a robustness checklist (see Appendix F), which made it 

possible to determine which noise factors and error states that were critical. Table 5.7 is an 

extract of the robustness checklist where the most important error states and noise factors are 

listed. The robustness checklist is presented as a matrix that shows which noise factors that 

might cause an error state. The first eleven rows contain error states, which are converted into 

columns to visualize the relationship with each noise factors. An “S” indicates a strong 

relationship while a “W” indicates a weak relationship.  
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Table 5.7. An extract of the robustness checklist, (HI) indicates a high impact error state. 

Error states 

CMS is overheated (HI)           XI 

Power loss between ECU and display (HI)          X  

Power loss between ECU and camera (HI)         IX   

Power loss between door control unit and camera (HI)        VIII    

Power loss between door control unit and ECU (HI)       VII     

CMS doesn’t meet the legal requirements for the field of view (HI)  VI      

CMS fails before the expected lifetime     V       

The camera housing is leaking water    IV        

CMS doesn’t detect camera obstructions   III         

When propulsion is on, CMS is deactivated (HI)  II          

Latency is above legal requirements (HI) I           

Noises            

Noise 1: Piece to piece variation            

Assembly variations    W   W W W   

Noise 2: Changes over time            

Aging of material    W S       

Updates of software  W W         

Scratches on the camera lens   W   W      

Noise 3: Customer usage            

Customer slamming the door    W S  W  W W  

High audio volume causing vibrations    W   W  W W  

Collision with the camera housing   S S S    S   

Vibrations    W W  W W W W  

Stone chips   W W  W      

Ice and snow removal   W   W   W   

Noise 4: External environment            

Ambient temperature           S 

Compartment temperature     W    W W S 

Dust   S         

Electromagnetic noise W W W    W W W W  

Ice and snow   W   W      

Noise 5: System interaction            

Heat from other systems  W   W      S 

 

Eight error states were considered a high impact, which means that they are extra important to 

avoid. A high impact error state is related to legal requirements or safety, and therefore, extra 

important to manage. Four of the high impact error states were associated with a power loss, 

one with overheating and three caused legal violations. The noises “updates of software” and 

“electromagnetic noise” are potential factors to several error states and are therefore important 

to manage. The extract of the robustness checklist in Table 5.7 does not include all noise factors 

and error states. The noise “updates of software” have its correlations with ordinary error states, 

while “electromagnetic noise” have numerous correlations with high impact error states. 

Therefore, it may be more important to manage the electromagnetism to avoid critical error 

states.  
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The error states “CMS does not detect camera obstructions”, “camera housing is leaking water” 

and “the CMS fails before expected lifetime” are the three error states that are associated to 

most of the noises. These three error states were, therefore, assumed to have a higher probability 

of occurring, which is why they were considered as critical. Both the noises and error states 

were brought to the S-FMEA meetings where they were discussed and further analyzed.  

  

5.3.2 FAILURE MODE AND EFFECT ANALYSIS 

When the P-diagram and the robustness checklist were established, a meeting was held with an 

engineer from the rear-view mirror team together with a quality engineer to determine which 

business units that should be invited to the S-FMEA brainstorming. Table 5.8 shows that 15 

business units were invited, where seven of the units participated in the brainstorming meeting, 

which the “B” in the right-hand column represents. The business units that did not participate 

in the brainstorming meeting were offered a separate meeting to identify risks and establish the 

S-FMEA. The “M” in Table 5.8 represents a separate meeting, and a “C” represents a canceled 

or a postponed meeting. The business units marked with a “C” are planned to be invited to new 

separate meetings outside the time frame of this thesis.  

 

Table 5.8. Description of the business units that were involved in the S-FMEA. 
The business unit used for FMEA Description Participation 

Aging Polymer Materials 
Responsible for the aging of the plastic materials that 

are used for the camera housing. 
M 

Contamination 
Responsible for providing a non-obstructed rear view 

due to dirt or other contamination. 
B/M 

Corrosion 
Working to avoid and prevent corrosion on the 

vehicle, no leakage in the camera housing. 
B/M 

Daily Life Usage  
Responsible for the ergonomics, display placement 

for example. 
B/C 

Door Trim Systems 
Involved in the ECU and display placement, 

responsible for door interior. 
M 

Electrical Performance 
Consists of electrical reliability, safety, and energy. 

Supporting units with electrical competence. 
M 

Electromagnetic Compatibility 

(EMC) 

No electronic devices should be disturbed by 

Electromagnetism.  
M 

Display Systems Responsible for the displays in the car. B/M 

Manufacturing Responsible for production and manufacturing. B/M 

Noise, Vibrations & Harshness 
Responsible for noise, vibrations, and harshness that 

could be caused by the CMS. 
C 

CMS Camera 
The unit working with the parking assistance camera 

supported in identifying risk for the CMS camera. 
M 

Perceived Quality (Material) 
Responsible for how the product is perceived based 

on material choices. 
B/M 

Perceived Quality (Geometry) 
Responsible for how the product is perceived based 

on geometries. 
M 

Service Cost of Ownership Responsible for the after-sales cost, repairs, etc. B/M 

Solidity 
Responsible for calculations regarding strength and 

solidity. 
C 

 



 

 44 

The brainstorming meeting resulted in 51 identified risks, which are shown in Appendix G. All 

business units were invited to separate meetings where twelve of them participated in 

conducting a unit specific S-FMEA. All of the identified risks from the brainstorming meeting 

was discussed and then transferred into the software XFMEA. The severity of the effect, the 

likelihood of occurrence and likelihood of detection were given a value between one and ten, 

where a high value represents the worst scenario, see Appendix H for a description of the values. 

The failure modes in Table 5.9 were connected to a risk that was considered critical. A critical 

failure mode had a value over eight on severity or occurrence, while a lower score generated a 

significant risk. These categories and limits were pre-determined by Volvo Cars, also included 

in Appendix H. The critical failure modes from all business units are presented in Table 5.9 

while the remaining failure modes and the associated effects are presented in Appendix I.  

 

Table 5.9. Critical failure modes identified during the S-FMEA meetings. 

Potential Failure 

mode 

Potential Effects of 

Failure (Sev.) 

Potential Cause of 

Failure 

(Occ) 

Recommended 

Action 

Difficult to assemble 

camera housing to 

door. 

Assembly will not be 

completed (10) 

Outer side panel in the 

door is too narrow (7) 

Review DPR – 33679324, and 

update if needed.  

Review test results from 

DPA5. 

The display does not 

have time to get 

started fast enough at 

a quick start. 

Legal violations (10) 

Risk of accidents (8) 

The ECU startup time is 

too slow (3) 

Theoretical analysis of start-

up time should be made. 

Physical tests. 

Poor design (3) 

Review legal requirements. 

Theoretical analysis of start-

up time should be made. 

Physical test. 

Frozen image in the 

display. 

An image that does 

not visualize the 

reality is displayed 

(10) 

Internal failure of the 

ECU (3) 

Start system safety work when 

a supplier is selected. 

Not grounded door 

structure. 

Fail to comply with 

EMC requirements 

(10) 

Loss of function (8) 

Ground structure not 

maintained (7) 

Conduct virtual verification 

before final data judgment 

with door structure. 

Fail to fulfill 

component EMC 

requirements. 

Fail to comply with 

EMC requirements 

(10) 

Customer annoyance 

(4) 

High-frequency 

communication between 

three plastic boxes (7) 

Secure component verification 

before final data judgment. 

Use one aluminum box for 

both the ECU and the display. 

Image latency is 

above legal 

requirements 

The wrong image is 

displayed (10) 

Requirements are not 

followed (2) 

Review DPR-33679324 and 

UN regulation no 46. Follow 

up test result from the 

supplier. 

 

Table 5.9 shows the six failure modes distributed on the four business units Manufacturing, 

Display systems, Electromagnetic compatibility, and CMS camera. If it is difficult to mount the 

camera housing to the door, it might cause problems for the assembly line. With poor design, 



 

 45 

it will not be possible to assemble the mirror at all which is critical as it is a requirement to 

include rear-view mirrors on all vehicles. The following five potential failure modes are all 

connected to a legal violation. These failure modes clearly show the effect of the transition from 

the conventional hardware mirror into the software-oriented CMS. If the CMS fails to deliver 

a rear view that is within the legal requirements for the image latency, it will cause a legal 

violation and become a safety issue. Both conventional mirrors and the CMS can break for 

different reasons, where the common errors for the conventional mirrors are presented in 

section 5.1.1. For the CMS, a black display is a severe failure mode since it is crucial to provide 

an image that shows the rear view in real-time. If that is not possible, it is better to show a black 

image to inform the driver about the problem, rather than showing a delayed image. During the 

S-FMEA meetings, the majority of the involved business units expressed their concern about a 

delayed or black image. That several units expressed their worries about these issues outside 

their areas, highlights the magnitude of the display problems. The potential causes of failure 

connected to the critical display issues seem to be related to the ECU or electromagnetism. 

Therefore, it is crucial to make the CMS robust against electromagnetism and develop a reliable 

ECU. 

 

The right-hand column shows the recommended actions, which can be used to reduce the 

severity, occurrence or detection of the risk. The actions indicate that the design prerequisites 

should be reviewed and updated if needed. The column also contains suggestions for test 

methods. By evaluate and determine how the different tests should be conducted, it will be 

easier to avoid the potential failure modes. As the CMS is a new feature, new test methods may 

have to be developed to ensure that the CMS work properly, where physical, virtual and 

theoretical tests are different alternatives. During the S-FMEA meetings, the supplier 

involvement was discussed. It is necessary to have good communication and collaboration with 

the suppliers since they will be responsible for executing different tests to deliver a robust 

product. The tests need to include all the critical factors that are identified in the S-FMEA, and 

the results should be discussed with Volvo Cars. By having a close collaboration with the 

supplier, it is possible to control the robustness of the product, even though it is produced by 

another organization. 

 

All risks presented in Table 5.9 are classified as critical since they can cause legal violations or 

safety issues. These risks are the most important to manage, but to develop a product that is 

robust and appreciated by the customer, it is essential to consider all the recommended actions 

in Appendix I. For example, risks associated with high service costs or a poor visual appearance 

will lead to customer annoyance, and therefore, a lower rank since they do not affect the safety. 

The results from S-FMEA will be the foundation for the future actions for Volvo Cars, which 

are presented in the verify phase.  

 

5.4 VERIFY PHASE  

The main purpose of this phase is to determine and evaluate that the proposed design for CMS 

is robust. The recommended actions in the S-FMEA should be managed to secure a robust 

design for the CMS. They should be prioritized according to the classification in the S-FMEA. 

The critical characteristics should be managed first, which in this case was six failure modes 
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presented in Table 5.9. The S-FMEA also contained a timeframe and an end date for these 

actions, and by continuing and completing the S-FMEA, it should increase the possibility of 

creating a robust design. Also, test methods, requirements, and the design prerequisites should 

be reviewed and improved if needed. When a physical concept for the CMS is developed, it 

will be possible to determine if the test methods are enough and which features and metrics that 

need to be improved. A close collaboration between the affected business units will be needed 

to ensure that wind tunnel tests and corrosion tests are conducted properly for the CMS.  

 

Since a supplier will be selected for the CMS, there are a few parameters that are important to 

consider. When the critical characteristics in the S-FMEA are managed, the affected business 

units should evaluate if these risks should be discussed with the supplier. It is crucial to compare 

the internal S-FMEA with the supplier’s S-FMEA to ensure that no risks are forgotten and that 

every critical risk is managed (Gary Teng et al., 2006). By involving the supplier in an early 

stage of the risk management, it is easier to agree what the problem may be and which risks to 

focus on. Volvo Cars have a template for calculating the cost of poor quality which could be 

used to evaluate the final design of the CMS. By using this template, the real cost effect of a 

specific problem or a system could be estimated (Volvo Cars, 2018b), which could be used for 

different decisions. After that, the S-FMEA could be updated and improved to avoid similar 

problems in the future. When the CMS is released, it is possible to conduct statistical process 

control and determine the mean time to failure to verify the robustness of the product. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
This chapter contains the conclusions and the recommendations of this report, based on the 

purpose of this thesis. The purpose was divided into three milestones where a conclusion to 

each milestone is presented in separate sections. The recommendations are then presented 

which contains practical suggestions for Volvo Cars and the proceeding of the CMS project.  

 

6.1 MILESTONE 1 – CREATION OF THE INITIAL CONCEPT 

The purpose of this master’s thesis was to develop a robust design for the new CMS that 

satisfies the customers. By reaching the first milestone related to the define phase, the VOC 

was translated into measurable engineering metrics that were used in the HOQ. Quality history 

data from the early warning system portal and customer surveys constituted the define phase. 

The result showed that two categories accounted for SEK 8.3M of the warranty costs, which 

represent 78 percent. The most critical category was the “power door mirror replace”, which is 

used to explain an error state regarding the mirror folding or the electrical mirror adjustment. 

The second category was the “PAC WAM replace” which is used when the wide-angle vision 

module connected to the parking assistance camera is replaced. These results clarified that a 

folding function should be excluded from the CMS due to the high level of errors. The results 

also indicated that the CMS software should be easy to update since it is less expensive with 

software updates than hardware replacements.   

 

The customer surveys clarified that the mirror size was critical. The customers tended to 

perceive the mirror as too small to provide a good rear view, or too big which reduced the 

forward visibility. Engineering metrics were created to fulfill the customer requirements and 

was visualized in a HOQ. Nine engineering metrics had a higher importance/weight and was, 

therefore, included in the initial concept for the CMS. The camera housing size, display size 

and the field of view were all included in the concept as the customers require better rear-view 

visibility. The camera frame rate, glaring function, camera defroster, washer fluid, and camera 

housing extrusion are related to the external environment and included in the concept to ensure 

that the CMS provides good visibility in all weather conditions.  

 

6.2 MILESTONE 2 – SYSTEM ANALYSIS TO IDENTIFY INTERACTIONS 

The purpose of the second milestone was to identify and understand how the CMS interacted 

with other systems. The results from the define phase clarified that the CMS had to interact 

with several systems to work properly. The ECU, the camera and the display constituted the 

CMS, and was, therefore, within the system boundary. A total of 13 interactions were identified 

in the boundary diagram where four were energy transfers, six were physical connections, and 

three were data exchanges. It was five interactions within the CMS boundary, while the other 

eight were between the CMS and systems outside the boundary.  

 

When the boundary diagram was established, the interface list increased the level of detail to 

every interaction as the importance of the interaction and associated noise factors were 

identified. As the CMS is becoming a software-oriented rear-view mirror, several noises were 

related to software updates and electromagnetism. The environment was a critical interaction 
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as noise factors such as temperature, wind and customer usage might affect the CMS to a large 

extent. The boundary diagram together with the interface list clarified which business units that 

should be invited to the S-FMEA meetings. Through the visualization of the interactions, the 

noise factors were identified which increased the understanding of the CMS. The two major 

outputs were the identification of noise factors that could be used in the S-FMEA meetings and 

the increased understanding of which business units that were affected by the CMS.  

 

6.3 MILESTONE 3 – ROBUST DESIGN AND RISK ANALYSIS 

The last milestone was generated from the optimize phase to create a robust design and conduct 

a risk analysis. P-diagram, robustness checklist and S-FMEA were used to understand the 

correlation between noise factors and error states, as well as identify and analyze potential risks 

and failure modes. The identified noises were distributed on five categories and transferred into 

a robustness checklist together with the error states to understand potential correlations. Eleven 

error states had a high impact, which means that they are critical from a legal or a safety 

perspective. Four error states were related to a power loss. Such error states should be taken 

seriously as they could cause accidents and was therefore managed during the S-FMEA 

meetings. The categories customer usage and external environment had several noises that 

might cause a high impact error state, which indicates that the CMS must be robust to manage 

different customer behaviors and weather conditions.    

 

With the results from the previous phases, it was possible to identify the 15 business units which 

were invited to S-FMEA meetings. All business units were invited and twelve participated in 

the meetings. Six failure modes were identified as critical, which meant that they could cause a 

legal violation or affect safety. The critical failure modes identified at the S-FMEA meetings 

belonged to the four business units Manufacturing, Display systems, Electromagnetic 

compatibility, and CMS camera. Risks and failure modes related to manufacturing are well-

known and should be manageable. The other three business units have not been involved in 

previous rear-view mirror projects, and could, therefore, be difficult to manage. The S-FMEA 

clarified that just two of the critical risks were hardware related, while the other four were 

software related. This highlights the difficulties of replacing the hardware with software as the 

engineers are not familiar with the new risks that are outside their business area. A list of 

recommended actions was established to manage the identified risks and avoid potential failure 

modes. The majority of the recommended actions included a review of the current test methods 

and if necessary, add or update test methods. By conducting the recommended actions and at 

the same time involve suppliers, it will be easier to create design prerequisites and test methods 

that assure a robust design. 

 

6.4 RECOMMENDATIONS FOR VOLVO CARS 

The recommendations originate from the purpose of the study, which was to create a robust 

design for the CMS that also satisfies the customers. The recommendations are generated from 

the result of the first three phases in the DCOV approach. As Table 6.1 shows, the 

recommendations are divided into recommendations for the CMS and long-term 

recommendations with a corresponding description. The recommendations for the CMS are a 
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continuation of this master’s thesis while the long-term recommendations are proposals for 

future projects. As a result of this study, there is a significant potential for cost savings through 

fewer warranty repairs. The hardware and software related errors can be minimized by 

evaluating the presented recommendations which increase the possibility of creating a robust 

design. 

 

Table 6.1. Recommendations and descriptions for Volvo Cars. 

Recommendations for the CMS  Description 

Complete the S-FMEA for the CMS.  

Discuss and conduct the recommended actions that 

are identified in the S-FMEA to create a robust 

design. 

Determine test methods. 

Determine which test methods that should be used 

and if it is Volvo Cars’ or the supplier’s 

responsibility.  

Long-term recommendations Description 

Investigate the correlation between software updates 

and hardware replacements.  

Early warning system data show that software 

updates are prioritized. When no errors are found, the 

hardware is replaced which is expensive.  

Investigate alternative BLIS options.  
Customers demand alternative BLIS options, such as 

audible or vibrational when turning signal is on.  

Investigate the possibilities of replacing the inner 

mirror with a CMS. 

Several customer complaints regarding the headrests 

that sometimes decrease rear-view visibility. 

Investigate the possibilities of placing the CMS 

displays in the driver information module. 

Place the CMS display in the driver information 

module to minimize head movements and increase 

the safety. 

Conduct DCOV projects.  
Involve quality engineers in project planning to 

understand which tools to use and when to use them. 

 

The first recommendation is to complete the S-FMEA by determining a timeframe and conduct 

the actions. The proposed actions in the S-FMEA should be discussed in the rear-view mirror 

team to ensure that they are comprehensive enough to guarantee a robust design. The 

completion dates for the actions should be reviewed and updated if needed to secure a valid 

timeframe. The second recommendation is to review the proposed test methods that are 

presented in the S-FMEA. The test methods are supposed to be conducted both internally and 

externally which needs to be evaluated and discussed with the involved business units. Due to 

the high complexity of the CMS, a large number of business units are involved which implies 

that the responsibility is distributed over the units. Therefore, employees from each team should 

be involved to determine suitable test methods. Some of the proposed tests are used for the 

conventional mirror, which means that they may have to be updated and customized for the 

CMS. Similar to internal accountability, the chosen supplier will have responsibility for certain 

tests. Potential failure modes related to a frozen or a delayed image involves the supplier as 

they will conduct preventive tests before the CMS is delivered to Volvo Cars. By assuming that 

all risks are identified in the S-FMEA, it would be possible to determine which tests that the 

supplier should perform in advance.  

 

The long-term recommendations consist of five proposals for further improvements. The data 

from the early warning system indicate that a software update is conducted as a first repair, 
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which is followed by hardware replacement if the error still exists. By analyzing unique repairs 

where the software has been updated followed by a hardware replacement, it may be possible 

to understand the correlation. When this correlation is understood, the software can be improved 

to find errors and avoid more expensive hardware repair. Such correlations will be important to 

understand as the new CMS is software dependent.  

 

The recommendations regarding alternative BLIS options and CMS for the inner mirror are 

generated from the VOC. Several customers complained about the lack of BLIS options and 

the decreased visibility caused by the headrests. Such complaints should be taken seriously as 

they may affect the safety aspect which is important for Volvo Cars. The alternative BLIS was 

not a part of the initial concept for the CMS as it did not reach a high enough weight. It is 

therefore included as a long-term recommendation as it could be interesting to investigate the 

customer needs regarding this feature and the possibilities of adding it to a future project. A 

CMS for the inner mirror could be developed to improve the safety as luggage, headrests or 

passengers will not obstruct the rear-view visibility. Both these recommendations are safety 

related and could work as an incentive to reach the goal of not having any passengers killed or 

seriously injured in a new Volvo.  

 

One aspect that was discussed in the theoretical framework was the effect on the psychological 

aspect when a product is drastically changed, which is a reason why the CMS display should 

be placed in the door panel. A different placement of the displays could increase the safety if it 

reduces the head movements. By placing the display next to the speedometer, the driver could 

maintain the focus on the road. The aim of this recommendation is to determine what the 

customers actually wants. When the CMS is released, it will be possible to investigate 

alternative display placements for future car models and also being first to the market with a 

new safety related upgrade.  

 

The last recommendation is to involve more quality engineers in the early stages of the projects. 

If quality engineers with specific knowledge regarding the DCOV tools are involved, it will be 

easier to determine how to conduct each project. The DCOV approach has shown its strength 

in this thesis as the systematic way of working quickly increased the understanding of the 

customer and the CMS, which is essential when developing a product to satisfy customers with 

a robust design.  
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7 DISCUSSION 
This chapter provides a discussion about the methodology used in this thesis and how it 

contributed to a reached purpose. Alternative methodologies are discussed, followed by a 

discussion about the thesis’ credibility. Suggestions for future studies about the DCOV 

approach and the CMS are presented before the chapter is ended with Volvo Cars’ feedback 

and interpretation of the results.   

 

7.1 SELECTION OF METHODOLOGY 

The DCOV approach was useful in this study as it is proactive with a focus on both problem 

prevention and creating a robust design. However, there have been challenges in following this 

approach. The CMS project at Volvo Cars was initiated when this thesis started, which implied 

that some actions related to the define phase and the optimize phase were already completed. 

Despite the timing of this study, the DCOV approach was followed strictly from the beginning 

to analyze the VOC and identify customer requirements, which not had been made before. One 

challenge of entering an ongoing project is the difficulty of changing product characteristics in 

the later stages of the project. An option could have been to delimit the study to one of the 

DCOV phases. It would enable a deeper analysis to cover all specific product features.  By 

delimiting the study and excluding the define phase, one disadvantage is that the VOC is not 

taken into consideration, which can jeopardize the customer satisfaction. 

 

Before this thesis was initiated, it was hard to predict a timeframe for completing each phase. 

To complete a DCOV project of this magnitude, two employees working four months is not 

enough. The lack of resources resulted in priorities. Tools such as robustness checklist and S-

FMEA were not fully completed which means that the conclusions of the study might change 

depending on the complementary results. By starting with the define phase, less time was spent 

on the optimize phase and the creation of a robust design. Noise factor management could have 

been conducted together with the robustness checklist to determine how the noises should be 

managed by establishing an action plan. Spending more time in the optimize phase could have 

contributed to the ongoing project at Volvo Cars to a larger extent. By completing the optimize 

phase, Volvo Cars could continue with the verify phase to confirm the robustness of the design.  

 

One challenge in the CMS project was the transformation from the hardware related 

conventional rear-view mirrors to the software related CMS. Due to this transformation, there 

was a lack of software knowledge within the rear-view mirror team, which led to an increased 

need for working cross-functional. The challenge of working cross-functional mainly consisted 

of searching available employees with the proper knowledge to be involved in this study. 

Supporting other projects are often considered as low priority as business units have their duties 

to focus on. Another issue of working cross-functional is the other business units’ ability to 

understand the CMS.  

 

7.2 THE STUDY’S CREDIBILITY  

The study’s credibility could be discussed through its reliability and validity. This report 

includes a substantive chapter describing the used methodology, which increases the possibility 
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of conducting similar projects in the future. Luleå University of Technology and Volvo Cars 

provided a fundamental basis with courses in quality management which increased the 

knowledge of the used approach.  

 

Several business units were involved in this thesis, where the engineers got the opportunity to 

use their expertise to identify interactions, potential failure modes, and associated risks. When 

all of the affected business units were involved, it might increase both validity and reliability. 

Instead of listing potential interactions and failure modes within the rear-view mirror team, the 

engineers with the specific knowledge contributed with a lot of information that was useful for 

the development of the CMS.  

 

One potential threat to reliability is the transformation from a hardware product to a software 

product. In this study, the majority of the data were gathered together with engineers from the 

rear-view mirror team. In the future, software engineers should be included in the rear-view 

mirror team, or the responsibility of the CMS should be moved to another business unit. This 

indicates that the conditions for conducting a similar study in the future will change. The 

availability of data will change as the CMS is released. Customer surveys will be conducted, 

and quality history will be gathered which also change the conditions. This study was based on 

data from the conventional rear-view mirror which future researcher might not use. Due to 

confidentiality, the car models that were used in the competitor analysis were excluded, which 

could affect reliability as similar car models could be excluded in the future. Customer data can 

vary depending on the car model, especially when studying visibility which is dependent on the 

size of the car. When the CMS is released, it will be easier to select similar car models which 

could simplify the selection of competitors.   

 

The use of triangulation may increase the study’s validity as different data sources were used 

together with a test drive of the demo car. By understanding the product when customer data 

and quality data were analyzed, it was easier to understand the potential risks. As the main 

purpose of the study was to create a robust product that satisfies the customers, the early product 

understanding was important for the outcome of the project.  

 

7.3 FUTURE STUDIES  

To increase the knowledge about the DCOV approach and the CMS, new studies should be 

conducted. The CMS is a new product, which implies that several studies can be conducted in 

different unexplored areas. The results of this thesis could be used as a start for new projects. 

Three topics are considered as interesting: increase the level of details regarding software 

issues, analyze quality history presented in the interface list, and conduct a comparison between 

the conventional mirror and the CMS to understand difficulties of the digital transformation. 

To get a better understanding of software issues, software engineers could be involved to 

analyze how the CMS can be improved. With the right knowledge, it would be possible to 

increase the level of detail throughout this approach, from the engineering metrics in the HOQ 

to the creation of a robust product. It would also be interesting to analyze the quality history for 

similar products mentioned in the interface list. All three parts in the CMS, camera, ECU, and 

display, are components used in the cars today. Therefore, it should be quality data available 
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that can be used to improve the CMS. Lastly, a comparative study between the conventional 

mirror and the CMS should be conducted. Customers can be involved to get a better 

understanding of the CMS compared to the conventional mirror. By letting drivers compare 

conventional mirrors with the CMS, the customer understanding will increase which hopefully 

generates a better product. Such comparisons are especially important when a product is 

changed drastically, where the advantages with the conventional mirror could be transformed 

into CMS specific solutions.   

 

To obtain a better understanding of the DCOV approach and the associated tools, it would be 

interesting to investigate if there are any other tools that should be used when a software related 

DCOV project is conducted. The automotive industry is becoming more digitalized and 

software dependent, which means that the used methods and tools need to adapt. Computer-

aided design and simulation program is used to a large extent which could imply that such 

programs could be added to the DCOV approach.  

 

7.4 VOLVO CARS’ INTERPRETATION OF THE RESULTS 

When the project was finished, the results were presented to the rear-view mirror team. The 

presentation was followed by a discussion to clarify our thoughts and answer questions. As the 

final report was not finished by the time the results were presented, the audience had not seen 

the results before the presentation. Therefore, they got the opportunity to give feedback on the 

project as well as the presentation. By discussing the results with employees from the rear-view 

mirror team, potential misunderstandings could be avoided, as they clarified that they 

understood our results. The importance of analyzing customer data before starting a product 

development project was the first topic. They were curious to know more about the used portals 

and how to find necessary information for gathering new customer data. It was both interesting 

and a bit surprising that customer data are used in a relatively small extent.  

 

The senior management at Volvo Cars discussed the importance of cutting costs to stay 

competitive and profitable. Our final presentation indicated that quality history data from the 

early warning system can be used to identify the most expensive categories from a warranty 

perspective, and therefore reduce warranty costs. The engineers within the rear-view mirror 

team understood the power of conducting DCOV projects. The possibilities of including quality 

engineers in a larger extent from the early project stages were discussed. Lastly, the 

recommendations in this master’s thesis are mainly generated from the S-FMEA. The 

applicability of the results was discussed, and since employees from Volvo Cars were involved 

in the majority of the used tools, the results were useful and expected. Even if these results are 

not revolutionary of its kind, they are going to be useful when the CMS project continues.  
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I 

APPENDIX A – SEARCH SETTINGS IN EARLY WARNING 

SYSTEM 
The search in EWS was conducted 2019-02-15 which implies that the results may differ. 

  

Setting  Choice of setting 

Corporate/Operational Logic Corporate Logic 

Technical Model Year 2016, 2017, 2018, 2019 

Vehicle Cluster All 

Vehicle Platform Type  SPA 

Engine Family or Type All 

Transmission Family or Type All 

Fuel Type All 

Propulsion System All 

Market Region All 

Organization unit or PSS 205,  

Part Names All 

Warranty Repairs/Costs Both 

KPIs 1MIS,3MIS, 12MIS & 24MIS 

Include Zero MIS No 

Ranking Based on 12MIS 

Top # 50 



 

 

 

II 

APPENDIX B – VOC TO CUSTOMER REQUIREMENTS 

 

 

  

No. Voice of the Customer Customer requirement Frequency Safety Weight 

1 
Side mirrors are too big, create 

blind spots 

No blind spots behind 

exterior rear-view 

mirrors 

8 7 5,6 

2 
No audible warning when the 

vehicle in the blind spot 

Multiple kinds of BLIS 

warnings 
6 2 1,2 

3 
Inadequate rear view in 

rainy/snowy conditions 

Weather independent 

camera and rear-view 

mirrors 

4 10 4 

4 

The camera lens is often covered 

with road spray. A cleaner of some 

sort would be a very good addition 

Clean camera lens 2 9 1,8 

5 
There is a very bad rear blind spot 

so I use the BLIS feature routinely 

Rear view without any 

blind spots 
10 8 8 

6 Side mirrors are too small. Large mirrors 9 4 3,6 

7 
No warning system in mirrors when 

parking 

Parking assistance in 

mirrors 
1 2 0,2 

8 Need concave side mirrors Wide rear-view vision 7 6 4,2 

9 
BLIS is the same color as turning 

light which is confusing 

Non-confusing BLIS 

indication 
2 5 1 

10 

Impossible to use parking 

assistance camera when it is dark. 

Do not see due to glaring 

Light-independent 

camera and rear-view 

mirrors 

5 7 3,5 

11 
Cameras are too slow when starting 

the car 

Quick start-up time for 

the cameras 
2 4 0,8 

12 
The rear-view mirror does not 

follow the memory setting 

Memorized camera 

settings 
3 2 0,6 

13 

BLIS light in the mirror instead of 

the door panel. Blind spot alerts on 

the head-up display 

BLIS placement 4 6 2,4 



 

 

 

III 

APPENDIX C – COMPETITOR ANALYSIS 
The competitor analysis shows how competitors are fulfilling each of the customer 

requirement, where 0 is worst and 5 is best. 
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 Customer requirements 

No blind spots behind exterior rear-view mirrors 4 3 2 3 5 

Multiple kinds of BLIS warnings 0 0 0 0 5 

Weather independent camera & rear-view 

mirrors 
2 3 4 2 4 

Clean camera lens 2 3 4 2 4 

Rear view without any blind spots 3 2 3 4 5 

Large mirrors 2 2 1 2 3 

Parking assistance in mirrors 0 0 0 0 2 

Wide rear-view vision         4 

Non-confusing BLIS indication 2 2 5 2 5 

Light independent camera & rear-view mirrors           

Quick start-up time for the cameras           

Memorized camera settings         4 

BLIS placement 3 3 5 2 5 



 

 

 

IV 

APPENDIX D – LEGAL REQUIREMENTS AND PRE-

DETERMINED REQUIREMENTS 
 

 

 

 

  

Requirements from UN-46 and ISO 16505 

The CMS should be in operational condition after the engine has been switch off for 120 seconds 

Between 120 and 420 sec after engine switch-off, the CMS will be capable to be operational within 1 second 

After 420 sec from engine switch-off, the CMS will be capable to be operational within 7 seconds 

Latency should not exceed 100ms in room temperature 

The minimum magnification factor should not be less than 0,29 (driver side) and 0,19 (passenger side) 

Should provide a field of view according to the UN-46 

The minimum frame rate is 30 Hz 

Should be able to manually adjust the rear-view mirror from inside the vehicle 

Volvo Cars Requirements 

The CMS should get information about the door 

The driver should be able to manually adjust panning/zooming of the image 

Auto adjusted zoom that is speed dependent  

Memorized camera settings, recognized by key, mobile phone or a card 

The CMS should be gear dependent, one mode for D, and one mode for R 

Brake pedal awakes CMS to light sleep 

The CMS should get information about the driver’s location within X meter from the vehicle 

Camera resolution should be at least 35 pixels per degree and color 

No touch display 

System latency is not allowed to exceed 100ms at room temperature, 200ms at -30 degrees Celsius 



 

 

 

V 

APPENDIX E – P-DIAGRAM FOR THE CMS 

  



 

 

 

VI 

APPENDIX F – ROBUSTNESS CHECKLIST FOR THE 

CMS 

  



 

 

 

VII 

APPENDIX G – INITIAL RISKS FOR THE S-FMEA 
Business unit Identified risks 

Contamination 

Frost/Ice on camera 

Dirt on lens 

Blocked view on salty roads 

Water drops on the lens 

Obscured view 

Corrosion Camera housings coating is insufficient 

Daily life usage (Ergonomic) 

The display is placed to low 

Too far between the road and the display (Angle) 

No 3D-depth in the display 

Difficult to interpret the distance to obstacles 

LED-light creates HALOS 

Not enough rear-view vision due to camera placement 

Difficult to judge distance due to display placement 

Too small display, no wide angle/vision 

Reflections in display 

The display is placed too far back 

Dirt on camera prevents vision on display 

Reflections from side windows 

Display systems 

Display/ECU cannot handle the stress in the door 

Too slow starting time for the display 

Low sun from behind 

Passenger display can be obstructed, due to extra child seat 

Difficult to focus since the display is placed closer than the conventional mirror 

Overheated display 

The CMS display is perceived as different compared to CSD and other displays 

Difficult to see due to reflections 

Difficult to see in low temperatures 

Displayed image is frozen 

Manufacturing 
To heavy 

Not possible to mount according the instructions 

Perceived quality (Geometry) 

Bad geometry, big tolerances 

Visible sealing around camera housing foot 

Uneven gap appearance around camera housing 

Rat holes around the camera housing 

Visible harness and cables, screws or clips 

Large gaps between camera foot and door 

Un-harmonized tool painting lines 

Perceived quality (Material) 

No standards for displays and bezels, difficult to understand the design 

Different suppliers for displays could affect the look of the bezels 

High gloss painted details could get an edge build up 

High gloss painted details do not match the rest of the painted details 

 Different painting due to many different suppliers 

The high gloss painted looks like an orange peel 

High gloss is sensitive to sinking marks 

Service cost of ownership 

Possible to replace with spare parts 

Suppliers possibility to deliver after end of production 

Possible to analyze and see the errors 

High service cost 

Competence and cost for changing parts 

Cleaning of ice and dirt 

Problems when the mirror needs to be replaced due to a lack of spare parts 



 

 

 

VIII 

APPENDIX H – EXPLANATION OF S-FMEA VALUES 
 

Severity Occurrence Detection 

10 Critical risk. Legal or safety 

related. 

10 

High probability and/or low 

knowledge. 

10 
After launch. 

9 9 9 

8 
Significant risk. 

Loss or degradation of 

significant functions. 

8 8 

After design freeze. 7 7 7 

6 6 
Moderate probability and/or 

knowledge 

6 

5 5 5 

Before design freeze. 

4 

Customer annoyance. 

4 4 

3 3 Low probability and/or 

good knowledge. 

3 

2 2 2 

1 No effect. 1 Very low. 1 

 

CC = Critical risk = Severity 9 or 10. 

SC = Significant risk = Severity 5-8 in combination with occurrence 4-10.   



 

 

 

IX 

APPENDIX I – S-FMEA FROM ALL BUSINESS UNITS                    
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