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Abstract 

David RICHARDSON 

Customer Focussed Technology Selection Using Expert Opinion 

Incorporating the 'Voice of the Customer' and Expert Opinion in Technology 
Selection. 

Keywords: Technology selection, Expert opinion. 

 

The application of new technologies into products allows manufacturers to 
differentiate their products and fulfil customer requirements. A method to assess the 
impact of technologies on the fulfilment of customer requirements has been 
investigated in this research. The main focus is the application of advanced 
technologies, which may be still in the concept phase, to complex systems using 
automotive engines as case studies. In these systems the customer will not directly 
interact with the technologies but the technologies are applied to deliver the range of 
customer requirements individually or collectively.  

A standard tool, Quality Functional Deployment (QFD) has been adopted to capture 
the customer requirements. As all the technology combinations cannot be assessed 
experimentally due to resource limitations, expert opinion has been employed. A 
questionnaire has been developed to capture the experts’ opinions of the 
performance of the technologies in a non-linear Likert-type scale. The combination of 
expert opinion, where the experts are specialists in a range of engineering 
disciplines, has been considered and analysis methods incorporating opinion 
weighting have been developed that parallel established expert opinion analysis 
methods used for subjective probability risk analysis. 

The analysis methods enabled different technology combinations to be assessed and 
customer requirements for different target products to be incorporated to provide a 
route for optimum technology selection to fulfil customer requirements.  

A pilot study and two case studies were used to investigate the methodology with 
Customer feedback used to validate the output in one of the case studies.  

The research has shown that the Customer Focussed Technology Selection 
framework and methodology developed in this thesis is a new approach to selecting 
technologies. The case studies have demonstrated it is an effective framework for 
evaluating the impact of low technology-readiness-level technologies in complex 
systems on the Customer. The methodology is suitable for application in technology 
development processes such as the Jaguar Land Rover TCDS process to support 
the initial technology selection.  
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 Introduction 

Today’s Technology is the incorporation of scientific discoveries into products, ranging from 

everyday domestic items to instruments sent from the earth to probe the far reaches of the 

solar system. The development and application of new technologies is a very important 

part of the world economy. With the pace and range of technological development the 

correct selection and application of a technology is a major contributor towards the success 

of a new product through satisfied customers. The measure of the success of a product is 

how well the technology delivers the correct function and performance to the customer, at 

the right price. This research project has investigated a method of selecting technology 

that is linked to delivering what the customer wants, i.e. delivering customer requirements, 

so that the ‘voice of the customer’ can be part of the technology selection phase of product 

planning. The aim of incorporating the ‘voice of the customer’ in the product planning phase 

is to ensure the product delivers what the customer requires. This should enhance the 

products customer appeal and ensure the success of the product thus providing the hoped-

for return on investment required to develop new products. 

In the motor industry it is seen as being key to developing the industry and creating the 

correct image for the company and products. 

 Technology Selection and the Customer 

In September 2005 Bill Ford reminded the Ford Motor Company that Ford must 'be first in 

delivering innovative products to our customers – stylish in design, safer for our families, 

first in technology that uses new fuels and offers new service to customers' (Ford, 2005). 

This is not exclusive to the Ford Motor Company. In November 2004 Heinz Traudt, head 

of international purchasing at BMW, opened a speech at a conference of international 

suppliers in Switzerland by saying 'An exciting and innovative product portfolio is necessary 

to give authentic power to a brand and to excite customers'.  He went on to talk about how 

new technology was important to innovation (Traudt, 2004). 
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The technology incorporated into products can be a major selling point. Press reviews of 

the 2006MY Jaguar XK sports car have included technology in the list of 'positives' (La 

Vanguardia, 2006). Volvo cites the introduction of new technology being key to developing 

a new product image (Coventry Evening Telegraph, 2006). Lewis Booth, executive vice 

president, Ford Motor Company, in a speech, highlights the introduction of new technology 

as the way forward to meet environmental pressures for reduced carbon emissions from 

vehicles (Booth, 2006). The application of new technologies in the automotive industry is 

accelerating with the new hybrid (Solouk et al, 2016) and electric vehicles, the imminent 

introduction of autonomous vehicles, and the continued development of IC engines 

(Fujiwara, 2017). This is not only an environmental issue but also a company and product 

image issue, both of which affect sales.  

When technology is applied in the correct way it is positive but when the technology does 

not fulfil customer requirements then it affects the product and company in a negative way. 

For example, John Sheridan, CEO of Ballard Power Systems, a Technology company, is 

reported to have said that he considers the company has been less successful than 

expected because in the past the company has tried to "push technology into markets 

without enough focus on the customer." (Reuters, 2006). 

From the positive impact as well as the potential negative impact of technology on products 

and companies, the correct selection and implementation of technology is a key issue. 

In an ideal world, a company would like to know that any new technology they are investing 

in that will be incorporated into future products will improve customer satisfaction. However 

a direct link between the introduction of new technology and customer satisfaction is 

difficult to make. A step towards this ideal is to make an assessment of how well new 

technology is expected to fulfil customer requirements in the areas affected by the new 

technology. This assumes that the more completely customer requirements are fulfilled the 

higher the customer satisfaction rating will be in those areas.  

Assessing how well customer requirements may be fulfilled with the introduction of new 

technology is not an easy undertaking for many reasons including 



3 

• The customer cannot easily relate to something they have not experienced, i.e. the 

deliverables of the new technology.  

• A new technology may be applied to products that have different target customers with 

different requirements. 

• The customer requirements are probably not described in a technical way that relates to 

the engineering deliverables of a new technology, and/or 

• The engineering deliverables may not be easily described in a way that customers can 

relate to. 

To address the issues surrounding the selection of technology for future products different 

approaches can be adopted. Ideally the most robust way of ensuring the customer will like 

the product is to run customer clinics where the customer can test the product for 

themselves. When considering products with long life-cycles, e.g. passenger cars, the time 

required to develop such sophisticated products is measured in years and a large financial 

and resource investment making customer clinics an expensive option. There is also the 

issue of wasted resources in presenting the customer with different technological 

enhancements that deliver the same thing when one or more will be rejected. You could 

potentially have a scenario with customer clinic technology review where there is no 

customer preference, so the selection problem would remain.  

In a highly competitive industry such as automobile manufacturing, the long development 

time means that technology in the market today may not be the product the customer wants 

in a few years’ time, so the delay between demonstration and production will probably 

make the product seem uncompetitive when it is introduced.  

New technologies with the potential to deliver benefits to the customer and differentiate the 

product from the competition, and so ensure the success of the product, may only be in 

the concept phase when the product is being planned. Also future products in highly 

competitive markets need a high level of confidentiality so that the competitive edge the 

new technology is hoped to provide will not be seen by the competition until the product is 

officially revealed. Customer clinics for these types of products present problems for the 
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manufacturer. It is difficult to keep key technologies confidential if they are previewed by 

customers, customers cannot make an assessment of the product if the technology is still 

in the concept stage and not fully developed, and customer clinics in themselves are very 

expensive, in time and resources, to run. So, for many reasons, for many types of new 

technology the voice-of-the-customer cannot be included in the product planning in such a 

direct way through customer clinics.  

Technology selection is therefore in the hands of product planning groups to decide which 

technologies are included in future products. Product planning groups can face difficulties 

in incorporating the voice-of-the-customer into the product plan as they face a challenge of 

understanding the impact a new technology, possibly still in a concept stage, will have on 

the customer. 

The people who know what new technology will potentially deliver before it is available in 

a product are the technical specialists and are likely to be part of the product planning 

phase, but they are not always good at putting themselves in the position of a normal 

customer to see the technology from the customers point of view.  

To be able to understand how new technology is perceived by a customer, a translation is 

required from one 'language' to another, i.e. customer 'speak' to the engineers’ technical 

'speak'. This is a challenge that is addressed in a number of ways and these will be 

examined later in the text. 

 

The correct selection of technology is very important, but the problem of selection has 

become more complex in some areas, e.g. the internal combustion engine for passenger 

cars, because the technology options are increasing with the development of more 

sophisticated materials, control technologies and electronics. 

To discuss how technology is important and how the issue of technology selection has 

changed over the years in the evolution of products and how the application relates to 

customer requirements, the evolution of the spark ignition engine in the passenger car 
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since its invention to the current high performing, low polluting refined engine common in 

today’s road vehicles, is considered in Appendix 1. 

 

To ensure the voice of the customer, i.e. the customer requirements, are considered and 

incorporated into new products at the planning stage, a strategy is required to link 

customers with the technology strategy and technology deliverables. This is the purpose 

of the investigation. 

 

 Summary & Conclusion 

There is a need for a methodology of selecting new technology that considers the customer 

requirements. A Customer Focussed Technology Selection Process should provide a way 

of assessing the potential of a new technology and how the technology will impact the 

customer, the end user. The task then is to predict how customers will perceive the new 

technology without building all possible prototypes for the customer to test. 

 

 Project Aim 

To develop a methodology, that includes the ‘Voice of the Customer’ and multidiscipline 

expert opinion, for selecting new technology at the planning stage of new products.  The 

aim is to assess how the customer will perceive the new technology, indicating if the 

product development will increase customer satisfaction. 

The methodology is aimed at assessing the suitability of technology or technology 

packages, particularly concept and low TRL level technologies (Technology Readiness 

Level) (EARTO, 2014, annex 1), that will be included in a system that will be incorporated 

into a number of products, e.g. an engine that is used in a number of different production 

vehicles (products). 
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 Literature Survey 

 Introduction 

The long-term success of a company is dependent on its ability to develop new products 

(Lagrosen, 2005) and those products fulfilling the requirements of the customer. This 

involves understanding what the customer wants and delivering it with new innovative 

products; in many cases by the development, application and combination of new 

technologies (Arthur, 2009). 

The process of developing new products has many challenges. Understanding the 

customer requirements is increasingly a challenge as this is an area that is continually 

developing. The ex-Volvo Cars chief Jacoby points to the ever-increasing volume of data 

available on the World Wide Web allowing potential customers to be more informed 

about products than ever before, leading to greater expectation in product performance 

(Leggett, 2013). Another challenge is identifying technologies that will go into the new 

products. For many new products, due to the range of technologies and potential 

combinations, investigating the options with the resources available is an issue (Roth et 

al, 2002). The selection process is more complex the earlier the technologies are in their 

development when there is less data available. (Roth et al, 2001) discusses that when 

combining technologies, the complexity of the system can increase geometrically with the 

number of design and/or technology options available. The paper also identifies the 

pressure on development time and resources that generally expect ever shorter product 

development times. Increased complexity and resource limitations couple together to 

demand a structured approach to product development. 

Nagy argued in 1993 that a set of ‘tools’ should be used in planning the new products to 

maintain competitiveness (Nagy, 1993). This is still the case today as discussed by 

(Marini et al, 2016) with a wider range of product planning tools available the planning 

process itself can be ever more complex.   



7 

A technology roadmap listing automotive propulsion technology over the next two 

decades has been developed by the Advanced Propulsion Centre UK using experts from 

the automotive industry and academics working in relevant fields (Advanced Propulsion 

Centre & the Automotive Council, 2017). This type of roadmap is useful for general 

trends in technology but to apply it to products, detailed technology analysis and planning 

is required in specific technologies.  

Using the right technology selection tools and considering how to fulfil the customer 

requirements gives product development more focus and should reduce development 

time and resources. 

This research project aims to investigate how technologies are selected and used in 

combination to evolve the design of new products. Specifically, the focus is on selecting 

technologies for new products, linking what the technology will deliver with the customer 

requirements. (Roth et al, 2001) summarised the overall task of selecting technology for 

the design of systems as a most challenging aspect of engineering due to the 

combination of many elements into a single product. The paper goes onto summarise the 

complexity of the problem by pointing out that new technologies may be at various levels 

of development or readiness and competing requirements including cost and 

performance further complicate the selection process.  

The challenge of selecting technology for future products is further complicated if the 

technologies have different development times to take them to a level of development 

ready for the customer. Technology development processes such as the Ford TCDS 

process (Ford Motor Company, 2005) and the Jaguar Land Rover ‘Technology Creation 

and Delivery System (TCDS) V3.0’ (Jaguar Land Rover, 2017) have flexibility depending 

on the complexity of the technology and application.  

If technologies have a long development time it is possible that they may be superseded 

by the time they are introduced to the market. Ultimately the product must be attractive to 

the customer to make the product successful and hopefully profitable. 
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(Roth et al, 2002) summarised the challenge as a ‘constrained combinatorial optimisation 

problem’. The optimisation problem is a system engineering challenge with many 

disciplines required to achieve the optimisation. Taking the automotive internal 

combustion engine as an example of some of the different areas of engineering expertise 

that are required to ‘optimise’ the design as shown in Figure 2.1.  

 

 

Figure 2.1 The disciplines required in the development of an automotive internal 
combustion engine.  
 

A generic flow chart for technology selection linked to customer requirements is shown in 

Figure 2.2. The three boxed areas on the flow chart show the three main processes 

leading to the point where the technology can be differentiated and a selection made. 

This also outlines the sections of this chapter that deal with each phase of the process. 

The approach of this project is to support the technology selection problem by 

investigating how customer requirements are fulfilled by the technologies using the 

knowledge of expert groups. The aim is to differentiate between the technologies on how 

well they will potentially fulfil the customer requirements when a product is still in the 

planning stage. The proposal of using expert opinion in this way will be investigated using 

case studies.  
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Figure 2.2 Generic flow chart for technology selection linked to customer 
requirements. 

 

The methods of including the customer requirements in the product planning stages will 

be considered in section 2.2. Methods for using Expert opinion will be described in 

section 2.3. Section 2.4 will consider the different published processes for technology 
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selection while the use of Case Studies as a research tool will be investigated in section 

2.5. In summary the four key areas linked to this research are  

 Processes used to incorporate the ‘voice of the customer’ into a technology 

selection process 

 How expert opinion used in technology planning and selection 

 The processes industry and in particular the automotive powertrain development 

areas, use for technology planning 

 The use of case studies as research tools. 

 

 Critical Review of processes used to incorporate the ‘voice of 

the customer’ into a technology selection process 

Successfully fulfilling the needs of the customer begins with understanding what those 

needs are often called ‘The Voice of the Customer’. (Juran, 1988) emphasised the need 

to fulfil the requirements of the customer and that is only possible by analysing the stated 

needs and discovering the unstated needs as well. Figure 2.3 shows Juran’s proposal for 

analysing the customer needs at different levels using an automobile as an example.  

 

 

Figure 2.3 Planning for quality by analysing the customer needs. (Juran, 1988, p40) 
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Davis observed that to increase market share and profitability there has to be a 

commitment to identifying and satisfying the needs and expectations of the consumers 

better than the competition (Davis, 1988). The ‘voice of the customer’ is the general term 

used for the customer requirements or needs that a product or service needs to fulfil. The 

methods of determining the customer requirements will vary depending on the industry 

and the product being developed. 

One approach to define the ‘customer requirements’ used by (Wee et al, 2017) for an 

industrial chilled water plant-room design had the stakeholders define the requirements. 

The stakeholders being the architect, the building contractor and the plant-room operator. 

These ‘non-functional’ requirements are focused on a functional object, in this case an 

industrial chilled water plant-room. A different approach is required when establishing the 

customer requirements for a product like a car. There are requirements directly linked to 

the performance of the vehicle but there are also less tangible, emotional requirements 

relating to qualitative and aesthetic aspects of the design and the ‘feel’ of the way the 

performance is delivered (Ford Motor Company, 2002).   

This is an issue highlighted by (Juran, 1988) that discovering the unstated needs of the 

customer is a challenge. The stated and unstated needs referred to as ‘Consumer Focus 

and Consumer Insight’ (Ford Motor Company 2002) can be derived from investigating 

• Demographics 

• Lifestyles 

• Vehicle preferences 

• Vehicle usage 

• J.D. Powers’ surveys investigating customer reaction (http://www.jdpower.com).  

 

A particular challenge is in planning for new markets and an example of research in 

engineering vehicles for new and emerging markets. Ritchie (2001) investigated ‘The 

Leadership Drive Process’, as a 3-stage process covering a review of the market 

situation, the understanding of local customer requirements and investigating customer 
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satisfaction. New processes were proposed to aid determining customer requirements. 

Through gaining a better knowledge of the customer requirements the products aimed at 

specific markets fitted the markets they were aimed at. One of the case studies looked at 

the introduction of a new vehicle in the Indian market. Four major design changes were 

identified with the result that the vehicle was well received and fulfilled many 

requirements specific to the Indian market. 

To collect the whole range of these requirements, the ‘unspoken’ requirements a range of 

different approaches are required. These include customer clinics or workshops where 

the customer interacts with new products, interviews, questionnaires and surveys. 

(Garside et al, 2002) reported on a project that combined many different methods of 

eliciting customer requirements and reactions to products to develop a full picture of the 

requirement set. This ranged from direct questionnaires, customer clinics, product 

previews, customer observations through to web-based surveys. There are other tools for 

collecting customer requirements, for example Use Cases (Bruckner et al, 2001).  

The collection of customer requirements does not in itself enable technology selection but 

the correct determining of the requirements, spoken and unspoken, feeds into other tools, 

e.g. QFD, to be used to select technologies to best fulfil the customer requirements. The 

selection of technology with the customer’s needs to the fore is an important step in the 

development of new high-quality products whether for existing or new markets. There are 

many other processes and functions required to deliver the product to the customer, but 

this project addresses the issue of introducing the customer requirements in the planning 

stage. 

Quality Functional Deployment (QFD) is an established and effective tool for 

incorporating customer requirements into the development process (Akao, 1990). 

Cristiano et al (2001) reported on surveys of over 400 companies in Japan and the USA 

where QFD has been applied. A figure from their report shows schematically that QFD 

when applied successfully has the potential of reducing product design and development 

times, as shown in Figure 2.4. With the key enabling factors being management support 
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and data collected specifically for QFD. Govers goes further to say that ‘QFD has to 

become part of a company's culture’ (Govers, 2001) for it to be fully effective. 

 

Figure 2.4 QFD’s effect on product development lead time. From Cristiano et al, 
2001. 
 

The original structure of QFD was a cascade of matrices with the first capturing the 

customer requirements. In the original QFD process, according to the QFD Institute, 

there were ‘30+ charts in the full Comprehensive QFD system developed by Dr. Akao 

and his associates’ (http://www.qfdi.org/). A reduced model was adopted by American 

manufacturers in the 1980’s. (Daetz, 1989) reports on the early introduction of QFD into 

the American division of the Hewlett-Packard Company ‘as a way to improve the 

effectiveness of product definition and design.’ 

The truncated version has the top-level matrix linking the customer requirements to 

design requirements. The later matrices then linked design requirements with 

manufacturing with the last level detailing the manufacturing process. The four matrices 

are shown in Figure 2.5. 
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Figure 2.5 Example of the four matrices of QFD – From the American Supplier 
Institute, 1989. Quality Functional Deployment - Implementation Manual for Three 
Day QFD Workshop (Version 3.1) (American Supplier Institute, 1989) 

 

QFD as a process is recommended in the SAE Surface Vehicle Standards ‘Use of Model 

Verification and Validation in Product Reliability and Confidence Assessments’ SAE 

J2940 (SAE International, 2011) and ‘Product Development Process and Checklist for 

Vehicle Electronic Systems’ SAE J1938 (SAE International, 2015). 

(Fernandes et al, 2008) reports on a process for selecting metal joining technologies. It 

starts with collecting the customer requirements and uses affinity diagrams to group the 

requirements followed by pair-wise comparisons to identify a ranking of the requirements. 

This data is then used to generate a QFD. The functional requirements from the QFD are 

put into a Pugh matrix and the positive, same or negative assessment is made of how the 

technology delivers the functional requirements. The final technology assessment is 

obtained from using the weightings of the functional requirements with the assessments 

in the matrix to give a numerical ‘value’ of the technology. The process reported does link 

customer requirements to selecting a technology from the group being considered. The 

rating method used for the Pugh decision matrix does rate how important a function is but 
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does not include a degree of delivery of the function so differentiation between 

technologies could be improved.  

There is continuing work on integrating QFD into the development process of new 

products, an example of this is (Ionica & Leba, 2014) where the QFD process is used in 

the development of new biometric products to determine which customer requirements 

are delivered by the characteristics of the product under development.  

Published QFD work has shown that QFD has been successfully used in many 

industries, a few examples include 

 Manufacturing (Sarkis & Liles, 1995. Lowe et al, 2000) 

 Building (Wee et al, 2017. Fan et al, 2017) 

 Housing (Gilbert et al., 2016) 

 Aerospace (Delano et al, 2000. Hollingsworth & Mavris, 2000) 

 Information technology and CAD (Han et al, 1998. Marjudi et al, 2013. Prasad & 

Chakraborty, 2016) 

 Energy supply (Buchtela et al, 1999) 

 Automotive OEM and suppliers (Davis, 1988. Daneshgari et al, 1996. Balek & 

Heitzman, 1993. Dimsey & Mazur, 2002. Fernandes et al, 2008. Patidar, 2010. 

Bhangale & Mansinh, 2011, Sung, 2013. Li et al, 2017) 

 Fuel systems (Glassey et al, 1993. Dirks et al, 1998) 

 Paper products (Scheurell, 1994) 

 Medical (Zadry et al, 2015) 

 Environmental Sustainability in Shipping (Lam & Lai, 2015) 

QFD has been widely used in the automotive sector and adapted to the particular needs 

of the companies. Within the Ford Motor Company QFD was seen as part of the 

‘Engineer’s toolbox’ (Nagy, 1993) and the process was developed to reduce the 

resources required to complete the original structure of QFD as proposed by Ako.  
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Using the Ford Motor Company as an example of how QFD has been incorporated into 

engineering, company teaching materials have been prepared for Ford employees over 

the years including the QFD Plus - User guide (Ford Motor Company, 1991), Quick QFD 

Guidebook (Termaat & Bollaert, 1995), Quick QFD (Version 1.0E) (Ford Motor Company, 

1997), Quality Functional Deployment (Ford Motor Company, 1999), and Applied 

Consumer Focus (ACF) Reference Guide (FTEP) (Ford Motor Company, 2002). 

There have been various developments of QFD. One process promoted by the QFD 

institute being Blitz QFD® and described in (Mazur, 2012). The process includes the first 

level matrix, the ‘House of Quality’ (HoQ), with ‘improvements over classical QFD for 

companies involved in the end-to-end design, development and deployment of products, 

processes, services and systems’ (Mazur, 2012). Blitz QFD® is linked to the Design for 

six sigma processes for quality improvement and is designed to be a ‘lean’ process in-

line with the current use of Lean engineering tools in many industries. The DFSS process 

is reported in (Stamatis, 2003). 

The wide use of QFD is reflected in an organisation established in the USA called the 

QFD Institute. This provides information on the tool, developments, conferences and 

training courses (http://www.qfdi.org/). A standard for QFD practitioners of has been 

published (ISO 16355-1:2015 Application of statistical and related methods to new 

technology and product development process -- Part 1: General principles and 

perspectives of Quality Function Deployment (QFD)), to standardise the approach to 

QFD. The most widely used part of QFD from the literature is the house-of-quality matrix 

that links the customer requirements to the design requirements and is the part of the 

process most related to technology selection. A schematic version of the ‘House of 

Quality’ is shown in Figure 2.6 and is taken from the American Supplier Institute, 1989. 

Quality Functional Deployment - Implementation Manual of 1989 (American Supplier 

Institute, 1989). 

A key part in developing a House of Quality is the setting of the importance weightings of 

the various customer requirements. QFD has many parallels with AHP in that both 
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require the setting of importance weightings. Conjoint analysis has also been used to 

support QFD, in the thesis ‘Customer Focused Product Development by Conjoint 

Analysis and QFD’ by (Gustafsson, 2006). Conjoint analysis is a market research tool 

whereas QFD is used more in the engineering sphere, but both ultimately aim to identify 

how to deliver the customer requirements. 

QFD uses customer requirements but does not capture them. The derivation of customer 

requirements is not within the scope of the project, but it should be noted that to derive a 

total view of the customer requirements the level of resources required is high employing 

many different tools. 
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Figure 2.6 Example of the first level matrix of QFD also known as the ‘House of 
Quality’ – From the American Supplier Institute, 1989. Quality Functional 
Deployment - Implementation Manual for Three Day QFD Workshop (Version 3.1)  
 

QFD was conceived as part of a quality improvement process but there are examples of 

it being used to support technology selection other than identifying the ‘best’ technology. 

Two examples are (Chen et al, 2015) for developing specifications and in the case of 

(Delgado et al, 2001) identifying technology not required by the customer.  
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(Govers, 2001) concludes that QFD is for “deploying customers' desires” and can be an 

excellent tool for planning and control. However, he highlights 3 potential problem areas. 

The first being methodological problems: e.g. excessive detail, and ‘interchanging 

customer and engineering requirements’ so confusing the outcome. The second relates 

to organisational problems centred on management support for the process, i.e. 

resources and the ability to work across functions. The third is ‘product policy’ as not all 

products are suited to the process as it need definitions of the customer and for full QFD 

competitive and technical benchmarking data which can be expensive to obtain. 

Overall though the process when supported and resourced has positive outcomes for the 

quality of the products. 

Another quality tool that can be used to introduce the voice-of-the-customer and 

commonly used with QFD is the KANO diagram. The KANO diagram (Figure 2.7) is a 

way of visually representing different functions and attributes to show their delivery and 

importance. The Basic quality level is the must-have quality, it is a basic expectation by 

the customer that the attributes are delivered and they are effectively invisible. They 

become important and noticed when the function is not delivered. Basic quality when 

delivered well does not necessarily increase customer satisfaction, the line curves to go 

horizontal in that further improvements of the attribute do not increase customer 

satisfaction but curves to be nearly vertical if the attribute is not delivered. Indicating 

customer dissatisfaction. 

The performance quality line demonstrates that the degree of customer satisfaction 

derived is directly linked to the quality of delivery. The attributes set on this line 

differentiate products. The ‘Excitement’ or ‘surprise & delight’ line is the special features 

that a product has that causes it to be noticed.  

Over time the surprise and delight features become performance quality features as more 

products have these attributes. The performance features become basic quality. For 

example, many years ago air conditioning in a car would have been a surprise and 

delight. It then became a performance quality feature as more cars had air conditioning 
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and it was an option. Today it is a basic quality feature as most cars have it as standard 

and it is expected to work as well and as reliably as other basic features. 

 

Figure 2.7 The KANO diagram showing the 3 levels of ‘Quality’, ‘Basic’, 
‘Performance’ and ’Excitement’, also known as ‘Surprise & Delights’. – From the 
American Supplier Institute, 1989. Quality Functional Deployment - Implementation 
Manual for Three Day QFD Workshop (Version 3.1) (American Supplier Institute, 
Inc, 1989) 
 

One way the KANO diagram can be used is to identify how well current attributes or 

technologies are being delivered, perhaps marked to the left of the vertical axis, and 

where they should appear on the diagram, further to the right. This can help identify the 

development needs of the attribute or technology. This could identify which technologies 

have the most potential but the positioning on the lines is a qualitative process. 

(Ullah & Tamaki, 2011) have developed the KANO concept and describe the different 

ways in which product attributes are allocated a status, i.e. Must-be, Attractive, One-

dimensional, Indifferent, or Reverse (Figure 2.8).  
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Figure 2.8 KANO diagram from (Ullah & Tamaki, 2011) 

The attribute status definition according to (Ullah & Tamaki, 2011) 

1. Must-be – Its presence is expected and does not increase satisfaction but its 

absence produces dissatisfaction. 

2. One-dimensional - fulfilment contributes to customer satisfaction and vice versa. 

3. Attractive – An attribute not expected by the customer but can lead to greater 

satisfaction if fulfilled. 

4. Indifferent – An attribute that does not contribute or detract from customer 

satisfaction  

5. Reverse - an attribute that causes dissatisfaction 

The way attributes are allocated a ‘status’ comes from customer questionnaires asking 

the customer to state a ‘Like’, ‘Must-be’, ‘Neutral’, ‘Live with’, or ‘Dislike’ to whether the 

attribute is included (functional) or not included (dysfunctional) in the product. The 

combined ‘functional’ and ‘dysfunctional’ answers generate a ‘status’, 1 to 5. 

If this process is used for technology selection it could provide a selection criteria if the 

customer has an understanding of the technology sufficient to be able to rate it.  

Modelling approaches are included to ‘fill-in’ the customers missing answers and other 

mathematical models are applied to derive the status of the attributes.  



22 

The diagram will not necessarily ‘select’ technologies but can support the selection 

process. The potential ‘Surprise & Delight’ feature that a technology could supply will not 

feature in the customer requirements or needs as by definition these functions are a 

surprise and a delight so not anticipated. 

The KANO model can be used for many applications, examples include (Sauerwein et al, 

1996) on developing a Kano analysis for skis and (von Dran et al, 1999) describing the 

use of the Kano diagram in designing a website.  

If surprise and delight features can be identified in the technologies then the KANO 

diagram can support the technology selection to give a visual representation of the 

potential of technologies. However, the Kano diagram by itself may not identify the ‘best’ 

technology.  

The KANO does not address interactions and the combined effects where technologies 

may be additive. (Matzler & Hinterhuber, 1998. Sireli et al, 2007) and others propose 

integrating the Kano model into QFD where interactions can be considered. 

  

 Critical Review of Processes used for technology planning 

In the literature there are many examples of process used for concept and technology 

planning in a variety of industries and activities, examples include tourism (Briedenhann 

& Wickens, 2004), environmental planning (Eycotta et al, 2011), Supply chain 

management (Yazdani et al, 2016), aircraft design (Hollingsworth & Mavris, 2000) 

(Keivanpour et al, 2013), Life Support systems for manned space missions (Rodriguez et 

al, 2004), the renewable energy sector (Buchtela et al, 1999), electronic systems 

(Agaram, 2017), telecommunications (Kim et al, 1997), information technology (Delgado 

et al, 2001) and the automotive sector (Caviasso et al, 2002) (Daim et al, 2011) (Kianifar 

et al, 2014) (Chen et al, 2015).  

There are various proposals for mapping in which way technology will evolve. The most 

common is technology roadmapping. Phaal et al (2003) have summarised the strategies 

of technology roadmapping. The eight forms of roadmaps they identify are shown in 



23 

Figure 2.9. The form the roadmap takes will be defined by the function required by the 

industry or companies. The roadmap forms identified by (Phaal et al 2003) are suited for 

use within companies, linking technology with products, markets and projects.  

An example of a ‘high-level’ technology roadmap for an industry, in this case automotive, 

has been developed as part of the Foresight Vehicle UK programme and published by 

the UK Society of Motor Manufacturers and Traders Ltd (SMMT).  The automotive 

propulsion technology roadmap ‘Foresight Vehicle Technology Roadmap (version 2)’ 

(Foresight Vehicle, 2004), following workshops and discussion groups organised by the 

Advanced Propulsion Centre UK an updated in 2017 has now been published (Advanced 

Propulsion Centre & the Automotive Council, 2017). This identifies technology groups 

without identifying specifically how the technology will be delivered. This type of roadmap 

is pre-competitive and supports general technology trend planning. What specific 

technology solutions should be implemented is a matter for individual companies to 

decide. The roadmap is shown in Figure 2.10 

Within the automotive sector there are many examples reported of the use of technology 

planning in all aspects of the vehicle and vehicle systems where there are competing 

technological solutions to the design of future products. The area that is widely reported 

is technology selection for the vehicle powertrain systems and includes a range of 

technology selection methods. Three examples of projects that have taken different 

approaches are from Mahle Powertrain (Wieske et al, 2009), University of Bradford with 

Jaguar Land Rover (Kianifar et al, 2014) and from Imperial College London as part of a 

consortium Project, ULTRABOOST (Copeland & Martinez-Botas, 2010).  

The Mahle Powertrain study ‘Optimisation of Gasoline Engine Performance and Fuel 

Consumption through Combination of Technologies’ uses extensive engine testing to 

compare the technologies (Wieske et al, 2009).  
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Figure 2.9 Examples of technology roadmap types from (Phaal et al, 2003) each 
having a specific function; (a) product planning (b) service/capability planning (c) 
strategic planning; (d) long-range planning (e) knowledge asset planning (f) 
program planning (g) process planning (h) integration planning. 
 

The University of Bradford and Jaguar Land Rover took an experimental data set and 

used multidisciplinary design optimization (MDO) framework modelling to investigate the 

technology options (Kianifar et al, 2014). The third, ‘Preliminary Boosting System 

Assessment’ initially uses a Pugh matrix selection process using inputs from engineers to 

identify the most promising technologies followed by system modelling to differentiate 
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between the identified options (Copeland et al, 2012). The three different approaches or 

components; expert opinion, modelling and experimentation, are used in varying degrees 

by many reported and named processes. In surveying the literature over 20 named 

processes other than experimentation (build and test) have been found. The processes 

are essentially different approaches to the problem of multicriteria optimisation which is 

the essence of the technology selection problem.  
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Figure 2.10 Technology Roadmap 2017 – A pre-competitive industry roadmap of 
the propulsion technologies for 20 years plus. (Automotive Council UK, 2017) 
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Many of the processes are general techniques that can be used in many applications 

whereas some are highly specialised for the selection of one type of technology. An 

example of a specialised tool is ALPHA (Advanced Light-Duty Powertrain and Hybrid 

Analysis) (Dekraker et al, 2017). As the name suggests this was used to identify the best 

technological solutions for automotive hybrid powertrain systems.  

The processes identified are either qualitative, quantitative or a mixture of the two. In the 

context of the processes quantitative processes require measured performance data on 

the technologies. The technologies are differentiated directly by their performance or the 

data is used in modelling to select the technology.  

The processes are listed in Figure 2.11 

 

Figure 2.11 The technology selection processes identified as either Quantitative, 
Qualitative or ‘Qualitative & Quantitative’ processes. 
 

Qualitative processes use opinion-based data. This data may have a numerical value 

associated with it from a defined scale, but the values are not measurable in an empirical 

way. Qualitative data is used when there is no empirical data about the aspect of the 

technologies under investigation that will be used for the selection criteria. 
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Some processes use a combination of the two types of information; opinion-based data, 

qualitative, for some aspects of the assessment coupled with measured or modelled 

data, quantitative.  

 Quantitative Processes 

A purely experimental approach to technology selection is reported by (Wieske et al, 

2009) where various engine technologies were built and tested. This requires a lot of 

hardware and testing resources to identify the optimum technology combination, so the 

range of combinations is limited. 

In some cases, there are no alternatives to the ‘Experimental build & test’ method. For 

example (Rodriguez et al, 2003) reports on the selection process for tomato varieties to 

be grown on space missions. The only way of evaluating the different tomato varieties for 

taste and texture is by growing them to test and taste. This is an example of a selection 

exercise that uses qualitative data, i.e. taste, as a quantitative measure.  

Many quantitative processes make extensive use of functional or system modelling. This 

requires a good knowledge of the performance of a technology before it can be 

assessed. An example of this approach is the ADVISOR modelling system reported by 

(Wipke et al, 1997). The process summary flow diagram is shown in Figure 2.12. The 

process requires performance data for each of the technologies to allow a virtual build of 

the technologies in a system which is then ‘tested’ for system performance in the model. 

With low TRL technology the data required to characterise the performance of a 

technology is not always available, so the modelling selection processes work best with 

technologies where the performance is known. Descriptions of the quantitative processes 

investigated are shown in Table 2-1 A to C. 
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Figure 2.12 The ADVISOR modelling process flow. From (Wipke et al, 1997) 

 Qualitative and Quantitative Processes 

Many of the processes that use qualitative and quantitative data combined still require 

the data on the performance of the technology. An example of a widely used process that 

uses both quantitative and qualitative data is TRIZ, (Teoriya Resheniya Izobreatatelskikh 

Zadatch). This originated as a Soviet Theory of Inventive Problem Solving and is a suite 

of over 50 techniques designed to cover a very wide range of problems (Mann, 2007). 

The suite of tools and techniques is set out for problem resolution and design evolution 

rather than technology selection but can be used to differentiate technology performance.  

The mixed qualitative/quantitative data processes are summarised in Table 2-2 A & B. 

 Qualitative Process 

When considering advanced technology selection where the technology may still be at an 

early TRL with no experimental data available the selection process needs to be a 

qualitative process. The qualitative data input is usually in the form of expert opinion and 

will be discussed in section 2.4. This subjective data may then be assigned numerical 

values with a quantitative value being the output. 

Examples of qualitative processes are shown in Table 2-3 A to D 
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A widely used process is AHP (Analytical Hierarchy Process) proposed by Saaty in 1980 

and in later publications as a method of “breaking a problem down and then aggregating 

the solutions of all the sub-problems into a conclusion.” (Saaty, 2004). The process has 

been used for policy making with (Saaty, 2004) describing an application of AHP to 

health care policy. The process has also been applied in the automotive industry, e.g. an 

internal Ford Motor Company report looking at customer satisfaction in the product 

development process (Borkes et al, 2002) and for design (Koganti et al, 2007).  

In the examples, expert groups were involved in identifying the criteria involved in the 

problems and matrices were created that made pair-wise comparisons on the different 

criteria. This was done numerically. The process is shown as a flow chart in Figure 2.13. 

The part of the process that develops the pair-wise comparisons has many parallels with 

the Kepner-Tregoe analysis method described by (Bowles, 2009).   

Decision Analysis is based on AHP and has many similarities. The analysis of a vehicle 

underbody system is used by (Gurusami, 1999) to provide an example of the analysis. As 

in AHP the weightings and ‘value functions’ used in the analysis have to be set using 

expert input. In the example sensitivity analysis was performed by adjusting the weighting 

factors. An example of a Decision Analysis Hierarchy Model from (Gurusami, 1999) is in 

Figure 2.14. 

A tool that has been used for many years in many different industries is the Delphi 

process. This was developed at the RAND Corporation in the 1960’s. The process uses 

interviews and questionnaires to elicit opinions. The initial summary of the combined 

results are then presented individually to the respondents to see if they want to change 

their opinion in light of the results summary. This review process can be repeated a 

number of time, see Figure 2.15. The purpose is to approach a consensus result. 

(Dalkey, 1969) describes the original process in detail with (Linstone & Turoff, 2002) and 

(Cuhls, 2003) giving descriptions of the process as used today. The review rounds aimed 

at arriving at a consensus effectively reduce the spread of the results. Analysis of the way 

in which the interviewees change their opinion in the light of being presented with the 
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mean result indicates that the further the respondent’s views are away from the mean, 

the more likely they are to change their opinion towards a view that was indicated by the 

mean. This is shown in Figure 2.16. The analysis suggests that the mean does not 

significantly change but the spread of the results is reduced; a consensus is achieved. 

 

Figure 2.13 AHP process 
flow chart (Borkes et al, 
2002) 

 

Figure 2.14 Example of a Decision Analysis 
Hierarchy Model for a vehicle underbody 
system (Gurusami, 1999). 

 

Figure 2.15 A diagrammatic representation of a 3 round Delphi process. The 
process has the initial survey, round 1, followed by 2 review rounds to arrive at a 
consensus. From (Skulmoski, Hartman & Krahn, 2007). 
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Figure 2.16 Analysis of the changes in opinion of the respondent’s in the second 
round of the The Delphi process. From (Dalkey, 1969) 
 

The Design Abacus method (Practical Action, 2012) is a diagrammatic representation of 

the estimated performance of the technologies with an indication of the level of 

confidence on the assessment. An example of a design abacus is shown in Figure 2.17. 

The technology selection will be a subjective decision based on the relative positions of 

the technology and the confidence levels. This process is probably not suitable for 

complex selection processes where a number of customer requirements are involved in 

the selection. 

 

Figure 2.17 A Design Abacus. 
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The Integrated Definition Functional Modelling Tool (IDEF0) as described by (Sarkis & 

Liles, 1995) is a functional modelling tool that uses functional diagrams similar to P-

diagrams (see Figure 2.18). The analysis links the diagrams to create an operational 

picture of the functions (see Figure 2.19). This approach is more suited to differentiate 

technologies that are associated with processes rather than products. 

The Soft Systems Method (SSM) incorporates QFD and IDEF0 (Presley et al, 2000). It 

has a number of phases to define the problem and then analyse (see Figure 2.20). It is 

noted that the process can be very time consuming and does not necessarily derive a 

definite solution. The analysis can continue to ever more levels of detail so deciding when 

an acceptable solution is found and what is the best solution can be difficult. 

 

Figure 2.18 IDEF0 modelling approach; (a) general elements, (b) specific elements 
(From Sarkis & Liles, 1995) 

 

Figure 2.19 General decomposition of IDEF0 modelling approach (From Sarkis & 
Liles, 1995) 



34 

 

Figure 2.20 Phases of the Soft-Systems analysis (From Presley et al, 2000). 

 

The Bayesian processes depend on assessor assigning probabilities to events 

happening. This type of analysis is particularly suited to analysing risk. Details of the 

analysis are in (Stamatelatos & Dezfuli, 2011) ‘Probabilistic Risk Assessment Procedures 

Guide for NASA Managers and Practitioners’, a guidebook on how to use the analysis for 

PRA. The mathematical background to this is covered by (Cooke, 1991) chapter 13. 
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Table 2-1 A Quantitative technology selection processes. 
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Table 2-1 B Quantitative technology selection processes. 
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Table 2-1 C Quantitative technology selection processes. 
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Table 2-2 A Qualitative and Quantitative technology selection processes. 

 



39 

Table 2-2 B Qualitative and Quantitative technology selection processes. 
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Table 2-3 A Qualitative technology selection processes. 
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Table 2-3 B Qualitative technology selection processes. 
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Table 2-3 C Qualitative technology selection processes. 
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Table 2-3 D Qualitative technology selection processes. 
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 The use of expert opinion in technology planning and selection 

The recorded use of ‘experts’ to provide opinions to assist with decision making can be 

traced back to the classical period where responses were sought from the gods through 

prophets at oracles. The most important Greek Oracle was at Delphi (Hornblower & 

Spawforth, 1998). People with knowledge have always been consulted through the ages 

with advisors to rulers and military intelligence. The judging of various sports such as 

diving and gymnastics as well as judging in competitions such as dog and cattle shows is 

based on the opinions of experts as are many competitions, music for example 

(Ginsburgh & van Ours, 2002). The use of expert witnesses is common place in court 

rooms around the world, e.g. (Carlson, 1986).  

The structured use of experts for technical problems developed following the Second 

World War with the establishment of the RAND Corporation, the name derived from an 

abbreviation of Research and Development, R-and-D. Originally part of the Douglas 

Aircraft Company, the RAND Corporation grew into an independent think-tank and 

developed techniques for eliciting expert opinion and analysing the results. The current 

summary of their work from their web site is ‘The RAND Corporation is a research 

organization that develops solutions to public policy challenges to help make 

communities throughout the world safer and more secure, healthier and more 

prosperous.’ (www.rand.org). 

There are many examples of the use of expert opinion in the literature. There are 

examples of the use of specialists in medical studies looking at practice and technology, 

e.g. (Normand et al, 1998). Although the use of qualitative, evidence-based data is 

preferred in some circles a paper by Tonelli (1999), argues that evidence-based medicine 

and clinical research should both be part of clinical medicine. (Kauppi et al, 2009) 

discusses how the two can be combined in medical image diagnosis. 

Expert opinion has been widely used in a range to industries examples include 

development of designs for aerospace, (Menkin, 2003), experimental design in 
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automotive testing (Dupplaw et al, 2004), risk analysis in resource management (Ayyub, 

2001). 

Many of the studies use a focussed, narrow field-of-expertise group in the elicitation of 

expert opinion, e.g. (Kauppi et al, 2009) and (Ayyub, 2001). Cooke in ‘Experts in 

Uncertainty: Opinion and Subjective Probability in Science’ discusses examples of the 

use of expert opinion in the preparation of Probability Risk Assessment (PRA) studies 

(Cooke, 1991). The example studies used specialist groups to assess the probability of 

failures in the nuclear industry. A comprehensive review of the use of expert opinion in 

probabilistic risk analysis is provided by (Ouchi, 2004). The review covers elicitation and 

analysis. He concludes that there is no single all-purpose analysis/aggregation method 

for expert opinion.  

A key part in any expert opinion study is how the opinions are gathered. In all subjective 

data gathering the experts will use heuristics, ‘rules of thumb’, in particular where the 

expert is to provide estimates of probabilities, most people will not perform mental 

calculations to derive estimates but use ‘rules of thumb’ in their estimations. This can 

lead to biases or distortions of judgements. There are various forms of bias, perhaps the 

most important of these is overconfidence (Cooke, 1991 p63). In extreme cases this can 

lead to errors in the conclusions. Analysis of the data that incorporate calibration and 

entropy. Good calibration means that the expert assessments (data) agrees with the 

majority of other experts. Entropy in this application is a measure of the information 

content of the data from the assessor. It can also be considered as how confident the 

assessor is about their answer.  

A technique to assess calibration and entropy is to have the experts answer ‘seed’ 

questions where the actual probability is known. This can be used to identify experts with 

extreme views but increases the number of questions so may affect how many experts 

are willing to complete the questionnaire. Calibration and entropy can be assessed in the 

analysis of the data (Cooke, 1991) allowing identification of experts with extreme biases 

and potentially unhelpful heuristics. 
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(Dalal et al, 2011) of the RAND Corporation discusses how the range of elicitation 

techniques including small face-to-face panels of experts using the Nominal Group 

Technique (NGT), large panels whose members opinions are obtained individually 

without group or face-to-face interaction, and crowdsourcing. The different techniques all 

have various pros and cons. 

Group discussion panels to derive expert opinion using a centralized location for face-to-

face discussions are challenging to organise and can be highly resource intensive but a 

consensus based decision can be obtained. With individual assessments there is not the 

opportunity for discussion that can aid the input but it does reduce the risk of discussions 

being dominated by vocal individuals or groups. Opening the forum for “the wisdom of the 

crowd” through crowdsourcing on the web for a wide range of views introduces 

uncertainties about the range of individuals involved and if they would be considered 

‘experts’ in the traditional sense of the word.  

A project to assess many different types of data gathering including experts was reported 

by (Garside et al, 2002). The purpose was to discover potential 'Surprise and delight' 

feature for new cars. The processes included dealer interviews where dealer reported 

customer reactions to new vehicle designs. A process they termed as "Peerage 

Congregation" which were workshops with non-automotive experts to capture 

countermeasures to current and potential vehicle concerns. "Mixed Focus Group" to 

develop USP and ‘delighter’ ideas, based on historical and future trends, moderated by 

current opinion. The workshops included a wide range of experts. An Internet Feedback 

Questionnaire was also used to collect innovative product, USP and 'delighter' ideas from 

Internet users for new vehicle development and feedback on current models. It was 

recognised that an advantage of internet surveys is that they are less expensive than 

other group surveys the internet derived data has reduced confidence as the expert panel 

may not be representative. 
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Another example of expert panels in the automotive industry was BMW where ‘innovation 

councils’ were introduced to look at ideas with the best potential (Traudt, 2004) but it is 

not known what the make-up of the forums were or the form of the output.  

Workshop discussion forums were used in the updating of the Automotive Council UK 

technology roadmaps an example of which is shown in Figure 2.10 (Automotive Council 

UK, 2017) with the group compromising of academic and industrial experts. 

(Sillars & Hallowell, 2009) discuss the use of expert opinion in construction engineering 

and management. The conclusions of their comparison of 4 different elicitation methods 

was that the best method for a study was dependent on the type and availability of the 

data. They developed a flow chart to assist in identifying the most appropriate method of 

elicitating expert opinion, see Figure 2.21. 

 

 

Figure 2.21 Method Selection Flowchart from (Sillars & Hallowell, 2009) 
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In surveys where experts are asked to estimate probabilities of events occurring different 

analysis techniques can be used. (Cooke, 1991) puts forward analysis techniques for 

expert data including the detailed mathematical basis for the analysis methods. The 

analysis method is strongly linked to the nature of the data that is being obtained from the 

experts.  

The Bayesian statistical approach is one analysis route put forward by (Cooke, 1991). In 

a Bayesian approach the subjective probabilities provided by the experts need to be 

combined to give an overall result. This has been the subject of research by many groups 

but the combination procedure appears to be problem dependent with (Genest & 

McConway, 1990) stating ‘the search for a single, all purpose, objective combining 

procedure…. is futile”. (Ouchi, 2004) observes that Bayesian modelling has a strong 

mathematical basis but is limited in its practical application. (Smets, 1992) shows that in 

comparing a Bayesian statistical analysis and a Transferrable Belief Model to the same 

data states that in some cases the solutions conflict with each other and there is no way 

to prove which solution is correct. The decision in these cases of which approach is 

better is not clear and left to personal choice.  

The “Classical Model” described by (Cooke, 1991, chapter 12) used in many applications 

gives a weighted combination of the expert’s probability assessments. The model is 

designed to satisfy five principles (Cooke, 1991 p81-84) 

 Reproducibility – Peers must be able to review and reproduce the calculations  

 Accountability – The source of all the data is identified. In the cases of public 

decision making it needs to be in the public domain. 

 Empirical control – In the case of subjective probabilities, the probabilities must in 

principle be able to be derived from observation. This ensure the expert cannot 

say what they want. This can be difficult to achieve. 

 Neutrality – It should encourage experts to state their true opinions. 

 Fairness – All experts are treated in the same way prior to processing the data.  
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The Classical model incorporates an average response entropy and a calibration score 

(entropy and calibration have been discussed earlier in this text). For the analysis of 

subjective probabilities, the classical model is said to outperform the ‘best expert’ and 

simple arithmetic averaging (Cooke, 1991 p187). The Classical model incorporates useful 

concepts in its formulation but is not a necessarily an analysis model for technology 

selection as stated by (Cooke, 2015) that the Classical model is “is for eliciting and 

combining expert uncertainty, not expert knowledge.” 

(Cooke, 2008) cites (Tuomisto et al, 2008) as a ‘showcase application of the classical 

model’ for their analysis of expert opinion on the health effects of airborne fine particulate 

matter. The study had 6 experts put forward their subjective probabilities with the 

calibration of the experts performed through the use of 12 calibration questions. The 

results showed that weighting the opinions with respect to the performance of the experts 

for the calibration questions gave better results when compared to published studies. For 

some questions there was good agreement but certain groups of questions had greater 

disagreement and uncertainty.  

For some applications where subjective probabilities are not the data obtained from 

experts, other analysis methods may need to be used or developed. 

 

 The use of case studies as research tools. 

Case studies are a common tool in research. Examples of case studies in research 

leading to a higher degree include (Bowles, 2009), (Mukora, 2014) and (Dlamini, 2013). 

(Dlamini, 2013) used expert data to test and apply decision-support tools using a major 

regional water utility in England was used as a case study. (Mukora, 2014) used onshore 

wind energy as a case study. 

Case studies are extensively used in industry. (Marsh, Slocum & Otto, 1993) use case 

studies to demonstrate the application of AHP to machine tool design.  

(Lin, 2005) used the vehicle issue of electrical delay time prior to engine crank to 

demonstrate a DFSS analysis of the problem within the General Motors Corporation. 
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A research project studying the optimisation of CO2 emission from a vehicle to support 

the development process (Martin et al, 2016) used a case study to demonstrate the 

influence of Cycle, vehicle and Fleet Based Optimization. 

Two internal reports by the Ford Motor Company (Borkes et al, 2002) and (Koganti et al, 

2007) both use case studies in their reports. 

In all the technical studies discussed the case study gives the opportunity to apply the 

research to a problem in a way that allows the applicability of the research to be 

demonstrated. 

 

 Conclusions from the literature study for technology planning 

The literature study has identified a number of processes used for technology planning. 

When considering low TRL technologies, the main focus of this research project, where 

there is no test or modelling data available, there are no structured processes that focus 

on the impact of the technology on the customer. The lack of test and modelling data 

requires the use of qualitative data using expert opinion to provide the data that can 

potentially differentiate between technologies on their expected performance. To ensure 

that the technology fulfils the products’ customer requirements to maximise customer 

satisfaction the ‘Voice of the Customer’ (VoC) should be included in the analysis of the 

technology.  

A new methodology is therefore required that contains a method of including the 

customer requirements, a method of obtaining qualitative expert opinions on the 

performance of the technologies and an analysis method that can combine the expert 

opinion evaluations with the customer requirements to provide a measure of the 

customer requirement fulfilment. 

An effective tool for including the VoC is QFD. The full QFD process is not appropriate for 

considering the performance of early stage development technologies but the ‘House of 

Quality’, the first of the QFD matrices can support the process and bring the VoC into the 

selection. 
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The analysis method will depend on the nature of the data obtained from the experts. 

Most of the expert opinion analysis methods are for subjective probability data but this 

form of data is not appropriate for technology selection so the techniques need to be 

adapted.  One of the most widely used analysis methods is Cooke’s Classical model. 

Cooke identifies useful principles that can be incorporated into expert opinion analysis 

methods along with the concepts of entropy and calibration that should be applied if 

possible. Bayesian analysis is mathematically robust but has limited application. 

Tools that work to a consensus result, e.g. Delphi, may not provide additional accuracy 

with repeated assessor reviews but will reduce the range or spread of answers. This may 

be useful for some types of investigations but not for others. 

A way of showing if the technology selection process works is to use case studies as a 

demonstration of the selection stages and end result. 
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 Research Methodology 

 Review of Research Aim 

As discussed in Chapter 1, the aim of this research is to develop a rigorous and systematic 

methodology that incorporates the ‘Voice of the Customer’ in selecting new technology at 

the planning stage of new products so that the product has the potential to rate highly in 

customer satisfaction. This work is conducted from the perspective of an automotive OEM, 

and in particular focusses on the challenges associated with large, relatively high value 

complex systems – such as engines and powertrain.  

The nature of the assessment and selection of technologies, particularly of technologies 

for future vehicles, is complex and multi-faceted. The assessment of engine technologies 

requires a wide range of expertise, e.g. refinement (noise, vibration, and harshness [NVH]), 

chemistry, tribology, engine performance development, material science, durability and 

reliability assessment, plus a number of other disciplines. This provides one of the major 

challenges to this type of assessment, the combination of opinions from experts in a range 

of fields to provide a coherent and cohesive assessment of the technology. 

From this perspective, particular challenges faced when identifying new technology for 

future products include: 

• Combining technologies into the optimum set means that many combinations 

need to be considered to identify the best one. 

• The potential technology sets are not available for the customer to assess directly 

so you cannot obtain customer feedback on the fulfilment of requirements. 

• Some technologies may be at the concept stage, early TRL levels, so there are 

no surrogate demonstrators available even for the engineers to assess. 

• A technology set could potentially go in a number of products each with a slightly 

different set of customer requirements. A means of selecting the most promising 

common technology set for all the products is required. 
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The methodology aims to compare the performance of technologies against a set of criteria 

derived from customer requirements, the ‘Voice of the Customer’ in comparison to the 

existing product. The methodology for predicting customer perception of the new 

technology will necessarily be based on using the ‘expert opinion’ of specialist engineers. 

A ‘translation’ process is needed to correlate the engineering based expert opinion ratings 

to parameters that are seen as important for customers, the customer requirements. The 

methodology is particularly aimed at assessing the suitability of technology or technology 

packages that will be included in a system that will be incorporated into a number of 

products, e.g. an engine that is used in a number of different production vehicles 

(products).  

The research is required to develop a methodology that allows the translation of customer 

requirements into design requirements and then an assessment of how the technology or 

technologies deliver the design requirements. The fulfilment of design requirements then 

need to be fed back to indicate the level of fulfilment of customer requirements.  

The customer requirements are in ‘customer-speak’ language, qualitative requirements 

involving preference and feeling. The translation is into criteria that can be assessed by 

engineers to give quantitative data. The quantitative data, the technology ratings, are 

‘translated’ back to ratings that assess how well the customer requirements have been 

met. A way of achieving this translation is to ask the different groups questions they both 

can relate to, linked with a common set of references. i.e.  

• Ask customers what product characteristics are important to them. 

• Correlate the product characteristics that are important to the customers, with 

design characteristics.  

• Ask the technical specialist what the technology will deliver with respect to the 

same design characteristics. 

• Translate how well the technologies will deliver the design requirements into 

delivery of the customer requirements. 



54 

• Compare how sets of technology will deliver against the customer requirements of 

the different customer groups. 

The challenge addressed in this research is how ‘concept’ technologies can be assessed 

in a way that gives information on how the customer may perceive the impact of the 

technology even though the customer cannot assess it for themselves. 

Assessments provided by technical experts will indicate how the technology is expected to 

perform with regard to delivering the design requirements. Combining the expert 

assessments with the importance the customer puts on the identified requirements 

provides an indicator of how successful the new technology will be at satisfying customer 

requirements. This information can then be incorporated in the planning of new products, 

enabling new products to better match customer requirements.  

This chapter covers a review of the current methodology in section 3.2. Section 3.3 is a 

description of the new methodology concept and Section 3.4 is a description of the version 

of the methodology used for the Pilot Case Study. 

 Review of the process at the start of the project 

The development of technology within Jaguar Land Rover is through set development 

processes focussed on identifying and delivering engineering based functions and 

attributes for future products. Technology is then selected that will deliver the function and 

attribute improvement required for the new product.  

The structured technology development process used in Jaguar Land Rover of which the 

author was an architect, has a process for concept selection but this is after the technology 

has been proven virtually or experimentally. As such there is no formal selection process 

to identify what technologies should be investigated right at the start of the development 

process. Also there is not a formal method of linking the expected performance of the 

technology to specific requirements of the customer either internal or end-user. The 
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processes do incorporate considerations of what the customer requirements are and 

customer usage but the link to the customer is limited and not at the concept phase.  

Processes used to aid technology selection by defining development requirements are  

 Attribute cascade 
 Quality target setting 

Each process has a different focus and both are important to the development of new 

products.  

 The Attribute Cascade  

The Attribute Cascade is a process for setting the targets of the different performance 

attributes required. The documents cascade the requirements from high level attributes to 

more detailed attributes by sequentially breaking the higher-level attributes to identify 

contributing factors for achieving the attribute. An example is the Performance, Economy 

and Driveability (PED) attribute cascade (see Figure 3.1. Note figure 3.1 is purely 

illustrative to show the structure of the attribute cascade, i.e. the increasing detail of the 

analysis, and is not intended to show the details of the attributes). It should be noted that 

the figures relate to a process that was still in its development stages. The figure does not 

show the details of each level of the cascade but is included to show the general form of 

the tool. 

The attribute cascade describes the individual contributions to the attributes 

comprehensively with further sub-levels that describe the sub-attributes in ever more detail 

with comparisons to the competition. However, in this process there are no direct links to 

the performance the customer was expecting regarding the delivery of the attribute in the 

final product. The attribute cascade is engineering led and so there are issues of direct 

interpretation of the customer requirements as the ‘voice-of-the-customer’ into engineering 

attributes.  
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Figure 3.1 - PED attribute cascade - Performance, Economy & Driveability (Internal 
document). 

 Quality target setting 

Two tools used in the quality target setting process were QFD and KANO. QFD for 

incorporating the voice of the customer and comparison with the competition and KANO to 

visualise the quality concerns and improvements required.  

At the start of this project the Jaguar Land Rover processes for incorporating the voice-of-

the-customer into product design was limited. Training courses on ‘Applied Customer 

Focus’ were available through the Ford Design Institute, the course dealt mainly with the 
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process of producing a QFD matrix and cascading that through the four QFD levels from 

Customer to manufacture process planning (Ford Motor Company, 2002). The Applied 

Consumer Focus training material covered the development of customer focus and 

customer insight for the development of QFD matrices, the Kano Model of Quality and the 

use of Systems Engineering and Design for Six Sigma (DFSS) in defining products based 

on customer requirements (see Figure 3.2).  

 

Figure 3.2 - The 3-Bubble model for developing Applied Customer Focus. From (Ford 
Motor Company, 2002) 
 

QFD training through the Ford FTEP training programme, based mainly on the Quick-QFD 

process (Ford Motor Company, 1994) and (Ford Motor Company, 1997) has been available 

but did not have a significant impact at the engineer level. The training outlined the various 

stages of capturing and recording customer requirements including the translation of the 

requirements into design requirements, in the QFD. Although training was widely available 

the application of QFD was very limited within Jaguar Land Rover as the process was 

considered cumbersome, resource intensive in time and personnel, and required access 

to actual customer opinion which is challenging and expensive to obtain. 
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Some QFD’s were generated but did not comprehensively cover all the Jaguar Land Rover 

products, e.g. the Powertrain QFD as used for the pilot study was created around the 

customer requirements for a powertrain for the X350 vehicle, X350 being the Jaguar XJ 

saloon released in 2008 (codenamed X350; QFD developed for this vehicle is illustrated in 

Figure 3.3). The QFD’s extended to considering competitor position but without continuous 

updating and revision the competitor data becomes out-of-date. The QFD’s were used to 

inform the engineers but had limited influence and value in the product development 

process and were not part of the technology selection process. 

KANO diagrams have been more extensively used. These were used to identify how the 

‘basic quality’ of a product needed to improve and inform of ‘performance quality’ features 

for planned products. Some KANO diagrams incorporated the PALS (Product Attribute 

Leadership Strategy) ratings (see Figure 3.4). PALS describe where products want to be 

positioned in relation to the competition in the market sector under consideration. The three 

ratings go from ‘Competitive’ to ‘Among the best’ to ‘Leadership’. In Figure 3.4 the 

Performance Quality, the central diagonal line labelled ‘Attributes’, also have performance 

position ratings of different attributes important to the brand relative to the competition. The 

top curved line list technologies that were intended to give ‘surprise and delight’. These 

were aspirational and incorporation of the technology on the ‘surprise and delight’ line was 

and still is, used to communicate the potential of a technology to differentiate the product 

from the competition by providing something different that will excite the customer. 

The KANO diagrams as well as warranty reports including the TGW (Things Gone Wrong 

in counts per 1000 vehicles), were combined with customer satisfaction assessment 

reports to guide and influence the quality actions providing new technology reliability and 

robustness targets.  The quality data influenced the technology selection in that it directed 

technology selection to limit risk, i.e. to limit the risk of customer dissatisfaction due to 

quality issues and limit potential warranty costs. 
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The technology selection criteria were primarily based on fulfilling performance targets and 

cost targets assuming package requirements could be met and also limiting the risk of 

quality issues and customer dissatisfaction.  

These selection criteria are valid and important in producing a high-quality product but 

there was a need to supplement the attribute cascade, QFD and KANO processes. The 

stage that was missing was a methodology that linked the technology to the customer 

requirements. The aim being to incorporate the voice-of-the-customer in the selection of 

new technology to more completely fulfil the customer requirements. There was also scope 

to improve the consideration of the selection of technologies to work in combination as this 

aspect of technology selection was limited.  
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Figure 3.3 - X350 Powertrain QFD (Jaguar V6) (Note a larger print of the figure is 
available at the back of the printed copies of the thesis). 
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Figure 3.4 - Example of a KANO diagram incorporating PALS ratings (Circa 2002) 
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 CFTS Methodology Concept for a Pilot study 

The pilot study, based on the V6 upgrade engine project, is designed to investigated the 

following 

 The Concept - Can customer requirements be linked with the performance of new 

technologies to aid technology selection? 

 The Method – If a simple questionnaire matrix could be used to assess the linkage 

between design parameters and the performance of new technology in fulfilling 

customer requirements? 

 The analysis – If a statistical data analysis method was sufficient to summarise the 

assessments? 

 The Output – If a strategy of combining technologies in technology ‘bundles’ to fulfil 

the customer requirements would allow more optimum technology combinations to be 

identified? 

 The Interpretation – If the data output would provide indicators 

o As to how a technology, individually or in combination with other technologies, 

would indicate how well customer requirements are met? 

o To highlight which customer requirements are fulfilled and comparatively to 

what extent? 

o To identify any negative effects on customer requirements? 

To achieve the pilot study objectives and based on the literature review and the review of 

the current process, a methodology is proposed. In summary the requirements of the 

technology selection methodology are 

 Obtain the relevant customer requirements for the product or products  

 Identify the technologies to be assessed 

 Link of customer requirements to design requirements 

 Method to assess how the technologies will fulfil the design requirements  
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 Linking of design requirement fulfilments back to customer requirements to give 

customer requirement fulfilment 

 Grouping of technologies into systems to investigate different combinations of 

technologies 

 Comparison of how groups of technologies fulfil different sets of customer 

requirements 

A description of the tools and methods for the different parts of the methodology are as 

follows 

 Obtain the relevant customer requirements 

Customer requirement data is derived by specialist groups within the company using 

similar techniques as described in the literature e.g. (Garside et al, 2002). The elicitation 

of end-user customer requirements is not a focus of the research so existing data will be 

used if available. In studies where requirements may be internal customer requirements 

these will be set through discussion with members of the appropriate teams. 

 Identify the technologies to be assessed 

Technologies to be considered for new products in Jaguar Land Rover are drawn from a 

number of processes that happen in the advanced development and research activities. 

Equivalent processes will be in operation in many companies and industries. The sources 

for identification of potential technologies are 

 Supplier input – developments in component or system manufacturers 

 Technical publications – reviewing what other manufacturers are doing 

 Technology roadmapping – This can be at an industry level, an example of this is 

Figure 2.10 (Automotive Council UK, 2017), or within the company to identify 

technologies that are appropriate to the brand or have been developed inside the 

company. 

 Consultant technology reviews – Many companies have external reviews with 
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consultants to gain overviews of the industrial sector they operate in.   

 Technologies identified or developed within the advanced and research groups within 

the company. 

Once the full range of potential technologies are identified a check should be made for any 

technologies that do not 'fit-the-bill' e.g. if considering engine technologies, technologies 

that cannot be packaged into the vehicle. These should be eliminated before being 

considered for the application. 

Some technologies being considered could be mutually exclusive. The assessments can 

still be valid for individual technologies but the mutually exclusive technologies cannot be 

part of the same technology ‘bundle’ being considered for the product. 

 Link customer requirements with engineering/design requirements.  

The linking of customer requirements to engineering or design requirements is very 

effectively carried out by the first matrix of QFD as reviewed in the literature (see section 

2.2). As this tool is already an established method within industry and the company, QFD 

will be used as part of the overall methodology. 

As already stated the QFD Matrix links the customer requirements with the design 

requirements. Not every customer requirement links with every design requirement and 

visa-versa. For example in X350 Powertrain QFD matrix (Figure 3.3) a customer 

requirement is identified as ‘Engine delivers expected performance for price’ (Figure 3.5).  

The design requirements linked to the customer requirements are  

 Engine noise level to vehicle acceleration relationship –Strong correlation 
 Torque curve shape – low speed torque –Strong correlation 
 Torque curve shape – high speed torque –Strong correlation 
 Gearing (transmission) – Medium correlation 
 Throttle response time – Medium correlation 
 Pedal to torque rate – Medium correlation 
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Figure 3.5 – Extract from the X350 Powertrain QFD illustrating an example of 

customer requirement/design requirement correlation  

 

The design requirements relating to the actual performance of the engine, low and high-

speed torque, are obvious correlations as they are a direct measure of engine performance 

and accordingly are rated as ‘strong’ correlations along with ‘engine noise to vehicle 

acceleration relationship’. The engine noise to vehicle acceleration relationship relates to 

the sound of the engine and does not directly measure the engine performance so without 

consideration may not seem relevant but if the engine appears to produce the wrong sound 

e.g. noisy or harsh, when under acceleration the impression the driver has is of an engine 

that is not operating correctly. If it is quiet or makes the ‘right’ noises it gives the impression 

of an engine operating within its capabilities, giving an impression of capability and good 

quality. 

The other design requirements have a lower importance for correlation but still contribute 

to fulfilling the customer requirement. These relate to the perception of engine 

performance. Correct gearing allows the vehicle to accelerate with the engine torque giving 

the sense of acceleration. The gear ratios affect the driveability of the vehicle and so impact 
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on the perceived performance. The throttle response gives the immediacy of initiating 

acceleration. The pedal to torque rate provide the sense of control; if the pedal is 

‘progressive’, i.e. small increases in pedal movement provide changes to performance of 

the engine, the impression given is that there is always engine performance available.  

From this one customer requirement it can be seen that it is not a simple relationship 

between fulfilling a customer requirement by simply delivering an engineering parameter, 

a range of engineering parameters delivered together give the correct perception of fulfilling 

the customer requirements.  

The QFD allows the ‘translation’ of the assessments of the engineering parameters to 

customer requirements. Directly asking the engineers how the customer requirements will 

be fulfilled is extremely difficult as each customer requirement is fulfilled in varying degrees 

by different measurable engineering parameters. The engineer/experts can have an 

opinion on the engineering parameters but would find it difficult to directly judge how well 

the customer requirements are met. 

With a complete QFD matrix the various links between the design and customer 

requirements can be established. 

 Method to assess how the technologies will fulfil the design 
requirements  

As the methodology is aimed at technology selection early in the product development 

process where the technologies may be concepts or in early development, i.e. low TRL, 

expert opinion is the method of assessment of the performance of the technologies. Expert 

opinion will provide a subjective assessment but the method of obtaining the opinions 

requires development. 

The options are group analysis or questionnaires. The difficulties in getting a group of 

experts together for a sufficient period of time to come to a consensus make group analysis 

not a viable option. Questionnaires can be either carried out one-to-one with each expert 

or with a questionnaire that is sent to each expert to complete. Delivering a one-to-one 
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questionnaire has significant resource implications particularly if the experts are not located 

in the same area. A standard questionnaire is the option that is the most attractive from a 

resource point of view. This could be in the form of a matrix or individual questions.  

Establishing how well a technology delivers a design requirement absolutely or in isolation, 

is difficult to define and when there are a number of requirements being assessed providing 

an assessment that can be combined is difficult. The problem of comparing apples with 

oranges. As described in the previous section many design requirements contribute to the 

delivery of a customer requirements so a comparative ‘scale’ is required for all the 

parameters to allow the overall assessment. 

An effective way of preforming the assessment is by comparison to the way in which the 

parameter is already delivered in an existing product. This type of survey is referred to as 

a ‘psychological testing’ type of assessment (Cooke, 1991, p184), i.e. pair-wise 

comparisons of the relative performance of, in this case, technologies. This will provide 

data that is in the form of ‘performs better’ or ‘performs worse’, with a scale of positive and 

negative performance. This type of data will not be suitable for analysis methods that are 

based around subjective probability so a ‘bespoke’ combination method will be required.  

The ‘better’ and ‘worse’ levels will need to be defined so that all the assessors use a similar 

scale when making their assessments. 

 Combining the expert opinions 

As seen in the literature study there are many options for combining the results from expert 

opinion surveys. Many of the reported analysis methods are to combine expert opinion 

where they are asked to supply a subjective probability of an event. Subjective probabilities 

are not the type of data envisaged for assessment of the performance of technologies.  

The data required will be an assessment of how well the technology will deliver a design 

requirement. If the data is numerical then averaging may be sufficient for the analysis. As 

identified in the literature survey section 2.4, certain principles should be observed when 

developing the analysis methods. 
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 Establish the predicted fulfilment of design requirements 

The output from the analysis of the survey results will be an assessment of how well the 

experts considered the technologies will deliver the design requirements. The 

‘intermediate’ data in the methodology, the delivery of the design requirements, may be a 

useful data set for engineers to understand the performance of the technologies from a 

technical point of view. 

 Link the design requirement fulfilment back to customer 
requirement fulfilment 

The QFD matrix has been used to link the customer requirements to the design 

requirements so the reverse correlation can be used to predict how well the customer 

requirements will be delivered. Each customer requirement is ‘delivered’ by a combination 

of design requirements, with each design requirement contributing in proportions 

depending on the strong, medium, weak or no link between the customer requirement and 

the design requirement. Taking the proportion contributing to the customer requirement 

delivery with the assessment of how well the technology will deliver a specific design 

requirement a value of customer requirement delivery can be derived. Combining the 

customer requirement fulfilment estimates with the importance of the customer 

requirements an overall delivery can be derived for the requirement. Combining the results 

from the set of technologies gives an overall assessment.  

This method of reversing the correlation in the QFD matrix has not been reported in the 

literature so is a novel feature of this methodology.

 Grouping of technologies into systems to investigate different 
combinations of technologies 

Using different technology sets or bundles, a what-if analysis can be done to see which of 

the bundles best fulfils the customer requirements. This type of comparison has been 

reported in the literature. Examples include the design abacus (Practical Action, 2012) that 

could be used to compare different technology sets but as a visual comparison may not 
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allow for clear decisions. If a numerical assessment can be derived, then the potential of 

technologies and combinations can be clearly understood. 

 Comparison of how groups of technologies fulfil different sets of 
customer requirements 

As the QFD matrix contains data on the importance of each customer requirement to a 

product, using QFD matrices set up for different products analysing the data with different 

sets of importance weightings allows the application of the technologies to different 

products to be assessed. This use of multiple QFDs has not been reported so is a novel 

aspect to the proposed methodology. 

 Methodology outline 

The proposed methodology is show schematically in Figure 3.6 and Figure 3.7. 

 

 

Figure 3.6 - Schematic of the QFD for the customer focussed technology selection 
methodology. The QFD defines the customer requirements and their relative 
importance. 
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Figure 3.7 - Schematic of the Assessment of how the Technologies Deliver the 
Design Requirements which are then combined with the correlations and 
importance from the House-of-quality to give the technology assessment – Initial 
concept 

 Plan to investigate the Methodology  

The plan for investigating and assessing the technology selection methodology is 

summarised as follows and shown diagrammatically in Figure 3.8 

1. Review current process and identify new methodology requirements (sections 3.2 

and 3.3) 

2. Define the initial technology selection methodology concept and tool to be used 

for the Pilot study (Section 3.5) 

3. Phase 1 – Pilot study – Complete the technology assessment and analyse the 

output. Investigate if the proposed methodology is viable and can provide 

information on the fulfilment of customer requirements. (Chapter 4) 

4. Review Pilot Study methodology and identify developments required for 
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methodology improvement. (Chapter 5) 

5. Phase 2 – Case Study 1 – AJ133 Technologies – Jaguar Land Rover based case 

study developed from the Pilot Case study. This ‘internal’ case study tests the 

methodology developments. The assessment of customer requirement fulfilment 

is reviewed and compared to customer feedback data to provide an indicator for 

methodology validation. (Chapter 6) 

6. Phase 3 – Case Study 2 – ULTRABOOST technologies – A case study including 

experts from outside of Jaguar Land Rover to demonstrate how the methodology 

could be tailored to specific projects. (Chapter 7) 
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Figure 3.8 Schematic of the Methodology development from concept through the 
Pilot study to the AJ133 and ULTRABOOST case studies. 
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 Development of a Methodology for Pilot study of the CFTS 
Implementation 

The following describes the first version of the CFTS methodology and supporting tools for 

the Pilot study. The Pilot study will focus on technologies for an engine up-grade project. 

The engine is the AJ25/AJ30 V6 engine.  

In order to implement the methodology outlined in Figure 3.6 and Figure 3.7, a 

spreadsheet-based tool was developed. 

Figure 3.9 provides a schematic description of the methodology for the pilot study. The flow 

through the methodology begins with 3 different types of input 

 The 'Voice of the customer' 

 Technology application 

 Technology assessment. 

The 'Voice of the Customer' contains the customer expectations and requirements for the 

product. Technologies are identified in the 'Technology application' as the set of potential 

technologies for the new product. The 'Technology assessment' is the expert’s opinion of 

how technologies will satisfy the design requirements.  
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Figure 3.9 Schematic of the spreadsheet tool for Customer-Focussed Technology 
Selection 

 Customer Voice Input – 'House of Quality' 

The basis for the first implementation of the methodology will use an existing QFD matrix 

for the X350 powertrain, the X350 being the code number of the Jaguar XJ saloon released 

in 2008.  

 Technology Options for CFTS 

Technologies to be considered were identified using JLR processes. The technologies 

were compatible with the ‘product’ identified, an upgrade of the AJ25/AJ30 V6 engine. The 

complete list of technologies is in section 4.2. 

 Technology assessment survey 

As discussed, the technology assessment survey is the core of the CTFS methodology, as 

a way of eliciting experts’ opinion on the specific assessment of technology impact and 

likely customer perception of this. The initial delivery of the methodology uses a 
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questionnaire grid format with the design requirements down the page and the 

technologies across the page. This is described in more detail in section 4.2.4. 

For each technology an assessment is made on how the technology delivers each design 

requirement. As discussed previously a comparative scale is required that allow an 

assessment that may consider the technology to potentially deliver the design requirement 

better than the current method and conversely if it not expected to deliver the parameter 

as well as it is currently delivered, a negative assessment can be given. A simple ±1 to 3 

integer scale is used to simplify the selection. A continuous scale (i.e. non-integer) adds 

complications when completing the assessment in deciding how well the delivery is likely 

to perform to a fine scale. A fine scale delivery is probably not required as the assessments 

are subjective and have uncertainty associated with them that cannot be avoided.  

The assessment scale is 

 Positive: 1, 2 or 3: It fulfils that specific design requirement attribute weakly (1) to strongly 

(3) (Improves the design requirement in comparison to way it is currently delivered) 

 No effect: 0 

 Negative: -1, -2 or –3. It inhibits that specific design requirement attribute to a lesser (-1) 

or greater extent (-3). 

 No assessment: If the assessment box is left blank the assessor does not have an 

opinion on the performance of the technology with respect to the specific design 

requirement attribute. 

 Assessment Reference Level or Benchmark 

The technology assessment 'question' is 'what will this technology do for the specific design 

requirement attribute listed?' To make this assessment valid it needs to have a comparison 

or benchmark to assess it against to enable a positive, neutral or negative assessment. 

Currently the benchmark for the assessment is against an existing product, e.g. when 

assessing engine technology for a specific vehicle a specific model year product is used.  
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 Consideration for Selection of Experts 

The technology is assessed by a number of engineers/experts to give a broad view on 

what potential benefits or pitfalls a technology could deliver. 

The assessment calls for a wide range of expertise, skill and knowledge level, accordingly 

some experts/engineers will be specialists while others will be more broad-based. In the 

light of this there are a number of things that need to be considered 

 As the technologies being assessed are aimed at projects still in the early stages of 

planning, the technologies may still be in the early stages of development and many will 

not be in production. This obviously makes assessment more difficult because of the lack 

of detailed information available so widespread knowledge about the effects of certain 

technologies can be very limited. If information about technologies is distributed in 

advance of the assessment by the organiser, then the assessments will probably just 

reflect the information circulated. If a technology being assessed is from a supplier, then 

the information available will reflect the supplier's sales pitch. If they are not familiar with 

the technology then the expert will need to make their assessment using their experience 

and engineering knowledge.  

 Specialist versus generalists? The knowledge base of the engineer influences the 

amount of the assessment questionnaire that is likely to be completed. The specialist 

may only tend to complete the part of the matrix that relates to his or her specialism. The 

'general' engineer will potentially complete more of the matrix but may well leave out the 

areas that typically fall into a specialist area, e.g. Refinement/NVH. Currently there is 

nothing in the way the assessments are handled that discriminates between specialist 

and generalist. The other aspect of specialist/generalist assessment is the confidence 

level of the assessment. The 'generalist' may complete a lot more of the questionnaire 

than the 'specialist' but the confidence level of the answers may be lower than the fewer 

questions answered by the specialist. The balance between specialist and 'generalist', 

how their inputs are included as well as the confidence level of the information put into 
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the assessment matrix are issues that have been considered for the latter case studies 

to give a balanced assessment of technologies.  

 Considerations for the Survey Result Analysis  

 Positive and negative assessments 

Considering customer reaction to issues, negative effects are likely to have an obvious 

impact and reduce customer satisfaction with the product. This could outweigh any highly 

rated positive effects of the technology to potentially improve customer satisfaction.  

There needs to some consideration on how positive and negative assessments are 

handled, averaging all the assessments together may hide an important negative effect of 

the technology that will need particular attention for the technology to be applied 

successfully. 

One way of highlighting these effects is to handle positive and negative assessments at 

the customer requirement attribute level separately. An alternative is to include the data 

range as this will indicate negative assessments. This will be investigated in the first 

Case study. 

 Strategies for grouping the technologies for assessment of 
systems 

The technologies can be assessed as to their ability to fulfil the customer requirements as 

individual items or apply a systems engineering approach and assess the technologies 

as systems or 'technology bundles'. With assessments aimed at for example, selecting 

the technology content of a new engine, a number of technology systems will be applied 

simultaneously, e.g. fuel system, emissions after-treatment, refinement etc. Combining 

technologies into the 'technology bundles' better describes the way in which the 

technologies will be 'seen' by the customer. 

The selection of technology systems and the way they are combined, into what is 

referred to as 'technology bundles' has to be done with care to ensure the technology 

combinations are compatible, applicable and sensible. 
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The effects of some technologies are not cumulative and can sometimes be mutually 

exclusive. An example of this is with combining technologies to improve fuel economy. 

One target area for reducing fuel consumption is to reduce the pumping losses involved 

in drawing the charge into the cylinder. There are a number of techniques to achieve this, 

see Table 3-1 which lists Gasoline engine fuel consumption reduction technologies. 

Using very simple addition it could be claimed that there is a potential of reducing the fuel 

consumption of the engine by 25%. In reality all these technologies are aimed at reducing 

the same parasitic loss in the engine. None of the individual technologies eliminate it 

completely but it can only be reduced once so applying all these technologies may give 

an overall fuel consumption reduction in the order of 12-15%.   

Another example, still staying with engines, is the application of 2-position switchable 

tappet technology. One application is to enable a low lift cam profile to be used at part 

load and a high lift cam profile at high load. Another application is to enable the valve to 

be disabled completely for cylinder disablement. Both applications of the switchable 

tappet give fuel consumption reductions, but both cannot be applied on the same engine 

as the low or 'zero' lift positions are designed into the tappet. The options are high lift and 

low lift, or high lift and 'zero lift'; the two strategies are mutually incompatible with this 

technology. 

Table 3-1 Examples of Gasoline engine fuel consumption reduction technologies 

Technology Potential Vehicle Fuel consumption 
reduction (%) over the test cycle. 

Dual independent valve timing control 
system (Inlet and Exhaust camshaft 
phasing mechanisms) DIVCT 

5% 

Continuously variable valve lift control 
system (CVVL) 

10% 

Gasoline direct injection (GDI) stratified 
charge combustion 

10% 

 

There is also a requirement to ensure that the 'technology bundle' contains any 'enabling' 

technologies for the system to work, e.g. a 48 Volt fully variable electric coolant pump 
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could potentially improve the cooling system control and aid engine warm-up, but to 

enable it to be used there has to be a 48 Volt engine electrical system.  

The grouping of technologies into systems or packages requires a skilled engineer who 

has knowledge of the fundamentals of how each technology works to ensure there are no 

mutually exclusive or incompatible combinations and all enabling technologies are 

included in the 'bundle'. 

 Plan for further development and Validation  

The Pilot study (Phase 1) is described in Chapter 4 with details of the analysis in 

Appendix 4. The evaluation and refinement of the methodology used for the Pilot study is 

described in chapter 5. A full case study using the technology for the AJ133 V8 engine is 

described in chapter 6 (Phase 2) with an evaluation that develops the methodology for 

the second case study investigating the selection of a boosting system for the 

ULTRABOOST engine. The AJ133 case study will include data from customer feedback 

concerning the introduction of the AJ133 engine as a validation of the methodology.  

The ULTRABOOST case study (Phase 3) is described in chapter 7 followed by a 

discussion on the methodology in chapter 8. 
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 Pilot Case Study – Selection of Technology for the V6 

Upgrade Engine Project 

  Introduction 

The pilot study for the Customer Focussed Technology Selection Methodology was 

instigated to test the concept of using expert opinion to assess new technologies against 

a set of design requirements that could be linked to customer requirements. The overall 

aim of running the case study is to investigate if the output from the expert opinion 

assessment methodology is able to differentiate between technologies so providing a 

guide to how well particular technologies, individually or in combination, will fulfil 

customer requirements. 

 The study was based on a development programme in the early stages of product 

planning. The programme was to develop an upgraded V6 engine for use in Jaguar and 

Land Rover vehicles. The study used the proposed new technologies for a planned 

Jaguar V6 engine and the customer requirements from a Jaguar Powertrain QFD 

prepared for the X350 (Jaguar XJ saloon car). The investigation had to be a “virtual” 

assessment as none of the technologies were available for the customer to test. Not only 

were the technologies not available to test in one package, some of the technologies 

were still in the concept phase so there was no surrogate test data available.  

As stated in section 3.3, the pilot study based on the V6 upgrade engine is design to 

investigate the following 

 The Concept - Can customer requirements be linked with the performance of new 

technologies to aid technology selection? 

 The Method – If a simple paper-based questionnaire matrix could be used to assess 

the linkage between design parameters and the performance of new technology in 

fulfilling customer requirements? 
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 The analysis – If a statistical data analysis method was sufficient to summarise the 

assessments? 

 The Output – If a strategy of combining technologies in technology ‘bundles’ to fulfil 

the customer requirements would allow more optimum technology combinations to be 

identified? 

 The Interpretation – If the data output would provide indicators 

o As to how a technology, individually or in combination with other technologies, 

would indicate how well customer requirements are met? 

o To highlight which customer requirements are fulfilled and comparatively to 

what extent? 

o To identify any negative effects on customer requirements? 

 

The following steps were identified for the pilot study 

1. Identify the customer requirements set 

2. Identify the technology set 

3. Identify the technology assessors 

4. Prepare the technology assessment questionnaire 

5. Issue the questionnaire to the assessors 

6. Collect the questionnaires and collate the results 

7. Analyse and present the data 

8. Review the methodology - Collect feedback from the technology assessors on the 

questionnaire and process. 

 

4.1 Outline of Case study - Brief background & aims of project 

The initial pilot study was based on the V6 Up-grade programme. It was planned to take 

the existing Jaguar V6 engine (AJ20/AJ30), a development of the Ford Duratec V6, and 
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by introducing new technology, develop an engine with improved performance, 

refinement and fuel economy able to meet future emission legislation.  

 

4.1.1 Identification of the Customer Requirements Set 

The customer requirement set used for the pilot study came from the QFD developed for 

the Jaguar X350 powertrain; the X350 being at the time of the pilot study the next version 

of the Jaguar XJ saloon car. The customer requirements are detailed in Table 4-1. The 

requirements are grouped into 3 summary groupings. This is not part of the Powertrain 

QFD but reflect the target improvement areas and aid in the analysis of the results. The 

three summary groups are ‘Cost-of-ownership & value for money’ (this grouping includes 

fuel economy), ‘Refinement’ and ‘Performance’.  

The design requirements from the X350 QFD, detailed in Table 4-2, provided the 

questions for the technology assessment questionnaire.  
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Table 4-1 The customer requirements set and the customer requirement summary 
groups. 

Summary 
Groups 

Customer 
requirement 
Group 

Number of 
requirements 
in group 

Customer requirements 

Cost-of-
ownership & 
Value for 
money 
 
12 
requirements 

Value 3 

Engine delivers expected 
performance for price 
Low insurance group (includes 
repair costs) 
Low service costs 

Service 2 
Minimum inconvenience to owner 
Owner maintenance free 

Reliability 
(non-basic) 

2 
Sounds reliable 
Starts quickly and consistently 

Fuel 
consumption 

3 
Good real world fuel consumption 
Good advertisable fuel consumption
Good range 

Image 2 
Environmentally friendly 
Technically advanced 

Refinement 
 
10 
requirements 

Drivability 
(non-basic) 

1 Stable idle 

Quietness 5 

Silent idle (including from cold start)
Silent at cruising speed 
Low starter noise 
Low external noise at idle 
Low external noise on drive-by 

Smoothness 4 

No vibration transferred to 
passengers 
No lumpiness at idle 
Smooth throughout rev range 
Imperceptible shift 

Performance 
 
12 
requirements 

Performance 
perception 

12 

Correct noise under acceleration 
Free revving 
Quick downshift 
Fast throttle response 
Competitive top speed 
Competitive acceleration (0-60 time)
Real world off-the-line acceleration 
Real world mid-range acceleration 
Good traction 
Good engine braking 
Easy parking and low speed 
manoeuvrability 
Easy to fuel (Fuel system) 
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Note: ‘Good under bonnet appearance’ and ‘Slight downshift feel/firmness’ were 
customer requirements in the Powertrain QFD but were not used in the analysis as they 
are requirements that do not interact with the technologies being assessed. 

 
Table 4-2 - The design requirements from the X350 QFD used for the pilot study 
questionnaire. 

 Group Design requirement 
1 Engine noise Engine noise at idle 

Time to start engine 
Engine noise level to vehicle acceleration relationship 
Noise to vehicle speed relationship 
Gear noise 
Sound of start 

2 Smoothness Idle speed 
Idle speed variability 
Engine vibration at mounts 
Powertrain inertia 
Cycle-to-cycle combustion level 

3 Service Service item cost 
Service interval 
Service time 

4 Performance Fuel consumption 
Torque curve shape - low speed torque 
Torque curve shape - mid range torque 
Torque curve shape - high-speed torque 
Gearing 
Throttle response time 
Pedal to torque rate 

 

4.1.2 Identification of the Technology Set 

A list of technologies were created by the Jaguar Land Rover Engine design and 

development team that could potentially be used to provide the attribute improvements 

required to meet the customer and legislative requirements. The potential technology list 

incorporated many technical innovations and developments of existing components. Not 

all the technologies could be applied because  

 Some technologies were mutually exclusive so could not be applied at the same 

time. 

 Some technologies derived their benefit from addressing the same issue making 

one of the technologies redundant, e.g. multiple technologies attempting to derive 

fuel economy gains from reducing inlet charge pumping losses. 
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 The complete list was not commercially viable and would not be cost effective for 

the reasons stated above. 

The pilot study was designed to assess the different technologies individually and in 

combination. The study included a method to combine the technologies to provide a way 

of identifying how well different groups or bundles of technologies fulfilled the customer 

requirements.  

The third point regarding technology cost is not addressed in this study. Cost assessment 

is successfully addressed in Jaguar Land Rover in-house analysis processes. In an 

actual project application, the cost will be an important consideration and would influence 

the selection of competing technology ‘bundles’ for their cost effectiveness. The purpose 

of this study is to investigate if the performance of the technologies can be assessed and 

differentiated.  

There was not a quantitative target improvement for each customer requirement 

identified as the technology assessments are qualitative. The purpose of this phase was 

to investigate if the methodology could provide the comparative qualitative potential of 

technologies, individually or in combination, in fulfilling customer requirements. 

 

4.1.2.1 Description of technologies 

The potential technologies that were being considered for the V6 engine are listed in 

Table 4-3. 
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Table 4-3 – Technologies for the AJV6 Upgrade programme and considered in the 
technology assessment. 

Technology 
number 

Technology Description 

1 Gasoline Direct Injection – Side injection (wall guided) with a high-pressure 
injection system. (It was assumed that the fuel system would be port fuel 
injection if GDI was not selected). 

2 High power ignition system 
3 High compression ratio – compression ratio increased from 10.5:1 to 11.5:1
4 Bowl piston – to control the fuel spray in the combustion chamber. 
5 Stratified charge combustion at idle 
6 Inlet VCT (Variable Cam Timing) wide range with Free Start Position 
7 Hydraulic lash adjustment (removing the need to set and adjust tappet 

clearance) 
8 Inlet CPS – CPS (Cam Profile Switching) allows 2 different cam profiles to 

be selected hydraulically - Short period, low lift cam for low speed torque 
improvement. Long period, high lift cam for power.  

9 Valve disablement swirl control using inlet CPS - Long period, high lift cam 
for torque and power. One inlet valve switches to very low lift (less than 
0.5mm) to create axial swirl in the combustion chamber. 

10 Exhaust VCT (Variable Cam Timing) wide range with Free Start Position 
11 Close coupled 3-way catalyst 
12 Exhaust air injection for cold start 
13 Engine management system control strategy based on torque based 

mapping 
14 Centre entry inlet manifold – Positioning the inlet air duct from the throttle 

body into the inlet manifold plenum. 
15 Inlet manifold tuning valve - Long & Short pipe 
16 Inlet manifold tuning valve - long pipe only 
17 Inlet manifold tuning valve - short pipe only 

18 Bedplate redesign – increasing the stiffness of the crankcase bedplate 
19 Front engine mount redesign to improve the isolation of the engine from the 

chassis. 
20 Engine front cover redesign 
21 New PAS (Power Assisted Steering) pump mounting 
22 Increased capacity oil pump 
23 Oil condition sensing – a sump mounted sensor to monitor the age and level 

of the oil. 
 

A detailed description of each technology is included in Appendix 2. The technology list 

for the pilot study was very comprehensive as the range of technologies available for the 

project was wide. None of the technologies interacted directly with the end-user 

customer, i.e. the technologies did not fall into the ‘surprise and delights’ category 

identified on a KANO diagram but operating in combination provide attributes that the 

customer would interact with, e.g. engine performance. 
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4.1.2.2 Technology bundles 

The 23 technologies were grouped into 12 technology bundles (See Table 4-4). All were 

structured to eliminate any possible incompatibility. With this number of technologies the 

potential number of combinations from applying one technology to applying as many as 

possible, give many thousands of potential technology bundles. The technology 

combinations considered for this study was limited to 12 ranging from 6 to 20 

technologies. The 12 are considered to provide examples of technology combinations to 

investigate if the methodology can differentiate between the combinations to show how 

the bundles would support different characteristics and functions. 

Bundles 1 to 9 allows an assessment to be made as to the incremental value of 

technologies added to lower technology content packages. Bundles 10 to 12 were 

included to demonstrate the technology selection methodology by showing distinct 

characteristics. The incremental technology package comparison is important to assess 

the overall effectiveness of a technology bundle and its potential value-for-money. It must 

be noted that technology cost is not part of this assessment methodology. The costing of 

technology bundles is a separate exercise. 

All bundles were selected to ensure the technologies were compatible. There were some 

technologies included in many of the bundles as these were core technologies 

associated with improving the basic quality of the engine. Table 4-4 lists the 

Technologies being considered in the study and technology bundles formed. 

There are 2 technologies that have mutually exclusive forms. CPS can either operate on 

both inlet valves to provide low lift or on one valve to disable the valve. It was considered 

to be an either-or selection of the two forms of CPS. A more sophisticated form that could 

do both strategies, but not at the same time, was not considered.  

The other technology with incompatible forms is the variable length inlet manifold. It can 

take 3 forms 

1. Switching between long and short inlet tracts. 

2. Short inlet tracts only 
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3. Long inlet tracts only. 

With these limitations the maximum number of technologies that could be in a bundle 

was 20. One other restriction on the compatible technologies was the link between GDI 

and stratified idle. GDI can be used without stratified idle but stratified idle cannot be 

considered without GDI. The GDI is the enabling technology for stratified idle. 

Table 4-4 - Technology bundle summary 

Technology Bundle 
Number of 
technologies 

Bundle description 

1 DI with low lift CPS 20 

Most comprehensive list of 
technologies. Aimed at fuel 
economy and performance 
improvements. 

2 DI with valve disable CPS 20 

As 1 but replacing twin valve 
CPS with a single valve that 
produces axial swirl to promote 
mixing. 

3 GDI Short pipe IMTV low lift CPS 20 
As 1 but only with the short inlet 
manifold 

4 GDI Long pipe IMTV low lift CPS 20 
As 1 but only with the long inlet 
manifold. 

5 HCDI no CPS 19 As 1 but no CPS 
6 PFI with low lift CPS 18 As 1 but PFI replaces GDI. 
7 PFI with valve disable CPS 16 As 2 but PFI replaces GDI 
8 PFI no CPS 15 As 5 but PFI replaces GDI 
9 PFI no CPS, no EVCT 14 As 8 but no Exhaust VCT 

10 
DI + CPS no structural 
technologies 

14 
DI with no engine structural 
technologies 

11 GDI, Ignition, HC & TBM 6 
Technologies focussed on 
combustion and calibration. 

12 Control & structural only 10 
Technologies based on 
mechanical changes for NVH 
and calibration. 

 

Abbreviations used in Table 4-4: 

DI - Direct Injection or GDI – 
Gasoline Direct Injection 

HC - High Compression ratio 

PFI - Port Fuel Injection TBM - Torque Based Mapping 
CPS- Cam Profile Switching EVCT - Exhaust valve cam timing control 
IMTV - Inlet Manifold Tuning Valve PAS - Power Assisted Steering 
Ign - High Power Ignition system  

 

For the make-up of each bundle see Table 4-5 – Technology Bundle details. 
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Table 4-5 – Technology Bundle details 
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4.1.3 Identify the technology assessors 

For the pilot study a group of Jaguar Land Rover engineers based in the Powertrain 

Department were identified to do the technology assessments. The group of engineers 

approached to take part in the technology assessment have a wide range of expertise, 

skill and knowledge level, some specialists, others more broad-based engineers but all 

with knowledge of engines and engine technology. 

 

4.1.4 Prepare the technology assessment questionnaire 

The questionnaires were in the form of a matrix that fitted on an A3 sheet.  

The survey had a total of 483 question as individual assessments to be made (21 design 

requirements with 23 technologies). An example of the general layout of the assessment 

survey is shown in Figure 4.1. This initial lay-out of the questionnaire included blank 

rows. These were included so that the questionnaire could be flexible enough to be used 

for other studies that could contain different numbers of design requirements and still be 

compatible with the analysis package. This feature was not however used for subsequent 

investigations. 
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Figure 4.1 – The general layout of the assessment survey 

 

4.1.5 Issue the questionnaire to the assessors 

Invitations to participate in the study were given personally asking the engineers if they 

would take part and then if they expressed an interest, a questionnaire form was 

prepared with their name. This was then printed and delivered. When the assessor had 

received the questionnaire they were asked if they were clear how to fill in the 

questionnaire and any questions they had were answered. 
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4.1.6 Survey Results 

4.1.6.1 Distribution of the survey 

Engineers were initially given 2 weeks to complete the matrix before reminders were 

sent. All assessments were done on paper forms (A3) with the results being transferred 

into the Excel spread sheet for analysis. This was a manual process. 

The 12 surveys that were received were returned within a month of sending out the 

forms. Not all the engineers who initially agreed to complete the survey actually returned 

completed forms. The response from the engineers was mainly in the engine 

development and exhaust emissions development groups. 

There were a total of 20 engineers approached for the assessment with 12 returning 

completed or part-completed assessment forms. The areas of expertise of the assessors 

who returned completed or partially completed questionnaires are listed in Table 4-6. 

4.1.6.2 Returned surveys 

Of the 12 assessments returned, the 4 most complete assessments returned nearly 60% 

of the assessments while the 4 least completed questionnaires returned 10% of the 

assessments. This is illustrated in Figure 4.2. 

The surveys that contained the most technology ratings were those that were completed 

by development engineers. The specialist engineers generally only completed the 

assessment of the technologies against design requirements in their area of specialism.  

The engineers assessments were all qualitative assessments and were not questioned 

when the assessment forms were returned. All the assessments were treated equally in 

that extra weight was not given to the specialist engineers' assessments. Also, there was 

no attempt to benchmark or moderate the scores between engineers, so that a +2 score 

from one engineer was considered to be the same scale of improvement as a +2 score 

from another engineer.   
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Table 4-6 - The engineers who returned forms and their area of expertise  
Assessor Assessors expertise and experience 

1 Engine Performance development 
2 Engine Performance development, engine durability (extremely 

experienced engineer with more than 30 years experience). 
3 Engine Performance development, exhaust emissions development, 

powertrain research (extremely experienced engineer with more than 30 
years experience). 

4 Powertrain NVH – Senior NVH engineer 
5 Engine Performance development, exhaust emissions development, 

powertrain research 
6 Engine durability and reliability engineer 
7 Powertrain Chief engineer 
8 Powertrain senior manager – Performance development and exhaust 

emissions 
9 Performance development and exhaust emissions engineer. 

10 Engine Performance development, engine durability 
11 Powertrain research senior manager 
12 Engine Performance development, FE and exhaust emissions 

development. 
 

 

 

Figure 4.2 – Assessors responses ordered by completeness of the questionnaire. 

Of the surveys returned three examples are included to show the range of responses. 

Figure 4.3 shows a survey returned where nearly all the assessments have been made 

(482 out of a possible 483). 
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Figure 4.4 shows a survey where the assessments are in columns. The pattern of 

assessments reflects the specialism of the particular engineer. In this case the engineer 

was almost exclusively involved in performance development (power/ torque) and the 

particular engine technologies assessed were technologies that the assessor had had 

experience with. 

Figure 4.5 shows a survey where the assessments are in rows across the assessment 

sheet. Again this reflects the specialism of the engineer, in this case a refinement 

engineer (NVH). The assessor was only prepared to comment on the effects the 

technologies will have on the design requirement associated with engine refinement. 

 

 

Figure 4.3 - A complete assessment survey – Note: the additional rows not used in 
the survey (e.g. A7 to A10) were included to allow for other sets of questions if the 
questionnaire pro-forma was used again.  
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Figure 4.4 – A partially complete survey focussing on assessments associated 
with particular engine technologies. The assessment run in columns on the form. 
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Figure 4.5 – A partially completed survey with assessments focussed on 
refinement issues. The assessment are in rows relating to a specific 
characteristics. 
 

For each question (design requirement) the overall response varied from 46% to 61% 

assessments completed (Figure 4.6) with an overall completion of 55%.  The lowest 

responses were for the group of questions relating to the effects of the technologies on 

service period, costs and intervals. 

The completion rate with regard to technologies ranged from 41% to 73% (Figure 4.7). 

The lowest responses were for technologies associated with the structural design of the 

engine. A more detailed breakdown of the responses for each design requirement group 

is included in Appendix 4. 
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Figure 4.6 – The percentage completion for each question. 
 

 

 

Figure 4.7 – The percentage completion of assessments for each technology. 
 

4.1.6.3 Analysis of the raw assessment data 

When the assessment value and the distribution of assessments for each assessor are 

considered, the most common assessment was zero (Figure 4.8). The majority of the 

ratings were zero (68.3%) with only 1 of the 3182 ratings at -3. The distribution is skewed 
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towards the positive which is the type of distribution you would hope for if the 

technologies selected were to improve the product. 

 

 

Figure 4.8 – Distribution of the technology ratings (raw data) overall 

All the assessors except one have the most responses at zero, ranging from 57% to 83% 

of the ratings (Figure 4.9).  One assessor (10) gave no zero ratings but also gave the 

fewest ratings overall, 21 ratings out of a potential of 483.  

All the assessors’ ratings are positively skewed with assessors 6, 7, 8 and 10 more 

heavily skewed towards the positive than the rest. 

 

Figure 4.9 – Distribution of the technology ratings (raw data) for each assessor 

 

An analysis of the raw data showing the number of assessments and the spread between 

negative, zero and positive ratings is shown for each question in Figure 4.10 (this covers 
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all the technologies assessed). The negative is the total of all negative assessments, in 

the same way the positive is the count of all positive assessments.  

The maximum number of ratings was for ‘Engine vibration at mounts’ (question B3) and 

was 169 (positive 38, Zero 113 and negative 18). The least number of responses to a 

question was for ‘Service Time’ with 126 assessments (positive 9, Zero 108 and negative 

9). 

The question that received the least number of positive or negative assessments was the 

effect of the technologies on gear noise. 

A similar analysis is shown in Figure 4.11 showing the number of assessments and the 

positive, zero, negative split for each technology. 

The maximum number of assessments for a technology was 183 for the high-power 

ignition system. The least number of assessments was 104 for stratified idle consisting of 

21 negative, 65 zero and 18 positive ratings. The four technologies specifically on engine 

structure (Bed-plate redesign, Front engine mount redesign, Front cover redesign and 

New PAS mounting) had similar numbers of ratings (106, 110, 109 and 109) but the 

ratings were either zero or positive. 

 
Figure 4.10 – The number of responses to the questions for each design 
requirement and the breakdown between positive, neutral and negative technology 
assessments. 
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Figure 4.11 – The number of responses to the questions for each technology and 
the breakdown between positive, neutral and negative technology assessments. 
 

Figure 4.12 shows the range of values of assessments (maximum assessment value – 

minimum value) at each technology/question (482 in total). The range values are using 

the raw assessment data so the maximum possible range is 6. No technology 

assessments varied over the full range of +3 to -3. The maximum range is 4. This 

indicates that some assessments have included negative and positive assessments at 

the same matrix location. Most of the assessments having a large range are in the 

section dealing with the effect of the technology on various aspects of the vehicle 

servicing.  

Details of the range of ratings for each design requirement with all the technologies are in 

the Appendix 4.  The raw data can be over a range of ratings but can average to a value 

approaching zero. An example of this is shown in Figure 4.13 the technology ratings for 

design requirement D4 - Torque curve shape – High speed torque. The data shows that 

the distribution of ratings for some technologies gave a mean value that was near the 

mid-point between the maximum and minimum values, e.g. ‘Inlet VCT wide range with 

Free Start Position’, while others were skewed giving a near zero mean value, for 

example ‘Centre entry inlet manifold’, where ratings were both positive and negative. 

The data for ‘Service time’ (Figure 4.14) is an example where there is consensus for the 

majority of technology assessments. Considering the design requirement and the 

technology there is no obvious reason why the technology should impact the design 
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requirement, e.g. Bed plate redesign. Future questionnaires could highlight some 

questions where the technology assessment is optional as it is unlikely the technology 

will impact on the design requirement. This will enable the number of questions to be 

reduced. 

 

Figure 4.12 – The range of the assessments made (max-min assessment). 
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Figure 4.13 – The mean and range of ratings for design requirement D4 - Torque 
curve shape – High speed torque 
 

 

 

Figure 4.14 – The mean and range of ratings for design requirement C3 – Service 
time 
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4.1.7 Analysis and presentation of the data 

The data collated from individual questionnaires was averaged giving a mean technology 

rating for each question/technology location in the questionnaire matrix. The maximum 

and minimum of each data point was also recorded. 

The distribution of the calculated arithmetic mean of the data is shown in Figure 4.15. 

The highest positive value is 2.80 and the lowest is -1.14. The highest assessment is for 

the potential positive effect on fuel consumption of applying stratified idle. The lowest 

ratings for the effect of DI high pressure injection system and its potential effects on 

service item costs and the effect of a close-coupled 3-way catalyst on Torque curve 

shape - high speed torque.  

When looking at the spatial distribution of the results in the matrix the positive, negative 

and zero ratings appear to be grouped. The general assumption that structural changes 

will not affect the engine performance are borne out by the grouping of zero effects for 

questions D1 to D7 for technologies 18 to 23 (bottom right corner). 

 

Figure 4.15 – The average of the assessments made for each question. 

 

4.1.8 Case Study Data Analysis 

The details of the analysis of the data from technology assessments to how they 

contribute towards the fulfilment of the customer requirements is detailed in chapter 3. 
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Processed Data results 

The processed data output falls into 2 groups.  

a. Individual technologies  

i. How each technology contributed or detracted from the identified customer 

requirement groups (Appendix 4) 

ii. The impact individual technologies have on the customer requirement 

summary groups. (Appendix 4) 

iii. How individual technologies impact on the customer requirements. 

(Appendix 4 figures). 

b. Technology Bundles - How different technology bundles fulfil the range of 

customer requirements. 

i. Summary customer requirement group comparison - how the technology 

bundles affect the high-level requirements of value-for-money, refinement 

and performance. 

ii. Overall summary 

 

4.1.8.1 Analysis of Individual Technologies 

Customer requirement group analysis 

The technology ratings for all the technologies for the customer requirement groups are 

shown in Appendix 4, and for each technology for all the customer requirements are 

shown in Appendix 4. An example of the summary data is Figure 4.16. The figure shows 

the results for the Performance Perception customer requirement group. Four 

technologies stand-out as supporting the customer requirement group, DI with high 

pressure injection system, inlet VCT, inlet manifold tuning valve (long & short pipe) and 

inlet CPS. Three technologies that were rated to impact negatively on the customer 

requirement group were the three-way catalyst close-coupled, exhaust air injection and 

increased capacity oil pump. The negative effects were at a much lower level than the 

positive ratings.  
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Figure 4.17 is the Service customer requirement group summary. The technologies in 

general impact negatively for the majority of the technologies. One of the technologies 

that is considered to potentially have the most negative impact is DI with high pressure 

injection system, the same technology that had the most positive impact for performance 

perception.  

Although the numerical values of the negative effects are much lower than the positive 

ratings comparing figures Figure 4.16 and Figure 4.17 the negative ratings have the 

potential to be more noticeable to the customer than the positive effects. This may be the 

case for the service customer requirements where the service costs may increase, and/or 

the service interval will decrease. Either of these will impact the customer directly and 

may have a more significant effect on the customer than any perceived benefits in other 

requirements. 

One strongly negative effect was for Exhaust air injection in the reliability group analysis 

(see Appendix 4). Overall the technology was rated as negative in 7 out of the 9 groups. 

These results highlight that if the technology is considered for the final product, for 

emissions considerations, there will need to be work plans to improve this area of the 

technology performance as currently it is considered to be the technology with the 

highest potential negative impact. 
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Figure 4.16 – The ratings of all the technologies for the Performance Perception 
customer requirement group. 
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Figure 4.17 – The ratings of all the technologies for the Service customer 
requirement group. 
 

4.1.8.2 Customer requirement summary group analysis 

The results from the customer requirement groups are combined to form the customer 

requirements summary groups (as listed in Table 4-1)  
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Three customer requirement summary groups have been created that are thematic and 

have similar numbers of customer requirements and reflect the areas identified for 

improvement in the engine project. The groups are 

 “Cost-of-ownership & Value for money” with 12 customer requirements (Figure 4.18) 

 “Refinement” with 10 customer requirements (Figure 4.19) &  

 “Performance” with 12 customer requirements (Figure 4.20) 

An overall summary (Figure 4.21) is also included being the sum of all the groups. 

Comparing the three summary plots the technologies fulfil the ‘Performance’ customer 

requirements comparatively more than the other groups. There are a few technologies 

that are rated highly in all three groups, i.e. ‘DI with high pressure injection system’, ‘Inlet 

VCT’, ‘inlet CPS’ and ‘Exhaust VCT’. These technologies were identified as positive in 

the analysis of the technologies by groups derived from the QFD. But with the summary 

group analysis some detail that may be significant when the technology is applied has 

been lost. An example is the negative rating that ‘DI with high pressure injection system’ 

received for its potential effect on service costs (Figure 4.14 and Appendix 4).   

The overall summary of the technology ratings (Figure 4.21) includes another technology 

as positive ‘Inlet manifold tuning valve – long & short pipe’. This technology was positive 

for performance and cost-of-ownership but rated low for refinement. With the high values 

of the performance group the technology becomes important overall. 

The three technologies that again were rated as negative were ‘3-way catalyst - close 

coupled’, ‘exhaust air injection’ and ‘increased capacity oil pump’. All three technologies 

are enabling technologies, for exhaust emissions legislation compliance in the case of the 

first 2 and improved VCT response for the latter.  
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Figure 4.18 – The ratings of all the technologies for the Cost-of-ownership and 
Value-for-Money summary customer requirement group. 
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Figure 4.19 – The ratings of all the technologies for the Refinement summary 
customer requirement group. 
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Figure 4.20 – The ratings of all the technologies for the Performance summary 
customer requirement group. 
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Figure 4.21 – The ratings of all the technologies for all customer requirement 
groups combined. 
 

4.1.8.3 Results from Individual technologies 

Presenting the data to show the fulfilment of customer requirement groups for each 

technology reveals details that the summary groups lose. A technology that was rated as 
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negative overall has some aspects that are actually positive. An example of this is the 

technology ‘exhaust air injection’ (see Figure 4.22). The technology is seen as positive for 

driveability and smoothness.  

The full set of the technology plots are included in Appendix 4. 

 

 

 

Figure 4.22 – The ratings for each customer requirement group for technology 12 - 
Exhaust air injection for cold start 
 

4.1.8.4 Technology Bundles 

How different technology bundles fulfil the range of customer requirements. 

Summary customer requirement group comparison - how the technology bundles affect 

the high-level requirements of value-for-money, refinement and performance. 

Overall summary 

Of the 12 technology bundles investigated bundle 1 was rated as fulfilling the customer 

requirements to most. The ratings for each bundle are shown in Figure 4.23. The bundles 

that included GDI were rated as the highest. 
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Figure 4.23 - The overall technology bundle ratings with the number of 
technologies in the bundle. For details of the technology bundles see table 4.5. 
 

The results presented in Figure 4.24 include a breakdown of the results into three 

summary groups; ‘Cost-of-ownership & Value-for-money’, ‘Refinement’ and 

‘Performance’. The groups are formed by combining the different smaller customer 

requirement area sub-groups. This is shown in Table 4-7 – Results summary groups for 

the rating of the technology bundles. 

Table 4-7 – Results summary groups for the rating of the technology bundles. 

Summary group 
Customer requirement 
sub-groups 

Number of customer 
requirements in sub-
group 

Number of 
customer 
requirements in 
summary group 

‘Cost-of-ownership 
& Value-for-money’ 

Value 3 

12 
Service 2 
Reliability 2 
Fuel consumption 3 
Image 2 

‘Refinement’ 
Drivability 1 

10 Quietness 5 
Smoothness 4 

‘Performance’ Performance perception 12 12 
 

The total number of customer requirements in the refinement summary group is less than 

the number in the other two groups. A normalised technology bundle rating was created 
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by dividing the total by the number of customer requirements contributing to that 

summary group.  

This had the effect of narrowing the gap between some technology bundles but did not 

change to overall rating order of the bundles. See Table 4-8. 

The totals for each technology bundle are broken-down into the contributions from each 

of the summary groups (Figure 4.24). Most of the benefits from the technology bundles 

comes from the improvement in performance and refinement, with performance usually 

contributing the most. This pattern is reversed however for all except bundle 10, when the 

summary is normalised for the number of customer requirements in each summary 

group. In these cases refinement becomes the major contributor (compare Figure 4.25 

with Figure 4.26). The process of normalisation is the ‘Cost-of-ownership & Value-for-

money’ and the ‘Performance’ summary group values are divided by 12 (the number of 

customer requirements in the group) while the ‘Refinement’ group is divided by 10. The 

total is the sum of the revised values. When considering the ranking of the technology 

bundles the ranking order is not changed by the normalisation for this study (Table 4-8). 

The ratings of the technology bundles is influenced but not dictated by the number of 

technologies in each bundle. If bundles 6 to 10 are considered (Figure 4.24). There is a 

range from 14 to 18 technologies with a rating range of 0.6 to 0.8 of the maximum rated 

bundle containing 20 technologies.  
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Table 4-8 - Results summary for the rating of the technology bundles. The 
composition of the technology bundles see Table 4-5. 

 Technology bundle number 
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Rating 19694 18518 18079 18697 17666 16008 14550 13979 11670 15927 5652 4565 
% of max 
rating 

100% 94.0% 91.8% 94.9% 89.7% 81.3% 73.9% 71.0% 59.3% 80.9% 28.7% 23.2% 

Rating 
normalised for 
number of 
customer 
requirements 

1763 1671 1627 1680 1589 1439 1321 1264 1057 1257 510 431 

% of max 
normalised 
rating 

100% 95.5% 92.7% 95.6% 90.5% 81.9% 76.0% 72.4% 60.6% 79.0% 29.2% 25.7% 

Order of 
ratings 1 3 4 2 5 6 8 9 10 7 11 12 

 
 

 

 

Figure 4.24 - The overall technology bundle ratings with the breakdown between 
the summary groups and the number of technologies in the bundle.  
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Figure 4.25 - The overall technology bundle ratings with the number of 
technologies in the bundle. 
 

  

 

Figure 4.26 - The overall technology bundle ratings normalised for the number of 
customer requirements in each customer requirement summary group with the 
number of technologies in the bundle. 
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4.1.8.5 Themed comparison of the technology bundles. 

Three bundle combinations were examined in more detail. This was to investigate how 

the data could be used in decision making in which technologies should be selected. 

The three bundle combinations were as follows: 

A. Intake system technology selection 

B. Fuel system and camshaft technology selection 

C. Combustion, structural and control technologies 

 

Combination A 

This was based around the use of GDI and most of the other technology options (see 

Appendix 4 for details). The differentiation between the technology bundles was the 

option for the intake system. The first option is for a fully variable intake manifold that is 

capable of changing length at different engine speeds (short or long pipes). The other two 

option are for a fixed intake system length with either short or long pipes. 

The results for each of the customer requirement groups is shown in Figure 4.27. 

The more complex technology is rated as delivering more for the performance perception 

customer requirements. The differences for the other requirements are much smaller. 

When the requirement groups are combined there is very little to choose between the 

bundles for most of the requirements. The differentiating performance of the technologies 

was mainly in the ‘fast throttle response’, ‘Real world off-the-line acceleration’ and the 

‘good traction’ where the long pipe IMTV option was rated as performing very close to the 

fully variable system (Figure 4.28 and Figure 4.29). This potentially identifies how the 

technology package could be reduced with minimal impact on key performance 

parameters. The full set of comparisons is in Appendix 4. 
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Figure 4.27 – Overall ratings for all the technology bundles customer requirement 
group for the options on intake system technology. 

 
Figure 4.28 – The comparative customer requirement fulfilment of the different inlet 
manifold technology bundles for the first 6 customer requirement in the 
Performance Perception customer requirement group. 

 
Figure 4.29 – The comparative customer requirement fulfilment of the different inlet 
manifold technology bundles for the second 6 customer requirement in the 
Performance Perception customer requirement group. 
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The comparison between technologies can also be made by just considering the 

technologies in isolation. The full set of comparisons is in the Appendix 4. The summary 

shows that the fully variable system has a big impact on the fulfilment of the performance 

perception customer requirements set (see Figure 4.30). 

 
Figure 4.30 – Overall ratings for all the technology bundles customer requirement 
group for the options on intake system technology. 
 
Considering the technologies in isolation shows-up some of the potential negative 

features of the technologies. The short IMTV has negative ratings for ‘starts quickly and 

consistently’ and for ‘good advertisable fuel consumption’ (Figure 4.31). There are also 

negative ratings for some aspects of the performance perception ratings most noticeably 

a slight negative ‘Competitive top speed’ rating for the long IMTV option (Figure 4.32) and 

a negative rating for the Short IMTV option for good traction (Figure 4.33). 
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Figure 4.31 – Reliability and Fuel Consumption ratings for the options on intake 
system technology. 

 
Figure 4.32 – Performance perception ratings for the options on intake system 
technology. 

 
Figure 4.33 – Performance perception ratings for the options on intake system 
technology. 
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Combination B  

This second set of technologies is focussed on the fuel system and effects of using cam 

profile switching to provide a sort/low-lift cam profile for low engine speeds (Technology 

bundles 1, 5, 6 & 8). The full set of results are in Appendix 4). 

Overall the technology bundle 1 (GDI with CPS) has the highest ratings followed by GDI 

without CPS (Figure 4.34) but in the Value and Service groups the PFI options (bundles 6 

& 8) do rate higher than the GDI options (Figure 4.35).  

In a number of groups the option of GDI without CPS (bundle 5) and PFI with CPS 

(bundle 6) have similar ratings. This analysis suggests for many parameter options PFI 

with CPS could be rated in a similar way to GDI without CPS.  

 
Figure 4.34 – Overall summary for the fuel system and cam switching technology 
options. 

 
Figure 4.35 – Value and Service ratings for the fuel systems and camshaft 
technology options. 
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Combination C 

This combination of very different technology bundles demonstrates the effect on ratings 

if the technology bundles are focussed on specific areas of technology or are minimised. 

The bundles under consideration are 1, 10, 11 & 12. The results are in Appendix 4.  

Bundle 10 is similar to bundle 1, i.e. GDI technology but without the structural 

technologies. Bundle 11 has a small number of technologies to focus on the combustion 

while bundle 12 is focussed on structural and control. The overall comparison is shown in 

Figure 4.36. 

 

 
Figure 4.36 - Overall comparison of the ratings for technologies 1, 10, 11 & 12. 

This comparison highlights both the facility for comparisons where the technological 

emphasis is very different, e.g. bundles 1 and 12 but also the problem of comparing 

bundles with a large number of technologies and cut-down bundles with very few 

technologies in that numerically they are difficult to compare (bundles 1 and 11). The 

number of technologies in each bundle are as follows: 

Bundle 
Number of 

technologies 

1 20 

10 14 

11 6 

12 10 
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From Figure 4.36 it can be seen that the performance perception customer requirement 

will be fulfilled the most by bundle 1. This is expected as most of the technologies are 

linked to engine performance. Of the performance perception groups, the strongest 

results for performance are shown in Figure 4.37. These strong results are achieved by 

both bundles 1 and 10 with 10 have far fewer technologies. However, when the other 

parameters are considered for example quietness and smoothness (Figure 4.38 & Figure 

4.39) the differences are apparent. Technology bundle 10 is likely to be perceived as 

much less refined than bundle 1 or bundle 12. 

 

 
Figure 4.37 – Performance perception groups. 

 

 
Figure 4.38 – Quietness ratings for technologies 1, 10, 11 & 12. 
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The performance ratings (Figure 4.37) show marked differences between bundles 10 and 

11. Bundle 11 has far fewer technologies, the main difference being the absence of 

technologies associated with the air path (inlet and exhaust cam timing, CPS). These 

technologies have a direct effect on the combustion so impact on the smoothness of the 

engine as shown in Figure 4.39. 

Figure 4.39 shows the effect of the structural technologies where the ‘smooth throughout 

the rev range’ customer requirement is fulfilled by the structural technologies with little 

impact from the fuelling, air path and combustion technologies. 

 

 
Figure 4.39 – Smoothness ratings for technologies 1, 10, 11 & 12. 

4.1.9 The CFTS Concept 

The concept of linking customer requirements to potential technologies is possible with 

the methodology outlined. The particular value is the aspect of understanding the action 

of the technology on particular customer requirements. An overall view is helpful in 

assessing the overall impact but the detailed analysis for each customer requirement 

allows potential detrimental effects to be highlighted which might otherwise be lost in the 

data amalgamation. With the requirements grouped the effects on target area can be 

assessed. 
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4.1.10 The CTFS methodology 

With the questionnaire being paper based the most effective way of delivering the 

questionnaire was in person. The attempt to include engineers who were not resident in 

the office was not successful. To make the methodology work with people not in the 

Jaguar Land Rover office a different format of questionnaire is required that is more 

accessible remotely. 

 The responses to the questionnaires show that the structure of the survey is important. 

The cases where the assessors had specific expertise provided a particular pattern of 

responses, either blocks of specific rows or blocks of specific columns. 

A lot of time was required to accurately transcribe the results from the completed 

questionnaires into Excel for analysis. A method where the assessor could directly input 

the data in a form compatible with the analysis spreadsheet would not only save a lot of 

time but also reduce potential transcription errors. 

4.1.11 The analysis 

The analysis method allowed technologies and groups of technologies to be compared 

on how they fulfilled the customer requirements. The interaction of the technologies was 

only possible in the technology input stage and only considered mutually exclusive, 

technologies that were dependant on enabling technologies or technologies that 

addressed the same parameter for their effect.  

The analysis did link technology performance to customer requirements so acted as a 

translation from engineer ‘speak’ to customer requirements. 

The data analysis method does allow ‘what if’ analysis of technology bundles by putting 

different combinations at the input side and comparing the output. This technique could 

be used to optimise the technology bundle composition. 
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4.1.12 The Output 

The output provided data on which specific customer requirement the technologies or 

groups of technologies impacted. The data could also be used to summarise the overall 

effectiveness of a technology or technology bundle.  

The output can be used to optimise the technology bundle composition as highlighted in 

the discussion of the analysis techniques. 

The output is qualitative and linked to a previous product. Absolute quantitative ratings 

are not possible with this technique. 

When the data is summarised, some negative ratings may get lost. This could lead to 

decisions being made that have not considered some potential negative issues with the 

technology. This can be addressed by reviewing the individual technology assessments 

and identifying negative aspects. Reviewing the assessments data range allows the 

potential for negative effects to be seen even though these ratings may be lost when the 

mean assessment goes into the analysis. 

4.1.13 The Interpretation 

If the data output would provide indicators as to how a technology, individually or in 

combination with other technologies, would indicate how well customer requirements are 

met? 

The fulfilment of customer requirements is assessed but it is comparative within the study 

and is qualitative.  

Highlight which customer requirements are fulfilled and comparatively to what extent? 

Individual customer requirements fulfilment can be assessed with the technology ratings 

provided by the assessors. How significant any differences seen in the technology ratings 

requires a calibration or at least a qualitative reference to ensure the differences seen are 

significant. 

The performance perception customer requirements were fulfilled most extensively with 

the technologies being assessed but depending on the technology bundle other aspects 
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of customer requirements could result in high comparative fulfilment ratings, e.g. 

smoothness with technology bundle 12, so differentiation is possible. 

4.2 Review the Methodology 

Feedback was collected from the technology assessors on the questionnaire and 

methodology. 

4.2.1 Methodology Assessment 

There are a number of questions that have arisen about the methodology and potential 

developments identified.  

 Rating scale – this worked well in the pilot exercise but there were questions about 

the ‘calibration’ of the scale.  

 Benchmark reference – this was reasonably easy to define for the pilot exercise as 

the new technologies under consideration were for a new engine so the appropriate 

benchmark was the existing engine in the vehicle. The selection of a benchmark is 

more difficult if more than one vehicle is being considered or the out-going product, 

e.g. engine, is not the same in all vehicles. 

 

Issues came to light during the assessment process. 

 A clear explanation, in person, of what the assessment would be used for, increased 

the likelihood that the assessment would be completed. Specifically, a request to 

complete the assessment went to some Jaguar engineers in Dearborn via email. The 

engineers did not complete any assessments. 

 There was feedback that the requirement to enter zero for no interaction or zero 

effect was unnecessary. Some engineers only entered positive or negative 

interactions with a note saying that all locations without numbers should be zero. 
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 Some engineers liked the fact that the survey was on paper so that it could be carried 

around and completed where ever. This did mean that all the results had then to be 

transferred into Excel for analysis. 

4.2.2 Lessons learned 

 In the survey zero could indicate that there was no interaction but could equally be 

interpreted as an interaction but with zero effect. The differentiation of these 

possibilities should be considered in any survey development. 

 Personal explanation to engineers of what the technology assessment is trying to 

achieve produced a better chance of having the survey completed and returned. 

 The negative aspects of the technology may be lost in an overall positive 

assessment. Both positive and negative assessment results should be plotted. 

 The link is not yet made between the output of the technology assessment and the 

actual perceived customer benefit of the technology. A calibration or interpretation of 

the output values needs to be made against customer feedback. 

 

4.3 Conclusion on the methodology 

Overall the methodology can deliver high-level summaries to allow comparisons to be 

made of the qualitative ratings of technology bundles. 

Details of the ratings of individual technologies can show the range of ratings, positive 

and negative, and which customer requirements individual technologies affect. 

The methodology has potential to provide insights into how technologies will impact the 

customer and the methodology can be improved by developing the ratings method and 

the analysis. 
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 Survey and Data Analysis Development 

5.1 Critical Analysis of the Pilot study survey 

A good survey design for the technology assessment is very important for the successful 

implementation of the methodology. Without good data from the technology assessment 

questionnaire the planning tool cannot act as a guide in selecting technology for future 

products. If the survey is not designed well the information it is trying to elicit may not be 

as comprehensive as it needs to be, so compromising the effectiveness of the tool. 

When the pilot study was run, a simple survey design was used that entered a numerical 

value for the rating.  

The following sections present a critical review of the pilot study survey design leading to 

improvements in the format, deployment and analysis of the survey results.  

5.1.1 Pilot Study Survey Format Analysis 

The pilot study used a matrix printed on A3 paper – as illustrated in Figure 4.1. While the 

matrix looked rather daunting, it could be completed in one go with just a pen or pencil. 

The other advantage is that it could be added to when convenient and it was easy to see 

where you had got to if the assessor was completing all the questions.  

5.1.2 Observations of how the survey was completed. 

From discussions with assessors and observing how assessors approached filling in the 

survey is was noted that the assessors usually go down a column, assessing one specific 

technology against each design requirement in turn. The reasons for this method is that it 

gives a good assessment of each technology as the assessor 'holds' the technology in 

their mind while considering how the technology will perform against each of the design 

requirements. This can be seen clearly in surveys where the assessor did not complete 

all the assessments (see Chapter 4 Figure 4.4), the assessments are in columns where 

specific technologies were considered. Some surveys were completed in ’rows’. An 
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example of which is in chapter 4 Figure 4.5. This method of completing the survey was 

done by an assessor with a specific expertise that related only to a few specific design 

requirements and they were not prepared to comment on other aspects of the technology 

performance.  

The technology-led method however may not lead to a good comparative assessment of 

the technologies for each design requirement as the assessors’ perception of 'standard of 

performance' being assessed may change over time, especially if there is an interruption 

during the completion of the assessment form.  

From feedback when contacting assessors to return the surveys, it was not the usual 

practice for an assessor to complete the survey all at once, and many assessors reported 

they were only part-way through on the first reminder. This suggests that each survey 

was done in a number of sittings.  

If the assessment is carried out by considering each technology in turn against a specific 

design requirement, a good comparative assessment between the technologies may be 

achieved because when working across the form, the previous assessments are visible 

so some sort of assessment 'levelling' may automatically be taking place. This however is 

probably a more difficult task, as you have to continually switch between visualising the 

performance of different technologies. 

There was no information provided to the assessors regarding the definition of the -3 to 

+3 rating scale, it was defined by each assessor. The only ‘agreed’ rating value was zero, 

i.e. no effect. 

The issues with the method of completing by technologies rather than design requirement 

led as well as the ‘loss of calibration’ due to interruptions could be mitigated by a 

description of the ‘scale’ associated with the technology assessment. 

There was potentially an undeclared rating in that a ‘not assessed’ could be left blank or 

marked as zero. If ‘not assessed’ was marked as zero in some assessments it may skew 

the results as ‘no effect’ and ‘not assessed’ are different answers but could carry the 

same rating. There is no measure of the extent that ‘not assessed’ was rated as zero. 
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5.1.3 SWOT Analysis of the Pilot Study Survey Methodology 

To analyse how effective the pilot study survey was a SWOT analysis was completed 

(Table 5-1 Survey SWOT analysis). The working definitions of the Strengths, 

weaknesses, opportunities and threats categories used below are 

 Strengths - aspects of the survey design which are good from the point of the assessor 

and surveyor. 

 Weaknesses - aspects of the survey design which are poor from the point of the 

assessor and surveyor. 

 Opportunities - aspects of the design that revealed information not intended. 

 Threats - 'Hidden' aspects of the survey design that may bias the data. 

5.1.4 Survey deployment 

For the assessment to be valid and authoritative, a range of assessors should be 

consulted to bring together as much expertise as possible. There are options for 

deploying the survey.  

The option used for the pilot study was to send out the surveys with sufficient instructions 

to enable the assessor to complete the exercise with a request that the survey is returned 

by a specific date. An alternative approach would have been the one-step discussion 

workshop. This would involve getting all the relevant experts together in a room or on a 

conference call and discussing each assessment until a consensus is achieved. This 

would take considerably more time and would be more difficult to organise to ensure you 

have all the relevant people available at the same time. There is also a resource 

implication with workshop format, if 20 people were identified as having relevant 

expertise and experience and were required for a valid assessment exercise the 

organisation required to get all 20 together in one room with sufficient time to complete 

the exercise, e.g. 1 day; this means 160 man-hours for the assessment process. This 

time requirement increases considerable if the people have to travel to the meeting or 
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more experts are required. Even considering the use of conference call facilities, for a 

wide-ranging assessment that includes assessors in different countries then the 

resources of both time and money are considerable. 

Table 5-1 Survey SWOT analysis 

Strengths Weaknesses 
 Easy to produce. The design 

requirements are mapped from the 
House of Quality and the technologies 
from a technology list. 

 There was no explicit guidance to the 
rating scale. This was left to the 
assessor to define. 

 The complete survey is on one page 
(A3) 

 One value only can be entered. No 
opportunity for a range of effects. 

 Flexible design. The number of Design 
requirements and/or Technologies can 
be easily changed. 

 The matrix looks very large and 
complex. May be too daunting for some 
people to attempt to complete. 

 The assessor can go either way in the 
survey, i.e. technology led assessment 
going down a column or a design 
requirement led assessment by going 
across a row. 

 Spare rows and columns give the survey 
a patchy appearance. 

 Assessors do not always complete the 
survey. 

 The survey being on paper is portable. 
This allows people to fill in parts of the 
survey when they have a few minutes to 
spare. 

 If a particular assessment has very few 
ratings then the influence of the 
assessors who completed that 
assessment will be large. 

 The confidence level of the assessor is 
not recorded. 

 All data needs to be transferred by hand 
from the individual surveys (paper 
copies) to the analysis spread sheet, this 
has the potential for errors in the data 
transfer. 

 The benchmark product that is being 
used as a performance reference may 
not be equally well known by all the 
assessors. 

Opportunities Threats 
 The pattern of responses reveals 

something about the expertise of the 
assessor. (More details below) 

 As the matrix is large the assessor may 
lose track of where they are and 
complete the wrong box by mistake. This 
will be more of a problem the further to 
the bottom right hand area of the survey. 
This error cannot be checked. 

 If an assessor completes the survey with 
the assessment being technology lead, 
i.e. going down a column, then a 
different set of results may be obtained 
than if it was design requirement lead, 
i.e. going across a row, or visa-versa. 

 If the survey is filled in using spare 
minutes the consistency of the results 
may suffer. 
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Employing the remote survey option of sending out assessment forms reduces this time 

overhead considerably. Each assessor may spend between 1 and 2 hours completing 

the form so the total time spent is somewhere between 30 and 60 hours and will not 

include travel time or cost. This method will complete the survey form more quickly as 

there will not be the debate required to achieve a consensus. There is a down side to 

this method in that you cannot guarantee that the survey will be returned and once the 

assessments have been processed there may not be a clear consensus of opinion. With 

this method there will be a requirement to interpret outliers to ensure important 

information is not being lost. 

A method of improving the validity of the assessment and achieving a consensus is by 

giving the assessors an opportunity to review their assessment in the light of the 

gathered opinion. This could be by sending out the surveys again with the group derived 

assessment value for each question marked and also the assessor's initial assessment 

value. The assessor would then be asked to consider if they wish to change any of their 

assessments in the light of the gathered wisdom. Reprocessing the data will then work 

towards a consensus opinion.  

Another review method could be to gather together a smaller group of experts to review 

the processed assessments for integrity and consistency. This check could be more 

tuned to the products the technologies are planned for, particularly if the original 

assessments were completed by people from many other branches of the organisation. 

Ensuring the method of deriving the final 'answer' is understood and accepted by those 

involved in making the technology selection decision is vital to ensure the results have 

credibility and decision makers are happy to be influenced by the results. 

Taking the recognised difficulties of getting a sufficient cross-section of experts in one 

room for sufficient time it has been decided that individuals completing the surveys is the 

most practical option. Returning to assessors for a review of their responses in light of 

the overall assessment may not add any value to the mean assessment and take up 

more time. Additional steps in deriving the data and the time required may stop experts 
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agreeing to be involved. For pragmatic purposes a remote survey completion process 

will be adopted for the test case studies. The option for reviewing the process data are 

discussed in later sections of this chapter.  

5.1.5 Summary 

The pilot study survey format is very compact, i.e. on one page, and simple but it was not 

optimised. It is a large matrix to complete with whole task visible. This may have 

influenced the number of surveys that were returned.  

The pilot study survey format did not take into consideration 

1 The confidence level of the assessor in their assessment 

2 The skill level of the assessor,  

3 If the assessor considers that there is a range of performance possible that the 

technology may deliver. 

4 Potential confusion over a zero rating meaning ‘no effect’ or ‘not assessed’. 

5 More accessible format 

6 Eliminate the chance of confusing the question being answered which could occur in the 

matrix format 

 

5.2 Overall Methodology Summary 

The overall methodology developed for the Case studies, from data input through data 

acquisition to processed data output, is shown schematically in Figure 5.1. The following 

sections describe the development of the methodology. 
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Figure 5.1 – Schematic of the overall methodology. 
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5.3 Revised Survey Development 

A revised format survey would lend itself to being a computer-based survey making 

distribution, reminders and data collection much simpler. The delivery tool will need to be 

easily accessible to ensure software issues are not a blockage to completing the survey. 

The distribution method to be used for the Case Studies will be email using a common 

application so as not to present issues of software access. 

The design of the survey is important to ensure the views of the technology assessors 

can be obtained in a clear, unambiguous way. The design will also affect the willingness 

of the assessors to complete the survey. 

Combining the recommendations from the analysis of the Pilot study survey with the 

survey design literature best practice, specifically (Fink, 1995) & (Fink, 2002), a set of 

design features to be incorporated into the revised survey design are discussed in the 

next section. 

 

5.3.1 Recommendations for the revised survey format. 

 Definition 

 Clear introduction with objective and aim of the survey 

 Structure 

 Minimise the number of questions 

 Ensure a part-completed survey can still be used in the data analysis 

 Do not display all the questions at once 

 Differentiate between an assessment of ‘No effect’, i.e. Zero, and ‘No 

assessment made’. 

 Assess the expertise of the assessors 

 Allow the assessor to enter a range of performance for the technology. 
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 Language 

 Avoid abbreviations and jargon. 

 Ensure it is accessible 

 Have guidance on the rating scale. Provide a guide to the rating scale for 

qualitative assessments and a guide in the form of values for a quantitative 

assessment, i.e. what does positive and negative 3, 2 or 1 represent?  

 Delivery 

 Have an electronic means of distribution (email) using a common software 

package that is easily available (Microsoft Excel). 

Considering the range of issues raised in the analysis of the pilot study format, along with 

the feedback received from those who were involved in the pilot study (section 5.1.2) 

options for the design for the technology survey questionnaire can be prepared. 

5.3.2 Question Format Options 

Using assessor feedback, analysis of the Pilot study survey and analysis of best practice 

for survey design new formats were developed and ‘road-tested’ to gauge the reactions 

of potential technology assessors as the most suitable. 

Using the analysis of the pilot study survey format a number of different question formats 

were considered to address some of the issues with the original simple matrix format. 

These were discussed with the project supervisor and colleagues at Jaguar Land Rover 

to gauge the appropriateness of the formats. 

Rating Scale 

The type of survey format adopted for the technology assessment rating is using a 

Likert-type scale. A common use of a Likert scale is an agree/disagree scale. In this 

application the scale is a rating of technology effectiveness symmetric about a ‘no effect’ 

point and has 7 response ‘bins’ ranging from -3 through to +3. Each bin has a definition 

relating to the level of the effectiveness of the technology. 
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5.3.2.1 Format A – Individual assessment matrices 

The revised format involves having a smaller matrix for each technology/design 

requirement assessment. The matrix comprises of boxes relating to the rating of the 

technology going across and the confidence the assessor has in their answer going 

vertically (see Figure 5.2). A technology from the AJ133 Case study has been used for 

this example. The technology is crankshaft ISG and assessed against two design 

requirements. 

 

Figure 5.2 – Potential revised technology assessment survey format 

This format addresses a number of issues,  

 The confidence level in the assessment is included.  

 A range of assessment values can be included, e.g. a maximum, minimum and the 

expected performance. 

 The assessment is technology led. 

The way in which an assessor can enter a range of values for the performance of a 

technology against a design requirement is shown in Figure 5.3 In this example, the first 

assessment, noise at idle, the assessor considers one specific answer, i.e. a small 

improvement with a reasonable or medium level of confidence. 

In the second assessment the assessor gives an expected range of possible 

performance delivered by the technology. This ranges from a reduction in performance (-

1) but only with a low level of confidence, to a big improvement (+3) that may be 

Technology Assessment of
Crankshaft ISG 

A Engine noise

A1 Effect on Engine noise at idle

No effect
Confidence level -3 -2 -1 0 1 2 3

High
Reasonable

Low

A2 Effect on Time to start engine

No effect
Confidence level -3 -2 -1 0 1 2 3

High
Reasonable

Low

Detrimental, negative effect Improvement, positive effect

Effects Rating
Detrimental, negative effect Improvement, positive effect

Effects Rating
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achieved, this with a medium level of confidence. The most likely result in this 

assessment is that there will be a good improvement (+2) that the assessor 

consideration is at a high level of confidence. The values of assessments are skewed. 

This means that a single average result will not describe the assessment of the 

technology accurately. 

 

Figure 5.3 – Potential revised technology assessment survey format with 
technology assessment 
 

Taking into consideration the requirement that the survey questions should be kept to a 

minimum, requesting the confidence level of the answer for each question will extend the 

survey. To maintain the survey length either fewer customer requirements can be 

considered or fewer technologies. Either way the survey overall may not be able to yield 

sufficient information to be useful. When engineers were asked for their reaction to the 

extended format, it was agreed that the extra questions were not helpful and there was 

some concern about how the confidence level aspect of the question would be 

interpreted by the assessor. It was therefore decided not to pursue a direct question 

about confidence levels. 

Following the assessment of the proposed format, several other formats were 

considered and potential technology assessors were asked to comment on the formats. 

The format options considered and summarised assessors’ feedback are presented in 

Figure 5.4. 

Technology Assessment of
Crankshaft ISG 

A Engine noise

A1 Effect on Engine noise at idle

No effect
Confidence level -3 -2 -1 0 1 2 3

High
Reasonable X

Low

A2 Effect on Time to start engine

No effect
Confidence level -3 -2 -1 0 1 2 3

High
Reasonable

Low

Detrimental, negative effect Improvement, positive effect

Effects Rating
Detrimental, negative effect Improvement, positive effect

Effects Rating
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Figure 5.4 - Alternative survey question formats proposed. 
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5.3.3 Revised Format description  

Following the comments on the survey formats the format 5 of was adopted. The details 

of the full question format are described in Appendix 5. 

Examples of the question format are shown in Figure 5.5 and Figure 5.6. 

The format includes  

 The reference the performance is being assessed against. 

 The technology under consideration 

 A guide to the rating scale,  

 The design requirement being assessed with the question outline described with 

more detail. 

 The effect above the selection ‘buttons’, from the example of Figure 5.5, ‘Makes 

noise at idle worse’ above the negative assessment buttons, ‘no effect’ above 

zero and ‘Reduces noise at idle’ above the positive ‘buttons’. 

 

 
Figure 5.5 Revised survey question format for the AJ133 Case Study. Format 
showing data ranges. 
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Figure 5.6 Revised survey question format for the AJ133 Case Study. Format 
showing Single value selections and ‘No assessment made’. 
 

The format was further enhanced for the ULTRABOOST case study with the addition of 

a diagram describing the technology under consideration and additional text to provide a 

further description of the question. This is shown in Figure 5.7. 

 
Figure 5.7 Question format for the ULTRABOOST case study survey. 

5.3.4 Survey Instructions 

An introduction to the survey as well as instructions on how to complete the survey were 

included with each survey. The introduction includes the aims of the survey and the 

instruction on how the survey should be completed with guidance on the -3 to +3 scale. 

There are also examples of the question format and how it can be completed. The AJ133 

Case Study introduction is shown in Figure 5.8. The ULTRABOOST Case Study 
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instruction also showed the additional information on the questions that was included in 

the second case study. 

 
Figure 5.8 Introduction and instruction page from the AJ133 Technology Case Study 
 

 



145 

5.3.5 Establishing the Expert Level of the Assessors 

5.3.5.1 Evaluation of experience 

The first stage in establishing the expert level of the assessor is a question in the survey 

enquiring about the assessor current and previous work areas. 

On the first page of the questionnaire the assessor is asked to list their current and 

previous (within the last 5 years) positions in relation to the key areas of engine and 

powertrain expertise (see Figure 5.9). 

 
Figure 5.9 Question relating to the current and previous experience of the assessor. 
 

The relevance of experience in specific fields relevant to the survey to the technology 

assessment are explained in Appendix 5, section 5.7. 

The experience will be more or less relevant to different questions so the relevance of the 

experience is set using a correlation matrix. Figure 5.10 illustrates an example of a matrix 

that has been derived by assessing which of the experience criteria listed in the 

questionnaire has the most relevance to the subject of the question being asked in the 

questionnaire. For example, the first technology assessment question in case study 2 

(ULTRABOOST technologies) is ‘Engine/boosting system noise & stability during warm-

up and idle’. This relates to engine refinement so has the most relevance to NVH 

engineers. The next level of relevance is to engine and engine technology development, 

durability and reliability engineers and pressure charging technology development. The 

lowest relevance is to the other areas including vehicle research and exhaust emissions 

after treatment development. 

Name

Experience (please put a cross in the relevant boxes)
Current 

responsibility
Within the 

last 5 years

Engine development (Fuel economy & Performance)
Durability & Reliability 
Calibration
Refinement 
CAE - Performance/Fuel economy modelling
Engine Technology development
Pressure charging system development
IC engine research
Engine design
Vehicle Research
Aftertreatment development
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Correlating the experience of the assessors from the technology questionnaire with the 

subject matter of the questionnaire question produces a correlation matrix. The expert 

correlation matrix is on a scale of 1 to 5 with the most relevance current experience is 

allocated as 5 in the correlation matrix. This is the ‘Expert’ level. If the current experience 

of the assessor is considered to have some relevance to the question a value of 3 is 

allocated in the matrix. This is the ‘knowledgeable’ or ‘informed engineer’ level. A value 

of 1 is allocated in the matrix if the current expertise of the assessor has little relevance 

to the question. The assessor is considered to be applying any general engineering 

knowledge to the question. This is the ‘Generalist’ level and is the default level. The 

correlation accounts for current experience and previous experience by reducing the 

relevance of previous experience. Previous experience in the most relevant areas is set 

to 4, i.e. less relevant than current experience but higher than the ‘some relevance’ 

allocation. Similarly, previous experience in the ‘some relevance’ allocation is set at 2. 

The levels are summarised in Table 5-2. The influence of the expert can be changed 

with the scaling factor . Increasing  from 1 to 2 increases the range of influence from 1 

to 5 to 1 to 25. With s set to 2 the final assessment will be much more influenced by the 

experts. 

The expert level associated with experience is allocated to each assessor for each 

question. An example is shown in Figure 5.11. 

Table 5-2 - Summary of the 5 levels of expertise. 
Expert level Description 
5 Expert Current responsibilities are very relevant to the question being asked. 

They are considered an expert in the relevant engineering discipline. 
4 Expert from previous 

position 
Responsibilities in their previous job (within the last 5 years) are very 
relevant to the question being asked. They are considered to have 
expertise in the relevant engineering discipline. 

3 Knowledgeable or 
‘Informed engineer’ 

Current responsibilities are relevant to the question but it is not their main 
speciality/discipline.  

2 Knowledgeable from 
a previous position 

Recent responsibilities (within the last 5 years) are relevant to the question 
but it is not their main speciality/discipline.  

1 Generalist The person has an engineering or scientific background that allows them 
to make an informed assessment. This is the default expert level. 
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Figure 5.10 - Expert correlation matrix for Case Study 2. The correlation of expert 
relevance to the set of questions in the questionnaire. 

Engine 
development 
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Durability & 
Reliability 

Emissions 
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Figure 5.11 – Example of expert level matrix for an assessor. 

5.3.5.2 Mapping of ‘Expert Groups’ against the QFD Design Requirements. 

A correlation matrix was developed that mapped the relevance of the areas of expertise 

to the Design Requirements. The ‘Expert Level’ was summarised at 3 levels. See Table 

5-3 and Figure 5.12, the Correlation matrix of the relevance of areas of expertise to 

Design requirements. 

Table 5-3 Expert level 

Expert level Expert Level value 

Expert 5 

Some expertise – Informed Engineer 3 

Default – General Engineer 1 

 

A Engine noise & Smoothness
Current Previous

Expert 
rating

A1 Engine/boosting system noise & stability during warm-up and idle 3 0 3
A2 The relationship of engine noise level to vehicle speed/acceleration 3 0 3
A3 Knock control (i.e.speed of boost control system) 5 2 5
A4 Knock susceptibility 5 4 5
B Manufacture & Service

B1 System build and set-up during production 3 0 3
B2 Service item cost 3 0 3
B3 Service interval 3 0 3
B4 System reliability 5 2 5
C Performance & Driveability

C1 Pedal to torque rate (Throttle progression) 3 0 3
C2 Performance at high altitude 3 2 3
C3 Performance in high ambient temperatures (40°C plus) 3 2 3
C4 Start-ability at -30°C 3 2 3
D Off-road capability

D1 Wading capability 5 0 5
D2 Off-road terrain response 3 0 3
D3 Engine braking 3 0 3
D Environmental

D3 Evaporative emissions 3 0 3
D4 Particulate emissions 3 4 4
D6 Stop-Start Technology compatibility 5 0 5
D7 Cylinder-to-cylinder exhaust mixing before the catalyst 5 2 5

Expert rating is the Maximum of 'Current' and 'Previous'
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Figure 5.12 - Correlation matrix of the relevance of areas of expertise to Design 
requirements. 
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5.3.5.3 Assigning Expert levels 

The aim is to assign each assessor an ‘Expert level’ for each design requirement 

(question) in the survey. The process of assigning the expert levels is in three phases 

(see Figure 5.13). 

1) Assessor completes the experience question in the survey 

2) The expert groups identified by the assessor as current and previous 

experience are correlated with the relevance matrix (Figure 5.12). 

3) Set overall expert level as the maximum of current and previous experience. 

Note – previous experience expert levels are reduced by 1. 

In most cases the ‘current’ expertise is used in the overall expert level but in some cases 

the previous experience ranks higher than the current. For example, in Figure 5.13 the 

overall expert levels for 5 design requirements are from previous experience, namely B4, 

C1, C3, C4 and D1.  

The overall expert level is used in the data analysis. 

 

5.3.6 Survey distribution and data collection 

The assessors identified to take part in the technology assessment were contacted 

personally to make sure they were willing to participate. The survey was then distributed 

to the relevant people by email.  

The completed surveys were returned by email. Reminders were sent if the assessors 

had not sent the completed surveys after the suggested return date included in the 

emails. 
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Figure 5.13 - Process of assigning expert levels. 
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5.3.7 Data Analysis Methodology 

In considering the option for a revised data analysis methodology, key methods from the 

literature review were considered, in particular the reference textbook of Cooke (1991). 

Of the analysis methods reviewed two were considered: 

1. Bayesian combination 

2. ‘Classical Model’  

In the Bayesian approach, the analysis, based on the Bayes’ theorem, requires an initial 

probability distribution with each assessor’s contribution described as a probability 

distribution then integrated into an overall final distribution. This in turn requires the data 

to be continuous. The data collected with the questionnaires is discrete or possibly semi-

continuous, so the data would have to be represented as a very coarse square 

distribution. On this basis it was considered that the Bayesian approach did not suit the 

structure of the data collected. 

Cooke’s (1991) ‘Classical Model’ method is based on the theory of proper scoring rules 

and has been designed to satisfy a number of principles namely; reproducibility, 

accountability, empirical control, neutrality and fairness. The definitions of the terms can 

be found in section 2.4. 

The method is designed to reward ‘good calibration’, ‘low entropy’ and ‘significance’ 

(these will be defined in the following section). The version of the analysis investigated 

is designed for continuous or practically continuous variables. 

Cooke has defined a set of factors that affect the data weighting and so the influence of 

the experts data on the final result. These include: 

 Calibration: Good calibration means that the expert assessments (data) agrees with 

the majority of other experts, the closeness the expert is to the ‘correct answer’. The 

closer the data is to the ‘correct answer’ the more influence it will have in the 

determination of the final assessment. In the classical model put forward by Cooke 

the calibration calculation makes use of the 2 distribution to provide a value for the 
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‘closeness’ of an individual’s data to the mean of the data set. Other methods of 

determining calibration are discussed in section 5.3.7.1 

 Entropy: In the classical model, Entropy is a measure of the information content of 

the data from the assessor. It can also be considered as how confident the 

assessor is about their answer. 

 Significance: assess if the data will contribute to the overall result. If it is considered 

an ‘outlier’, i.e. not part of the expected distribution of the results, the data is 

eliminated. Only significant data is used in the calculation of the final result.  

For the details of the calculation method see (Cooke, 1991) chapter 12. 

5.3.7.1 Alternative approaches to calibration 

The Calibration of the assessor, how useful their data is, can be achieved by either 

testing their responses against actual measured data or by using ‘seed’ questions with a 

known answer. Calibration using real data to the questions asked is possible in some 

situations but in this application of technology planning there will not be any information 

on the quality of answers until possibly years after the questionnaire has been 

completed. Also, as the questionnaire is asking about competing technology concepts 

not all will be built to know if the answer was correct. 

The use of 'seed' questions to assess experts as noted in the literature (Aspinall, 2008) 

is problematic when you have experts/questions from more than one field. To assess 

the experts’ calibration effectively seed questions will be needed for each area of 

investigation/expertise. If there are seed questions on performance, economy, NVH, 

durability, service, almost the whole questionnaire will be duplicated. This greatly 

reduces the number of ‘useful’ questions you can ask without making the questionnaire 

too long.  

The calibration of the expert has its attractions in that it gives a mathematical result to 

how good the expert is. If you consider what the calibration is doing, particularly if it uses 

seed questions, it raises concerns of the validity of applying a calibration score that can 
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be used to bias data to justify the desired answer. The calibration factor is at the 

maximum value when the expert gives the ‘correct answer’ and reduces the further 

away the data is from the ‘correct answer’.  

The question arises as to what is the ‘correct answer’ and how do you decide what is 

the correct answer before you process the data. This presents a quandary, an iterative 

loop. The correct answer can be calculated as the value that most people agree on, the 

mean or the mode, without assigning weighting factors. A second phase would then be 

to assign weighting factors associated with the experts’ closeness to the ‘correct’ 

answer and then recalculate the result. This may then affect what the experts’ 

calibration is again. This process could be repeated to approach a final result. The 

question arises of how effective this would be.  

An approach to reducing the spread of answers and so maximising the expert calibration 

score is the Delphi process. The Delphi process is described in section 2.3.3 of the 

literature survey. This process was considered for the technology surveys but the 

process of performing a review of the expert data with each expert to give them an 

opportunity to revise their assessments increases the time, effort and resources 

considerably in completing the survey.  

A ‘virtual Delphi’ process could be completed by moving the distribution of results on 

each side of the peak value in a scheme similar to the observed effects in Figure 2.16. 

The resultant data set will have a reduced spread, but the mean result is likely to be 

unchanged. It was not considered that this analysis approach added to the analysis as it 

just narrowed-down the data range. This could be seen as a ‘self-fulfilling prophesy’ as it 

just focused the results on the initial mean to increase the level of agreement (reduces 

the result spread) without any possibility of changing the actual result, the mean value. 
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5.3.7.2 The application of the Classical Model to the technology assessment data set. 

A typical data table for one question that includes all the assessors’ ratings for a 

technology is presented in Table 5-4. 

 

Table 5-4 Data table incorporating all the assessors’ technology ratings for the first 
question and technology 1 from the AJ133 Case Study. 

 

 

From Table 5-4 it is noted that 8 of the assessors gave a single rating, 4 gave a rating 

covering 2 values and 1 assessor gave a rating covering 3 values. 

The Classical model calculation of entropy  of  is defined as  

: ∑    Equation 5-1 

Where  

 is the assessment value of assessor  

The calculation of natural log values of the ratings in the technology assessment data 

sets presents some mathematical problems. If natural logs of the values in the above 

table are taken the results of ln of 0 is indeterminate and produces a calculation error. If 

this calculation method was to proceed a logic step is required that skipped all table 

locations equal to zero.  

If the assessor puts the assessment in one bin. The normalised value for the bin and the 

data set would be 1. The natural log of 1 is zero so the data would be eliminated in the 

classical model. 

Question 1
Technology 1
Table 1
Rating value data - Flat value over bins

-3 -2 -1 0 1 2 3

R01 0.00 0.00 0.50 0.50 0.00 0.00 0.00
R02 0.00 0.00 0.00 1.00 0.00 0.00 0.00
R03 0.00 1.00 0.00 0.00 0.00 0.00 0.00
R04 0.00 0.00 1.00 0.00 0.00 0.00 0.00
R05 0.00 0.50 0.50 0.00 0.00 0.00 0.00
R06 0.00 0.00 1.00 0.00 0.00 0.00 0.00
R07 0.00 0.00 0.50 0.50 0.00 0.00 0.00
R08 0.00 0.00 1.00 0.00 0.00 0.00 0.00
R09 0.00 1.00 0.00 0.00 0.00 0.00 0.00
R10 0.00 0.50 0.50 0.00 0.00 0.00 0.00
R11 0.00 0.00 0.00 0.00 1.00 0.00 0.00
R12 0.00 0.00 0.00 0.00 1.00 0.00 0.00
R13 0.00 0.33 0.33 0.33 0.00 0.00 0.00
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Because of these issues with applying the classical model to the survey data set an 

alternative method of calculating the entropy of the experts was developed. The intention 

was to develop a method that addressed the need to weight the experts in a similar way 

to the classical method but without the mathematical issues encountered with the data 

set.  

5.3.8 Summary 

The discrete data of the survey means that a Bayesian approach is not appropriate. The 

‘classical’ approach is designed for continuous or semi-continuous data but can be 

applied to discrete data. A problem is encountered with the analysis method in 

calculating the entropy, it is not appropriate for data that includes zero or 1 data values. It 

was also not considered appropriate to extend the questionnaire or reduce the number of 

useful questions to include seed questions to derive a calibration score.  

The calculation method developed and adopted paralleled the classical method to 

incorporate an expert score and the information content of the expert’s rating, the 

entropy, but uses alternative mathematical methods to achieve the same analysis 

features and allows zero and 1 values to be valid data points. This is covered in 5.4.3. 

 

5.4 Processing of the completed surveys 

5.4.1 Data Collation 

All the completed surveys were processed prior to the results being collated. Each 

spreadsheet required a macro to be run to create the square distribution for any 

technology ratings that were over more than one assessment bin. The processed data 

was then collated into a set of data summary spreadsheets, one for each technology. 
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5.4.2 Data Analysis 

As each technology assessor is not required to select a single bin for their assessment 

and can spread their answer over any number of bins (up to the maximum number of 

bins, i.e. 7), each response from the assessor can be treated as a probability distribution. 

The assumption is that if more than one bin is selected the assessment is uniformly 

spread over the number of bins selected. For example, if 2 adjoining bins are selected 

the assumption is a square distribution over the 2 bins (probability of 0.5 in each bin), 

similarly if 3 bins are selected it is assumed there is equal probability of the ‘true’ answer 

being in any of the three bins so a probability of 0.33 is applied. This continues if a higher 

number of bins are selected. 

Using the nomenclature of Genest & McConway (1990): Let  represent the distribution 

of the response by each assessor to a specific question about a specific technology. 

Where =the assessor number.  

The distribution will be over 7 bins. 

 = The overall distribution of results 

The results are combined into a pool by a pooling operator T, so 

, ……	     (Equation 5-2) 

 

The distributions are combined with weights to increase the influence of the most 

relevant experts on the results (expert weighting) and those who are deemed the most 

reliable assessors (entropy). 

This gives 

, ……	  = ∑    (Equation 5-3) 

Where  is the weighting factor and  is the assessor number. 
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5.4.3 Data weighting 

The two parts of the data weighting factor is the ‘expert level’ of the assessor and the 

assessed information value of the assessor, their information content or ‘entropy’.  

	       (Equation 5-4) 

Where 

 = The weighting factor of assessor  

 = Expert level of the assessor	  and  is the scaling factor used to change the relative 

influence of the assessors.  is an integer in the range 1 to 5 normalized to the maximum 

expert rating, 5 (see section 5.3.5) 

= Information content or 1/Entropy value of the assessor  for expert rating  

 is set to 1 unless otherwise specified. 

The definition and setting of the expert level is discussed in 5.3.5. The entropy factor is 

discussed in the next section. 

 

5.4.3.1 Entropy 

This is the 'disorder' of the assessor’s responses. A measure of the ‘order’ of the 

assessors data can be considered as the number of bins an assessor spreads their 

responses over and how many 'no assessment made' responses they have given, the 

completeness of the survey. Thus, a value of entropy can be calculated as a product of 

‘information content’ and ‘completeness’. The reciprocal of entropy is used to scale the 

data of an expert when it is combined with the other expert data. The higher the 

information content the closer the scaling factor will be to unity and conversely the lower 

the information value of the data the lower the scaling factor so reducing the influence 

that expert’s technology rating has on the final data. 
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5.4.3.1.1 Information content 

The assumption is that when a technology rating is given over more than 1 bin then the 

distribution over the bins is a square distribution (flat) with an equal probability of the true 

answer being any of the bins. This means that when an assessment is over multiple bins 

its information content is lower than a single bin assessment. The information content 

goes down with the number of bins the data is spread over; the probability of the ‘correct’ 

result being in a particular bin in reduced. For each assessor and for each of the expert 

ratings assigned to the assessor, the fraction of assessments made where the answer is 

in one bin is calculated. This is repeated for answers over 2 bins, 3 bins etc. 

 For questions answered in one BIN the contribution to the entropy calculation is 

direct (1:1). 

 For questions answered over 2 BINs the contribution is 1/2. 

 For questions answered over 3 BINs the contribution is 1/3. 

 For questions answered over 4 BINs the contribution is 1/4 

 For questions answered over 5 BINs the contribution is 1/5. 

This analysis gives more influence to assessors who provide assessments with a single 

bin. One drawback associated with this analysis method is that decisive and possibly 

over-confident assessors will be effectively rewarded. 

The information content is calculated for each expert level for each expert, so each 

expert may have up to 5 information content values. 

To calculate the information content for each assessor, the number of ratings of each 

type for each expert level assigned to the assessor is summed, divided by the number of 

bins the assessments were spread over and expressed as a fraction of the assessed 

ratings, i.e. the number of single bin assessments, the assessments spread over 2 bins, 

3 bins etc. 
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5.4.3.1.2 Completeness 

In a similar way the number of questions not answered (‘No assessment made’) is also 

summed for each expert level and expressed as a fraction. This is factored into the 

entropy value as a measure of completeness for assessor	 . There is a  value for each 

expert level assigned to the assessor. 

	      Equation 5-5 

	= The measure of completeness for assessor  

	= The total number of assessments possible for a particular expert level. 

	= The total number of assessments made by the assessor   for the questions 

assigned a particular expert level where 

	 	      Equation 5-6 

 = The number of null assessments (‘No assessment made’) 

The final information content value for expert  with expert level  is  

∑     Equation 5-7 

Where  

 = Information content for assessor  for their expert rating  (1/Entropy) 

 = Number of bins the assessments are spread over (range). 

 = The total number of assessments made with the range  

	= The number of bins, in the case studies 7 

 

The application of equation E ∑ C     Equation 5-7 is shown in matrix 

form in Figure 5.14 Example entropy calculation. 
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Figure 5.14 Example entropy calculation. 

If an expert answered all the questions for one of their expert rating values with single 

Bin responses then the entropy would be 1, and the information content would be 1. If 

some of the questions were answered over 2 or more bins the information content will be 

reduced in the same way selecting ‘No assessment made’, i.e. not giving a response, 

reduces the information content scalar and so the influence of the assessor.  

 

5.4.3.2 Eliminating low significance data 

As the assessments of the technology performance can be spread over a number of 

assessment bins the extremes of the collated data set may contain data that is of low 

significance.  

This data is removed to eliminate data in a 'bin' that will contribute little to the overall 

result. Low significance data is defined in this case as a data bin that contains data less 

than that contributed by one assessor, i.e. 1/ number of ratings for a technology and a 

specific question. 

5.4.3.3 Consideration of Outliers 

Some experts may provide technology evaluations that are considered outliers to the 

main set of expert opinions. These opinions should reviewed as it is possible the expert 

may be providing a unique insight into the performance of the technology alternatively 

they may have misinterpreted the question or simply made an error in entering their 

evaluation. The importance of the data should be evaluated, if possible, after discussion 

Responses to each question for each technology

Bin spread 1 2 3 4 5 sum 1 2 3 4 5
No assessment made 0 0 6 2 1 9 Fraction of questions assessed 0.00 1.00 0.75 0.93 0.98

1 Single Bin 0 9 13 24 37 83 0.00 0.75 0.72 0.86 0.79
2 2 Bin responses 0 3 5 4 10 22 0.00 0.13 0.14 0.07 0.11
3 3 Bin responses 0 0 0 0 0 0 0.00 0.00 0.00 0.00 0.00
4 4 Bin responses 0 0 0 0 0 0 0.00 0.00 0.00 0.00 0.00
5 5 Bin responses 0 0 0 0 0 0 0.00 0.00 0.00 0.00 0.00

Total number of responses 0 12 18 28 47 105 Sum of assessment fractions 0.00 0.88 0.86 0.93 0.89
Total number of questions 0 12 24 30 48 114 Sum * Fraction completed 0.00 0.88 0.65 0.87 0.88 1/Entropy

Entropy using %complete for each expert level. 0.00 1.14 1.55 1.15 1.14

Expert level Expert level

Fraction of assessments at each 
expert level / number of bins the 

assessments were over
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with the expert as to why they have provided that evaluation. The expert rating applied to 

the experts as well as their overall entropy value may indicate if the outlier assessment is 

important or an error. If the outlier is the result of a mistake, then a new assessment 

could be provided. If there is good reason for the evaluation then this can be taken 

forward. If negative, this may be an input into a DFMEA analysis. If positive, this should 

be considered from a marketing point of view as a potential USP.  

 

5.4.4 Combining with customer requirement weightings 

5.4.4.1 Analysis process for the survey data 

Using the data processing of technology 3 and question 1 from the AJ133 Case study as 

an example. The data is processed as tables within the spreadsheet. The raw data is a 

matrix of the technology ratings of the assessors, in this case 13.  

The input table includes the expert scaling and entropy factor (Figure 5.15). 

The first stage of the calculation is the combination of the raw data with the entropy and 

expert scaling factors. 

	      (Equation 5-8) 

Where 

	     (Equation 5-9) 

The result is in  
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Figure 5.15 Example of a data input table. AJ133 Technology Case Study. 
Technology 1, Question 3. 
 

The third data table checks for relevant data (Figure 5.16). The threshold for relevant 

data is the normalised sum of the data in a bin column is greater than the value of 1 

assessment. In this case the threshold is 0.08; there are 13 assessments, 1/13 = 0.077. 

The example shown has the normalised sum of the +2 bin at 0.02. This is less than the 

threshold so the ‘Data relevance’ value in that bin is set to zero.  

Question 3 Question Effect on Engine noise level to vehicle accel relationship
Technology 1 Technology Gasoline Direct Injection

master value Table 1
Expert 1 Data from questionnaires Rating
Rating Entropy -3 -2 -1 0 1 2 3

R01 1 3 0.6 0.65 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R02 2 3 0.6 0.96 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R03 3 5 1 0.81 0.00 0.00 0.50 0.50 0.00 0.00 0.00 1
R04 4 3 0.6 0.79 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R05 5 1 0.2 0.83 0.00 0.00 0.00 0.50 0.50 0.00 0.00 1
R06 6 3 0.6 0.96 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R07 7 4 0.8 0.85 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R08 8 5 1 0.64 0.00 0.00 1.00 0.00 0.00 0.00 0.00 1
R09 9 3 0.6 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 1
R10 10 3 0.6 0.57 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R11 11 3 0.6 0.95 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R12 12 3 0.6 0.90 0.00 0.00 0.00 1.00 0.00 0.00 0.00 1
R13 13 1 0.2 0.80 0.00 0.00 0.33 0.33 0.33 0.00 0.00 1

40 Normalized 0.00 0.00 0.22 0.72 0.06 0.00 0.00
Number of assessors 13 Sum 0.00 0.00 2.83 9.33 0.83 0.00 0.00 13.0

Expert 
scaling 
factor
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Figure 5.16 Data scaled with the expert scaling and entropy factors. The data is 
checked for relevance. 
 
The bottom row of data shows if the data is above the relevance threshold. Where the 

data relevance is set to zero the data in that column is ‘lost’. 

The 4th data table contains only the relevant data (Figure 5.17). The data is then 

renormalized for the ‘lost’ data.  

Question 3 Raw ratings X Expert rating scaling factor X Information content
Technology 1

Table 1a
(Rating value data - Flat value over bins)*Expert scaling factor

R01 1 0.00 0.00 0.00 0.39 0.00 0.00 0.00 1
R02 2 0.00 0.00 0.00 0.58 0.00 0.00 0.00 1
R03 3 0.00 0.00 0.40 0.40 0.00 0.00 0.00 2
R04 4 0.00 0.00 0.00 0.48 0.00 0.00 0.00 1
R05 5 0.00 0.00 0.00 0.08 0.08 0.00 0.00 2
R06 6 0.00 0.00 0.00 0.57 0.00 0.00 0.00 1
R07 7 0.00 0.00 0.00 0.68 0.00 0.00 0.00 1
R08 8 0.00 0.00 0.64 0.00 0.00 0.00 0.00 1
R09 9 0.00 0.00 0.60 0.00 0.00 0.00 0.00 1
R10 10 0.00 0.00 0.00 0.34 0.00 0.00 0.00 1
R11 11 0.00 0.00 0.00 0.57 0.00 0.00 0.00 1
R12 12 0.00 0.00 0.00 0.54 0.00 0.00 0.00 1
R13 13 0.00 0.00 0.05 0.05 0.05 0.00 0.00 3

17

Sum 0.00 0.00 1.69 4.69 0.14 0.00 0.00 7 Sum
Normalized 0 0 0.26 0.72 0.02 0 0

Data relevance 0 0 1 1 0 0 0
1=data used, 0=data discarded, 'lost'

If a bin contains less than the Min Bin value then the bin data is discarded.
Min Bin value (1/total number of ratings) 0.08

Total number of ratings is taken from data table 1.

Total number of 
assessments
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Figure 5.17 Relevant data check 

The value of the overall data rating is calculated from the column value and the 

normalized rating in the column. 

In the example used the overall rating is 

Rating = (-1 x 0.27) + (0 x 0.73) = -0.27  (Equation 5-10) 

The maximum and minimum values are Zero and -1. 

The effect of the data processing is shown in Figure 5.18. In the example shown the 

‘weighted value’ included the expert ratings, information content factor (entropy) and the 

relevant data check which in this case eliminated some data. 

Table 2a
Relevant data

-3 -2 -1 0 1 2 3 1=included, 0='lost'

R01 0.00 0.00 0.00 0.39 0.00 0.00 0.00 1 0.39
R02 0.00 0.00 0.00 0.58 0.00 0.00 0.00 1 0.58
R03 0.00 0.00 0.40 0.40 0.00 0.00 0.00 1 0.81
R04 0.00 0.00 0.00 0.48 0.00 0.00 0.00 1 0.48
R05 0.00 0.00 0.00 0.08 0.00 0.00 0.00 1 0.08
R06 0.00 0.00 0.00 0.57 0.00 0.00 0.00 1 0.57
R07 0.00 0.00 0.00 0.68 0.00 0.00 0.00 1 0.68
R08 0.00 0.00 0.64 0.00 0.00 0.00 0.00 1 0.64
R09 0.00 0.00 0.60 0.00 0.00 0.00 0.00 1 0.60
R10 0.00 0.00 0.00 0.34 0.00 0.00 0.00 1 0.34
R11 0.00 0.00 0.00 0.57 0.00 0.00 0.00 1 0.57
R12 0.00 0.00 0.00 0.54 0.00 0.00 0.00 1 0.54
R13 0.00 0.00 0.05 0.05 0.00 0.00 0.00 1 0.11

0.00 0.00 1.69 4.69 0.00 0.00 0.00 6.38 Sum
0.00 0.00 0.27 0.73 0.00 0.00 0.00 Norm

Assessor 
data check
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Figure 5.18 Raw and processed survey data. 

 

5.4.4.2 Survey Analysis Data Output 

The data output includes 

 The arithmetic mean of the data  

 The Mode – the bin with the most weighted responses 

 The Minimum – the bin with the minimum weighted response of relevant data 

 The maximum - the bin with the maximum weighted response of relevant data 

5.4.5 Combining the survey data with the customer requirement 

importance weightings 

The data that is used in the second phase of the data processing to get to the customer 

requirement fulfilment assessment is as follows 

 Collated processed survey results 

 The customer requirement importance rating 

 The customer requirement to design requirement (survey question) correlation 

matrix 

 The technology bundle description  
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 The customer requirement groups – Summary groups that combine the customer 

requirements on particular themes, e.g. NVH 

 Internal or external customer requirement groups – Summary groups that 

separate the customer requirements identified in to either ‘External’ customer 

requirements, those pertaining directly to the end-user, and the ‘internal’ 

customer requirements that are important for the final product development 

groups within the company. 

 

5.4.5.1 Collated processed survey results 

The output data from the survey analysis that is used in the second phase of the data 

processing is the mean, maximum and minimum values for each question and all 

technologies. 

 

5.4.5.2 The customer requirement importance rating 

Within the QFD matrix there is a set of values which incorporate the relative importance 

of the customer requirements to the customer group. In developing the QFD matrices for 

the case studies the method used to determine the relative weightings of each of the 

requirement groups and the weightings of customer requirements within each group was 

the Kepner-Tregoe pair-wise comparative analysis (Bowles, 2009). 

 

In this method the customer requirement groups, with the end-user customers and the 

company customer requirement groups being analysed separately, were allocated 

weightings by assessing if one requirement group was more or less important than 

another. The comparison assessment scale is Zero to 4. The comparative importance 

assessments are described in Figure 5.19. 
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Figure 5.19 - Logic diagram to assign relative importance values for the QFD using 

the Kepner-Tregoe pair-wise comparative analysis. 
 
Zero denotes that the customer requirement is not relevant to the product. The total of 

the pair-wise assessment A to B and B to A must sum to 4. The same pair-wise analysis 

is performed for all pairings of the requirements. The matrix is laid out so that the 

requirement group in the row is compared to the requirement group in the column. The 

scores are totalled in rows and normalized. These are then put in the appropriate 

positions on the QFD. Figure 5.20 is the pair-wise assessment of the end-user customer 

requirement groups. Figure 5.21 shows the assessment of the individual customer 

requirements within the Performance perception/ Driveability/ Responsiveness group.  

The individual customer requirements were scaled to 5 after normalizing. 
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Figure 5.20 - An example of the Kepner-Tregoe pair-wise comparative analysis to 
generate the QFD customer group weighting factors. The example shown is for the 
Range Rover customer requirement group. 
 

5.4.5.3 The customer requirement to design requirement (survey question) correlation 

matrix 

To complete the QFD it is necessary to develop a correlation matrix linking the influence 

of the design requirements (survey questions) to the customer requirements. The 

interaction value was either 3 meaning there is a strong correlation between the design 

requirement and the customer requirement, 2 meaning there is some correlation 

between the parameters and zero meaning the design requirement will not contribute to 

the delivery of the customer requirement. Figure 5.22 is an example of the correlation 

matrix developed for the AJ133 technology case study. In the analysis the values of the 

correlations for each customer requirement are normalized so that customer 

requirements with more correlations to design requirements (questions) do not carry a 

higher weighting than those with fewer correlations. This does effectively mean that the 

design requirements do not carry the same influence. The influence of the design 

requirements is discussed in the case studies. 

 
 

V8

Customer 
Requirements

Value, service, 
reliability & FE

Smoothness & 
Quietness

Performance 
perception & 

Image

Totals
Weighting 

factor

Value, service, reliability & FE 2 1 3 0.25

Smoothness & Quietness 2 2 4 0.33

Performance perception & 
Image

3 2 5 0.42

Total 12 1 Sum

Importance of the parameter in the row compared to the parameters in the column

Range Rover
Requirement Importance ratings
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Figure 5.21 - An example of the KT analysis to generate the customer requirement 
weighting factors for individual customer requirements within the Value, Service, 
Reliability and Fuel Economy group. 
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Figure 5.22 – An example of a customer requirement to design requirement (survey 
question) correlation matrix 
 

5.4.5.4 The technology bundle description  

The analysis allows for different technologies to be selected for incorporation into the 

overall customer requirement fulfilment assessment. This is done by a simple table 

(example in Figure 5.23) with a zero (not selected) or a 1 (selected). 

 
Figure 5.23 – Technology selection list. 
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5.4.5.5 The customer requirement group selection 

The customer requirement processed data can be summarized into groups that combine 

the customer requirements on particular themes, e.g. NVH, or summary groups that 

separate the customer requirements identified in to either ‘External’ customer 

requirements, those pertaining directly to the end-user, and the ‘internal’ customer 

requirements that are important for the final product development groups within the 

company. 

An example of a group summary selection matrix is Figure 5.24. The selection is either 1 

or zero depending if the customer requirement is in the group or not. 

 
Figure 5.24 – Example of a group selection matrix. (Taken from the ULTRABOOST 
Technology selection case study). 
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5.5 Summary 

The survey questionnaire was revised to incorporate suggestions from the pilot study 

feedback, revisions that came from the experience of running the pilot study and analysis 

concepts from the literature. The revisions include  

 the ability to enter a range into the technology ratings 

 separate input for ‘no assessment made’ 

 input of expert ratings 

 question description 

 weighted data that included weightings for the expert level and the information 

content of the ratings 

 Exclusion of combined normalized data that was less than the rating of one 

assessor. 

 The application of the Kepner-Tregoe pair-wise comparative analysis to generate 

the QFD weighting factors. 
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 Case Study 1 – Technology Assessment for the AJ133 V8 

engine 

 Introduction 

Following the revised CFTS methodology discussed in Chapter, 5, a case study 

approach was employed to evaluate and validate the CFTS process, both methodology 

and analysis, with feedback from the assessors used to guide further developments of 

the process. The selection of the first validation case study also considered the 

requirement for at least a partial validation of the technology assessment process with 

reference to customer feedback data. 

The case study considers the technologies associated with the AJ133 5.0 litre naturally 

aspirated V8 engine (illustrated Figure 6.1). This engine was first introduced in a new 

version of the Jaguar XK sports car for 2010 Model Year and later in the Jaguar saloon 

cars, the XJ and the XF, and later in the Land Rover Discovery (2010MY), Range Rover 

and Range Rover Sports. The Case Study focusses on the assessment of the 

technologies introduced on the AJ133 5.0 Litre NA (Naturally Aspirated) V8 engine 

(Sandford et al, 2009), benchmarked against the out-going 4.2 Litre NA V8 engine 

(Szczupak et al, 1997), the AJ33. The AJ133 engine entered service in 2010 so it has 

been possible to use customer feedback to provide a form of validation of the process. 

The customer assessments do not directly address the customer requirements listed in 

the QFD but make assessments of basic features that can be related back to the 

customer requirements, e.g. fuel economy. 

The cost of developing and building all options to a customer-ready condition would be 

prohibitively expensive, all potential technologies cannot be assessed by the customer 

so a full assessment of the process cannot be obtained. Customer feedback can only be 

obtained for technologies built into products so comparison to technologies that did not 

make it to production is not possible.  
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Figure 6.1- The JLR AJ133 5.0 Litre NA V8 engine. 

A solution to the validation problem was to perform the technology assessment on a 

production engine but requesting the assessors to assess the technologies as though it 

was a product in development. The assessors were selected so that it was unlikely they 

had first-hand access to the customer feedback data that could influence their 

assessment of the technologies. This scenario was adopted as a practical way of 

obtaining process validation data in the timescale of this research project.  

Methodology outline 

The planned methodology for the case study following the outline in Figure 5.1 is as 

follows - 

 Data inputs 

 Data collection 

 Data Processing 

 Results analysis 

The following discusses each phase of the methodology in preparing, delivering and 

analysing the case study. 
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 Data Inputs 

The data input phase covers the background to the case study, the customer requirement 

inputs for the QFD matrix with the importance ratings and the identification of the experts 

for the technology assessment. 

 Background to the AJ133 Engine Case Study 

 The AJ133 Engine 

The AJ133 engine, described in detailed in (Sandford et al, 2009), was required for a 

number of commercial and legislative reasons: 

 Improved fuel economy – to support JLR European fleet CO2 emissions targets.  

 Reduced exhaust emissions – The introduction of the Euro 5 emissions 

regulations in Europe and ULEV2 regulations in the USA, required the engine to 

produce less noxious exhaust emissions.  

 Increased performance – To be competitive in the market segments Jaguar cars, 

Land Rovers and Range Rovers required higher engine performance, torque and 

power, to maintain competitiveness.  

The AJ133 introduced a number of new technologies 

 Gasoline Direct Injection 

 Cam Profile Switching (CPS) - Low lift at start-up & low speeds 

 Dual Independent VCT (cam torque actuated) 

 Two stage variable inlet manifold 

 Hybrid oil Pressure relief valve 

 Die-cast deep skirt cylinder block 

While some of the technologies (i.e. the cam profile switching and 2-stage variable inlet 

manifold) were also considered in the earlier Pilot study, the implementation of these 

technologies is different for the AJ133. Thus, AJ133 uses a central injection system (as 
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opposed to the side-injection version considered for the Pilot GDI case study), and the 

VCT systems are considered together and use a different actuation system.  

 Description of technologies  

The range of technologies being considered can have an impact on a wide range of 

performance criteria, both quantitative and qualitative.  

 Gasoline Direct Injection – This technology was becoming more widespread in 

the automotive industry at the time of the survey and impacts upon the engine 

performance and fuel economy as well as exhaust emissions, throttle response 

and engine refinement.  

 CPS - Low lift at start-up & low speeds. This technology allows more specific 

performance to be obtained from an engine (power per litre). 

 Dual Independent VCT – The technology to allow the camshaft timing to be 

optimised with Variable Cam Timing is well established with inlet VCT a 

technology on the out-going AJ33 engine. The development for the AJ133 is the 

addition of exhaust cam VCT and a new way of controlling the VCT units using 

the camshaft torque reversals seen on a V8 camshaft instead of the control 

being purely from oil pressure. 

 Two stage variable inlet manifold – This technology allows different inlet tract 

lengths to be selected depending on engine speed to improve the airflow into the 

engine by making use of pressure pulsations in the inlet system. 

 Hybrid oil Pressure relief valve – a technology for improved oil pressure control 

thus reducing the energy required to drive the oil pump. 

Die-cast deep skirt cylinder block – The block structure has a large influence on the noise 

from the engine so this technology is aimed at improving the engine NVH. 

For a more in-depth description of technologies see Appendix 5 AJ133 Technologies. 
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 Analysis of specific customer requirements - QFD 

The powertrain QFD used for the pilot study was considered appropriate for the AJ133 

case study with respect to the customer requirements and the design requirements but 

the customer requirements importance ratings needed to be revised as the customer 

expectation, particularly regarding environmental and fuel economy issues had changed 

since the QFD used for pilot study was developed. The original QFD had been 

developed for the Jaguar XJ (X350) saloon car powertrain but the analysis for the AJ133 

Case Study was to cover the application of the engine to both the Jaguar and Land 

Rover products, i.e. the Jaguar XJ saloon, Jaguar XK sports car, the Land Rover 

Discovery, the Range Rover and the Range Rover Sport. The changes in customer 

expectation required the importance ratings to be revised as well as a set developed for 

the Land Rover vehicles – in particular to address requirements for the off-road capability 

not included in the previous QFD. 

While the customer requirements of the original X350 QFD were retained, the groupings 

of the customer requirements were changed. This restructuring reduced the number of 

customer groups from 9 to 3 (as shown in Figure 6.2). The man reason for the 

regrouping was to give a similar number of customer requirements in each customer 

requirement group. The balancing of the number of customer requirements in each 

group allowed the effect of the technology on each of the requirement groups to be 

compared. Note: the number of customer requirements in the original QFD that related to 

the technologies being assessed on an engine was 29 so the balancing of the groups 

could not be perfect. 

 QFD Customer Importance Ratings 

As stated earlier the importance ratings of the customer requirements groups and the 

individual customer requirements needed to be revised. The method used to determine 

the relative weightings of each of the requirement groups and the weightings of customer 
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requirements within each group was the Kepner-Tregoe pair-wise comparative analysis. 

This is detailed in the previous chapter in section 5.4.5.2. 

 
Figure 6.2 - Restructuring of the original X350 Powertrain QFD customer 
requirements for the AJ133 QFD. 
 

AJ133 QFD Customer Requirements

Original QFD Customer Requirements Revised QFD Customer Requirements
Requirements Groups Requirements Groups

Value Value, service, reliability & FE

Service Smoothness & Quietness

Reliability (non basic) Performance perception & Image

Drivability (non basic)

Fuel consumption

Image

Quietness

Smoothness

Performance perception

Customer Requirements Customer Requirements
Value Value, service, reliability & FE

1a Engine delivers expected performance for price 1a Engine delivers expected performance for price

1b Low insurance group (includes repair costs) 1b Low insurance group (includes repair costs)

1c Low service costs 1c Low service costs

Service 1d Minimum inconvenience to owner

2a Minimum inconvenience to owner 1e Owner maintenance free

2b Owner maintenance free 1f Sounds reliable

Reliability (non basic) 1g Starts quickly and consistently

3a Sounds reliable 1h Good real world fuel consumption

3b Starts quickly and consistently 1i Good advertisable fuel consumption

Drivability (non basic) 1j Good range

4a Stable idle Smoothness & Quietness
Fuel consumption 2a Silent idle (including from cold start)

5a Good real world fuel consumption 2b Silent at cruising speed

5b Good advertisable fuel consumption 2c Low starter noise

5c Good range 2d Low external noise at idle

Image 2e Low external noise on drive-by

6a Environmentally friendly 2f No vibration transferred to passengers

6b Technically advanced 2g No lumpiness at idle

Quietness 2h Stable idle

7a Silent idle (including from cold start) 2i Smooth throughout rev range

7b Silent at cruising speed 2j Correct noise under acceleration

7c Low starter noise Performance perception & Image
7d Low external noise at idle 3a Free revving

7e Low external noise on drive-by 3b Fast throttle response

Smoothness 3c Competitive top speed

8a No vibration transferred to passengers 3d Competitive acceleration (0-60 time)

8b No lumpiness at idle 3e Real world off-the-line acceleration

8c Smooth throughout rev range 3f Real world mid-range acceleration

Performance perception 3g Good traction

9a Correct noise under acceleration 3h Environmentally friendly

9b Free revving 3i Technically advanced

9c Fast throttle response

9d Competitive top speed Total number of customer requirements considered
9e Competitive acceleration (0-60 time) 29
9f Real world off-the-line acceleration

9g Real world mid range acceleration

9h Good traction
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 Identifying the Expertise of the Technology Assessor Group 

The range of expertise required for the assessment of the technologies against the 

design requirements identified in the QFD were available within the Jaguar Land Rover 

powertrain department. 

The core areas identified that would provide relevant expertise were 

 Refinement (NVH) 

 Engine development (Fuel economy & Performance) 

 Advanced Engine Technology development 

 CAE - Performance/Fuel economy modelling 

The group of engineers who returned surveys included areas of expertise in addition to 

the core areas. These additional areas of expertise were 

 Durability & Reliability  

 Emissions (Calibration) 

 IC engine research 

 Engine design 

 Vehicle Research 

 Aftertreatment development 

 Pressure charging system development 

To establish their specific level of relevant expertise each engineer was asked to 

complete a question to establish their particular experience. This is described in chapter 

5 section 5.3.5 

The responses to the experience questions in the surveys gave a range of expertise and 

experience. The majority of the assessors came from the engine development or the 

engine research departments. Each assessor could select more than one expert group. 

There were a total of 21 selections for the core expert groups by the 13 assessors and 

12 selections for the additional expert groups.  
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 Data collection 

The data collection phase covers defining the questionnaire/survey development, 

circulating and collecting the questionnaires and the analysis of the responses. 

 AJ133 Survey Design 

Using the restructured X350 powertrain QFD the design requirements are shown in 

Table 6-1. 

Table 6-1 Design Requirements for the AJ133 Case Study Questionnaire 
Design 
requirement 
group 

Question 
number 

Design requirement 

Engine noise 1 Engine noise at idle 

2 Time to start engine 

3 Engine noise level to vehicle acceleration relationship 

4 Noise to vehicle speed relationship 

5 Sound of start 
Smoothness 6 Idle speed 

7 Idle speed variability 

8 Engine vibration at mounts 

9 Powertrain inertia 

10 Cycle-to-cycle combustion level 
Service 11 Service item cost 

12 Service interval 

13 Service time  
14 Fuel consumption 

Performance 15 Torque curve shape - low speed torque 

16 Torque curve shape - mid range torque 

17 Torque curve shape - high speed torque 

18 Throttle response time 

19 Pedal to torque rate 

 

The survey used the question structure described in section 5.3.3.   

The survey results initially provide a rating of how well the technologies fulfilled the 

design requirements (the survey questions). The second phase is where the technology 

assessments are combined with the customer requirements weighting factors to give an 

indicator of how well each customer requirement is fulfilled by the technologies.  

As stated in section 6.2.1 to differentiate between the different product customer 

requirements weighting factors were created with the Kepner-Tregoe pair-wise 

comparative analysis (detailed in section 5.4.5.2). 
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The products used in the customer requirement fulfilment analysis included Jaguar XK, 

Jaguar XJ, Range Rover, Range Rover Sport and Land Rover Discovery (LR3 in the US 

market). 

The K-T analysis for the Jaguar XK and the Land Rover Discovery are shown in Appendix 

5. 

 Survey Distribution and Collection 

The surveys in the form of an Excel file were circulated by email. There were a total of 13 

returned surveys. Overall the level of completeness of the surveys was 94.6%. A number 

of the assessors completed the survey giving ratings to all the questions for all the 

technologies. There were only 2 assessors who completed less than 90% of the survey 

(see Figure 6.3 and Figure 6.4).  

 

Figure 6.3 Completeness of the technology surveys 
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Figure 6.4 Distribution of the level of completeness (questions answered) for the 
AJ133 technology survey. 

 

There were no individual questions that were answered completely but over half were 

answered in excess of 95% completeness. One particular question, question 8 ‘Engine 

vibration at mounts’ was the question that was completed the least at 83% (Figure 6.5). 

When the completeness of the survey is considered from a technology point of view 

technologies 1 to 4, (Gasoline Direct Injection, CPS - Low lift at start-up & low speeds, 

Dual Independent VCT (cam torque actuated) and Two-stage variable inlet manifold) had 

technology ratings completed at over 95% while the technologies 5 and 6 (Hybrid oil 

Pressure relief valve and Di-cast deep skirt cylinder block) had slightly lower completion 

levels of around 90% (Figure 6.6). 
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Figure 6.5 Completeness of the questions in the AJ133 technology survey 

 
Figure 6.6 Completion of the survey questions for the technologies. 

 

One of the features included in the new survey format was the inclusion of the ability to 

spread the assessed technology rating over multiple values or ‘bins’. This facility was 

used by all but 2 of the assessors with one assessor spreading an assessment over 5 

bins (Figure 6.7) although the majority of assessments used a single bin (Figure 6.8). 
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Figure 6.7 The assessors’ use of single or multiple bins for technology 
assessment. 

 
Figure 6.8 The total number of assessments and how they were distributed over 
the number of bins of the rating. 
 

 Data Processing 

For this case study the data processing phase considers the weighting factors used in the 

analysis and the effect of the weighting factors on the final results. The separate analysis 

of positive and negative ratings is considered. 
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 Experts and Expert Weighting Factors 

The assessors came from a range of areas of expertise but with the majority coming 

from the core expertise groups related to engines (see Figure 6.9). The correlation 

between expert group and the questions in the survey (Design requirements) is shown in 

Figure 6.10. The expert levels are set at 5 for ‘Expert’, 3 for ‘Informed Engineer’ and 1 as 

‘Generalist’. The method used is as described in section 5.3.5. The matrix shows how 

the field of expertise relates to the question being asked.  

The assessors all had a range of expertise levels corresponding to the core disciplinary 

areas defined; these are summarised in Figure 6.11. All the assessors were rated as 

‘Expert’ in at least one area. Most assessors had an overall average rating between 3 

and 4 with 2 averaging above 4 and only one averaging below 3.  

 
Figure 6.9 Allocation of Experts to Expertise Categories. 
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Figure 6.10 Expert group to survey questions correlation matrix 
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Figure 6.11 Assessors expert levels. 

The overall distribution of experts that completed the questionnaire for the case study is 

summarised in Figure 6.12. This shows that the majority of the assessments (55%) were 

given by the highest level of experts (expert level 4 & 5) with only 11% at the lowest 

expert level. This gives confidence that the assessments are of a high technical level. 

 
Figure 6.12 – Analysis of the distribution of Assessors on Experts Level. 

 Entropy Weighting Factors 

The entropy weighting factors, linked to the expert rating factors for each assessor are 

summarised in Figure 6.13. The entropy weighting factors were calculated in the way 
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described in section 5.4.3.1. Combining the expert weighting with the entropy weighting 

gives an overall relative influence of each expert on the technology assessment, 

assuming they provide ratings for all the technologies. The effect of the combined expert 

weighting factor and entropy factor is shown in Figure 6.14. The numerical effect of the 

entropy factor is to reduce the weighting factor but the effect on the relative overall factor 

for some assessors will increase their influence. 

 
Figure 6.13 Summary of the entropy weighting factors showing the distribution of 
the values of the weighting factors. 

 
Figure 6.14 Overall relative influence of each assessor. 
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 Effect of Weighting Factors on Data Analysis 

The effect of the weighting factors on the technology rating for the questions was 

investigated. The results using the raw data with no weighting is shown with the data 

from the different levels of weighting. The different levels of weighting investigated were 

 Excluding low relevance data only,  

 Entropy weighting only,  

 Expert weighting only,  

 Expert and entropy weighting 

  Finally the three weighting factors together, Expert & entropy weighting and 

excluding low relevance data, the data processing adopted for the analysis. 

This is shown for technology 1 in Figure 6.15.  

The effects of expert and entropy weighting and the two together do not have a large 

effect on the final value of the assessment. The application of excluding low relevance 

data has the effect of narrowing the range of the data and has a greater effect on the 

mean value than either expert or entropy weighting. Combining the entropy and expert 

weightings with excluding low relevance data does change the data ranges than just 

exclusion alone. The application of the three factors has been adopted for the data 

processing to parallel the classical approach developed by Cooke (Cooke, 1991) and 

described in chapter 5 section 5.4.3. 

The effect of excluding low significance data was that overall for all the technologies and 

all the questions 1.5% of assessments were completely excluded and 3.7% of ratings 

were partially excluded (Table 6-2). The difference between assessments and ratings as 

defined here is that an ‘assessment’ is if an expert chose to rate the technology. The 

number of ‘ratings’ is the total number of bins the assessments were spread over, i.e. an 

assessment could be spread over a number rating bins. It should be noted that the 

excluded data is not that all the assessor data has been excluded but usually one part of 

an assessment distributed over a number of ‘bins’. That is if an assessor selected a 

range for their assessment, for example over 3 bins, say -2,-1 and zero. Unless other 

assessors selected -2 the sum for that bin will not equal that value of 1 assessor 
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assessment, so would be excluded. The assessments the assessor made at -1 and zero 

would still be included in the overall assessment. In a few cases the complete 

assessment was excluded but for this to happen the assessor would have chosen to 

spread their assessment over a number of bins but no other assessors selected those 

technology ratings. 

 
A – Compiled data, no weighting     B – With Entropy weighting only 

 
C – With Expert weighting only      D – Excluding low relevance data 

 
E – With Expert & Entropy weighting    F – All weighting factors 
Figure 6.15 The technology assessment data for Technology 1 with the different 
levels of weighting applied: A – The raw data, no data weighting; B – With Entropy 
weighting; C – With Expert level weighting; D – With low relevance data excluded; 
E – With Expert and Entropy weighting applied; F – With Expert and entropy 
weighting and low relevance data excluded.  
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Table 6-2 Summary of data lost due to the elimination of low significance data. 
Total number of assessments 1402 
Total number of ratings (Bins used) 1717 
Assessments part lost 3.7% 
Assessments totally lost 1.5% 

 

 The Separate Analysis of Positive and Negative ratings 

As observed in section 3.5.6.1 the customer responses to positive and negative effects 

are likely to be different with the customer being more sensitive to a technology that causes 

a requirement to be compromised. Handling the positive and negative assessments 

separately has been investigated with the effect at the technology survey question level. 

The results of the survey questions for technology 1 is shown in Figure 6.15. The positive 

ratings line only includes the ratings +1 to +3. Accordingly, the negative ratings line only 

includes the ratings -1 to -3. Figure 6.17 shows the number of positive, negative as well 

as the total number of ratings. As there are a significant number of zero ratings in some 

cases the negative and positive means do not represent the data set. The overall mean 

includes positive, negative and zero ratings. Using the means of the positive or negative 

only gives an excessively optimistic or pessimistic view of the technology. The values do 

not add to the analysis as they do not capture new information about the range of 

assessments so will not be used in the second phase of the analysis that combines the 

technology assessments with the customer requirements and weightings. The minimum 

rating value should be used to identify any concerns in applying the technology. 

The data could also be used in Design Failure Mode and Effects Analysis (DFMEA) to 

highlight that there are potential failures of the design requirements, linked to customer 

requirements, that may not appear in analysis carried out purely at an engineering level.  
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Figure 6.16 Rating values for technology 1 where the positive and negative ratings 
have been separated. 

 
Figure 6.17 Number of ratings for technology1 
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 Results Analysis 

The initial phase of the technology assessment questionnaire processed data provides 

the relative ratings of the technologies for the design requirements identified. The second 

part of the data analysis combines the assessment with the customer requirement 

ratings for the different products. The final output, a relative assessment of how well the 

customer requirements are fulfilled for a product, incorporates how important a 

requirement is to the customer. The maximum value a technology rating could be is 3 

(maximum technology assessment) X 0.5 (the highest requirement group importance 

weighting) X 5 (the maximum importance rating in a group). The maximum value is 7.5 

but when combined with the other requirement weighting factors in the groups and for 

the products, a direct link to the original rating scale is lost. The results must therefore be 

considered as a relative assessment of how well the customer requirement is fulfilled or 

how well the delivery of the customer requirement in that product will be supported; the 

high the value the greater the fulfilment. 

The customer requirement fulfilment analysis can be broken down into the following 

areas 

 Fulfilment of Design requirements 

 Fulfilment of individual customer requirements 

 Fulfilment of customer requirement groups 

 Overall product customer requirement fulfilment. 

 Fulfilment of Design Requirements 

The results of the technology surveys are shown in Figure 6.18 to Figure 6.23. The 

maximum, minimum, mean and mode (the most common technology rating value 

selected) are plotted for each technology for all the survey questions. The results show 

quite large ranges of ratings for some technologies. The largest range being question 15 

for technology 2 where the minimum value is -2 and the maximum value is +3. In this 
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case the mean value is 1.75 (Figure 6.19). A number of technologies had a maximum 

rating of +3 for some questions while the minimum value of any of the ratings was -2. 

The technology that was rated as having the most potentially negative effects was 

technology 1, Gasoline direct injection (Figure 6.18), where the effect of the technology 

on 6 of the 19 design requirements was assessed to be negative.  

For technologies 4 and 6 there were no negative mean ratings with technology 6 rated 

as zero or positive by all the assessors. Technology 4 had minimum ratings for two 

design requirements that were negative.  

The mean values are summarised in Figure 6.24. The mean values all lie between -1 

and +2. The design requirements (questions) are listed in Table 6-1. 

 
Figure 6.18 Technology Ratings for Technology 1, GDI. 
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Figure 6.19 Technology Ratings for Technology 1, CPS 

 
Figure 6.20 Technology Ratings for Technology 3, Dual Independent VCT 
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Figure 6.21 Technology Ratings for Technology 4, Two Stage Variable Inlet 
Manifold 
 

 
Figure 6.22 Technology Ratings for Technology 5, Hybrid Oil Pressure Relief Valve 



198 

 
Figure 6.23 Technology Ratings for Technology 6, Dicast Deep Skirt Cylinder 
Block 

 

 
Figure 6.24 Summary of the results of the technology assessments (mean Values) 
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 Fulfilment of individual customer requirements 

For the analysis there were 29 different customer requirements. The rating for each one 

derived from a set of design requirements technology ratings in combination with ratings 

of how important each design requirement is in supporting the customer requirement.  

The customer requirements are listed in Table 6-3. 

The customer requirements for this case study are in 3 groups;  

 Value, Service, Reliability & FE 

 Smoothness & Quietness 

 Performance Perception & Image 

From the K-T analysis the different products (vehicles) have different emphasis on the 

characteristics the product is expected to support that the customer expects, i.e. The 

Jaguar XK has a strong emphasis on performance as does the Range Rover Sport. The 

Range Rover and Jaguar XJ have a focus on refinement and the Land Rover Discovery 

has an expectation of reliability and cost-effectiveness. 

The customer requirement ratings weightings are the numerical reflection of these 

expectations. The data from the technology rating shows the comparative degree of how 

well the design requirements have been met which translate into how well the customer 

requirements are supported by the technology.  

  



200 

Table 6-3 Customer requirements 
Group No. Description 
Value, Service, Reliability & FE 1 Engine delivers expected performance for price 
 2 Low insurance group (includes repair costs) 
 3 Low service costs 
 4 Minimum inconvenience to owner 
 5 Owner maintenance free 
 6 Sounds reliable 
 7 Starts quickly and consistently 
 8 Good real world fuel consumption 
 9 Good advertisable fuel consumption 
 10 Good range 
Smoothness & Quietness 11 Silent idle (including from cold start) 
 12 Silent at cruising speed 
 13 Low starter noise 
 14 Low external noise at idle 
 15 Low external noise on drive-by 
 16 No vibration transferred to passengers 
 17 No lumpiness at idle 
 18 Stable idle 
 19 Smooth throughout rev range 
 20 Correct noise under acceleration 
Performance Perception & Image 21 Free revving 
 22 Fast throttle response 
 23 Competitive top speed 
 24 Competitive acceleration (0-60 time) 
 25 Real world off-the-line acceleration 
 26 Real world mid-range acceleration 
 27 Good traction 
 28 Environmentally friendly 

 29 Technically advanced 
 

 Customer Requirement Fulfilment Results 

Using the QFD matrix of interactions between the design requirements and the customer 

requirements a rating of how well the technologies supported the customer requirements 

can be calculated. Figure 6.25 to Figure 6.30 contain the ratings of the individual 

technologies (note that in Figure 6.25 to Figure 6.30 each bar corresponds to a customer 

requirement – as listed in Table 6-3; the end of the red outlined bar shows the mean 

rating value; the blue line extends from the maximum to minimum values about the 

mean). The ratings show that technologies 1 to 5 support many of the customer 

requirements in a positive way, using the same ‘scale’ as used in the engineer’s 

assessments, the improvements will be noticeable to a discerning customer. Taking the 
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maximum ratings given the technology will improve some customer requirements to a 

level that will be noticeable to all customers. Only technology 1 (Figure 6.25) showed 

significant negative mean ratings with potential extreme ratings being perceptible to 

customers.  

 
Figure 6.25 Customer requirement fulfilment ratings for technology 1, GDI 

 
Figure 6.26 Customer requirement fulfilment ratings for technology 2, CPS - Low 
lift at start-up & low speeds 
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Figure 6.27 Customer requirement fulfilment ratings for technology 3, Dual 
Independent VCT (cam torque actuated) 
 

 
Figure 6.28 Customer requirement fulfilment ratings for technology 4, Two-stage 
variable inlet manifold 
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Figure 6.29 Customer requirement fulfilment ratings for technology 5, Hybrid oil 
Pressure relief valve 
 

 
Figure 6.30 Customer requirement fulfilment ratings for technology 6, Dicast deep 
skirt cylinder block 

 

The majority of the highest ratings fall into the ‘Performance Perception’ group as 

summarised in Figure 6.31 and Table 6-4 with technology 2, CPS - Low lift at start-up & 

low speeds, having the highest ratings but closely followed by technologies 1 and 3. The 
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results suggest that technologies 5 and 6 (Hybrid oil Pressure relief valve and Di-cast 

deep skirt cylinder block) make specific contributions, technology 5 contributing mainly in 

performance perception and technology 6 mainly in customer requirements associated 

with refinement.  

 

 
Figure 6.31 Summary of the Customer requirements ratings for AJ133 technologies. 

 

Table 6-4 Total ratings for each of the Customer Requirement Groups for the 
AJ133 technologies. 
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Customer Requirement Groups 
1 Value, Service, Reliability & FE 3.8 5.1 5.0 3.8 1.3 0.4
2 Smoothness & Quietness 4.9 7.0 5.8 3.6 0.8 1.8
3 Performance Perception & Image 9.5 8.7 9.1 9.2 2.2 0.3
 Total 18.2 20.8 19.9 16.6 4.2 2.5

 

It is noted that the same 3 technologies (technologies 1 to 3) have the highest ratings if only 

the positive ratings are considered, see Table 6-5. If only the negative ratings are considered 
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(Table 6-6) then technology 1 has the potential of degrading certain customer requirements, 

particularly in the Value, Service, Reliability & FE group. The impact is on the requirements 

relating to running costs and service, i.e. 

 Low insurance group (includes repair costs) 

 Low service costs 

 Minimum inconvenience to owner 

 Owner maintenance free 

 Although numerically these potentially negative aspects of the technology are outweighed 

by the strongly positive aspects of fuel consumption and engine performance that the 

technology will deliver, work is required to minimise these effects so reducing the potential of 

annoying the customer with negative features. The results from this case study could impact 

on the development efforts for a future product if the identification of negative features are 

used to structure some aspects of the development programme to mitigate the effects. To 

put the totals seen in context with the maximum possible value that could be achieved if 

every customer requirement scored a rating of 3, the maximum ratings is 87.  

Table 6-5 Total of the positive ratings for each of the Customer Requirement 
Groups for the AJ133 technologies. 

Technology 
1 2 3 4 5 6 

G
as

ol
in

e 
D

ire
ct

 
In

je
ct

io
n 

C
P

S
 -

 L
ow

 li
ft 

at
 

st
ar

t-
up

 &
 lo

w
 

sp
ee

ds
 

D
ua

l I
nd

ep
en

de
nt

 
V

C
T

 (
ca

m
 to

rq
ue

 
ac

tu
at

ed
) 

T
w

o 
st

ag
e 

va
ria

bl
e 

in
le

t m
an

ifo
ld

 

H
yb

rid
 o

il 
P

re
ss

ur
e 

re
lie

f 
va

lv
e 

D
ic

as
t d

ee
p 

sk
irt

 
cy

lin
de

r 
bl

oc
k 

G
ro

u
p

 

Customer Requirement Groups 
1 Value, Service, Reliability & FE 5.0 5.3 5.1 3.8 1.4 0.4
2 Smoothness & Quietness 4.9 7.0 5.8 3.6 0.8 1.8
3 Performance Perception & Image 9.5 8.7 9.1 9.2 2.2 0.3
 Total 19.4 21.0 20.0 16.6 4.4 2.5
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Table 6-6  Total of the negative ratings for each of the Customer Requirement 
Groups for the AJ133 technologies. 
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Customer Requirement Groups 
1 Value, Service, Reliability & FE -1.2 -0.2 -0.2 0.0 -0.1 0.0
2 Smoothness & Quietness 0.0 0.0 0.0 0.0 -0.1 0.0
3 Performance Perception & Image 0.0 0.0 0.0 0.0 0.0 0.0
 Total -1.2 -0.2 -0.2 0.0 -0.2 0.0

 

 Impact on the Product of the customer requirements 

Combining the results with the customer requirement weightings and summing the resulting 

values gives a guide to how well the technologies support the customer requirements of the 

products. This allows the suitability of the technologies to the products to be assessed. 

If the expected impact of each technology is examined for each product (Figure 6.32) the 

customer requirements of the Jaguar XK are likely to be fulfilled to a greater extent than the 

other products with the Jaguar XJ, the Range Rover and the Range Rover Sport customer 

requirements fulfilled in similar ways. The customer requirement of the Land Rover 

Discovery were supported but not fulfilled to the same extent. Technologies 1 to 4 show 

similar effects while the impact of technologies 5 and 6 are small and probably not 

perceptible to customers. 
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Figure 6.32 – Technology ratings including the customer requirement importance 
weighting factors for all the customer requirements for each of the products. 

 

The weighted technology ratings for each customer group (Customer requirement group 1 - 

Figure 6.33, Group 2 - Figure 6.34, and Group 3 - Figure 6.35) show how the technologies 

impact each product.  

In the case of customer requirement group 1 (Figure 6.33) the most impact was for the Land 

Rover Discovery reflecting its role as a more utilitarian vehicle rather than a sports or luxury 

vehicle. Customer group 2 focussing on requirements for vehicle refinement technologies 1, 

2 and 3 support the requirements for vehicle refinement expected for the Jaguar XJ. The 

customer requirement group 3 dealing with requirements for Performance Perception & 

Image of the performance vehicles, Jaguar XK and Range Rover Sport are supported by 

technologies 1, 2 and 3 with the impact on the customer likely to be felt by most customers. 
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Figure 6.33 - Technology ratings including the customer requirement importance 
weighting factors for the Value, Service, Reliability & FE customer requirements 
group for the each of the products. 
 

 
Figure 6.34 - Technology ratings including the customer requirement importance 
weighting factors for the Smoothness & Quietness customer requirements group for 
the each of the products. 
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Figure 6.35 - Technology ratings including the customer requirement importance 
weighting factors for the Performance Perception & Image customer requirements 
group for the each of the products. 

The full set of customer requirement ratings for the 5 vehicle lines are presented in Appendix 

5. The results show that the technologies strongly support the Performance perception group 

of customer requirements with positive impacts on the refinement customer requirements. 

The impact on customer requirements group 3, Value, Service, Reliability & FE being is the 

least of the 3 groups.  

 Evaluation of Technology Bundles 

Alternative technology bundles are considered in Figure 6.36 displaying the how the 

technologies contribute to the fulfilment of the customer requirements. For the purposes of 

this exercise technologies 5 and 6 were not included. The ratings do not include the 

customer requirement importance weightings of the different products to show the effects of 

just the technologies. Numerically, the fulfilment is greatest with 4 technologies as is 

expected but the balance between the potential fulfilment of the customer requirement 

groups changes with the selection of the technology. 
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The results suggest that if a reduced technology bundle was considered the selection would 

be different depending on the products being considered. There is very little to differentiate 

between the technology bundles that contain 3 technologies. The bundle containing 

technologies 1, 2 & 3 has a higher rating for customer requirement group 2 associated with 

refinement (smoothness and quietness) but the difference is small. Looking in more detail 

with the positive and negative ratings being displayed rather than an overall summation, 

differences can be seen particularly with customer requirement group 1 (Figure 6.37). The 

bundles that contain technology 1 have negative ratings that would need to be considered 

and potentially mitigated if the technology is selected. This suggests that if only 3 

technologies were being selected the bundle with technologies 2, 3 & 4 has the least 

negative aspects to the technology ratings so is the best combination from this analysis. 

There are obviously many other attributes and costs that will need to be considered but this 

can contribute to the selection process. 

 
Figure 6.36 - Comparison of the effects of different technology bundles for the customer 
requirements groups. 
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Figure 6.37 – Technology ratings for customer requirements group 1. 

 
 

 AJ133 Case Study Discussion 

 Methodology 

The Excel based questionnaire used for the Case Study was successful in eliciting 

responses from the engineers approached for the technology survey. The 13 

questionnaires returned were on average, 94% complete (Figure 6.3) compared to 55% 

for the pilot study questionnaires (Figure 4.2). The increase in percentage completion 

was even with an increase in the potential complexity of the responses; the questions 

requiring either a single rating or the possibility of entering a maximum and minimum 

range of performance.  

There were a number of changes to the questionnaire including additional information on 

what was being asked in the question, information on the scale of the technology rating 

effects, a set progression through the questionnaire as well as the visual developments 

showing the range of rating selected and the potential for entering a ‘no assessment 

made’ button.  The effects of individual changes are not known but overall the different 
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way of delivering the questionnaire, the structure and the additional information have 

contributed to an overall improvement in the response and completion. 

The facility for entering a maximum and minimum rating of the technologies performance 

to each design requirement was used by 11 of the 13 assessors with 19.3% of the 

responses being over more than one bin (see Table 6-7). Of the ratings obtained 56% 

were from assessors with expert levels of 4 or 5, nearly 34% from assessors with expert 

levels of 2 or 3 and a little over 10% from assessors with an expert rating of 1.  

Table 6-8 show the percentage of assessments made and how they were distributed 

over the different bins. Expert level 1 assessors gave the highest percentage of single 

bin assessments with experts of levels 4 & 5 giving the lowest percentage. The higher-

level experts also used the facility to select responses over multiple bins more often than 

the level 1 experts. Numerically similar numbers of assessors used the 3 bin response. 

The 4 and 5 bin spreads only occurred 3 times. Table 6-9 shows the percentage of times 

the ‘No assessment made’ option was selected. The level 1 experts made use of this 

option much more frequently than the higher-level experts.  

The analysis of the responses suggest that the lower level experts were less confident 

about giving a response and that the higher-level experts displayed a level of indecision 

by selecting large ranges for the effects of the technologies. 

Using the overall data set the ‘information quality’ of each assessor was quantified and 

expressed as the entropy of the assessor, calculated from the range of responses and 

the times the ‘No assessment made’ option was used (this is detailed in chapter 5, 

section 5.4.3). This value is calculated on the completed set of responses of an assessor 

made at a particular expert level (Figure 6.13). The entropy value coupled with the expert 

level changes the influence an assessor has on the overall technology assessment (see 

Figure 6.14) but did not significantly affect the mean value of the assessment.  
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Table 6-7 - The Number of Technology Ratings Over Different Bin Sizes for the 
Individual Expert Levels. 

 Expert Level  

Rating  1 2 3 4 5 Total %  

Single 125 63 319 135 490 1132 80.7%  

2 Bins 11 13 59 38 108 229 16.3% 

19.3%
3 Bins 8 0 16 2 12 38 2.7% 

4 Bins 0 0 1 0 1 2 0.1% 

5 Bins 0 0 0 0 1 1 0.1% 

Total 144 76 395 175 612 1402    

 

Table 6-8 - Technology Ratings Over Different Bin Sizes for the Expert Levels as a 
Percentage of the Assessments Made That Assigned a Technology Rating. 

 Expert Level 

 1 2 & 3 4 & 5 

Single 86.8% 81.1% 79.4% 

2 Bins 7.6% 15.3% 18.6% 

3 Bins 5.6% 3.4% 1.8% 

4 Bins 0.0% 0.2% 0.1% 

5 Bins 0.0% 0.0% 0.1% 
 

Table 6-9 - 'No Assessment Made' Technology Ratings as a Percentage of All 
Possible Assessments for Each Expert Level. 

 Expert Level 

 1 2 & 3 4 & 5 
No assessment 
made 

11.1% 5.4% 4.3% 

 

The larger the number of assessors the lower the impact of the expert and entropy 

weightings are likely to have. From Figure 6.14 it can be seen that there is potentially a 

2½ times overall influence between assessors 8 and 9. This does not however take into 

account the influence on specific questions as assessors 8 and 9 may not have 

answered all the same questions in the survey. 

 Results 

The results show differences in the way that the technologies are expected to fulfil 

customer requirements and how the technologies are likely to impact on the products. As 
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these technologies had already been selected for the product the results it is as 

expected that none of the technologies would show strong negative effects. 

As the purpose of this case study was to investigate the technology rating process it has 

delivered a set of results that can be examined in different ways either at the technology 

performance or linked to the customer requirements. In both cases differences between 

the technologies are displayed showing which areas of customer requirements will be 

impacted. 

 Process Validation Using Customer Feedback Data 

Customer feedback data was obtained from the American market from the JD Powers 

APEAL (Automotive Performance Execution and Layout) survey 

(http://www.jdpower.com/). This also included verbatim comments from customers. The 

APEAL ratings are for the Land Rover LR3 (Discovery in the Europe and the rest of the 

world). There was more data for the LR3 as it was sold in the US market with the AJ133 

NA engine. The other vehicles were also sold with the AJ133 Supercharged engine 

which does not use the CPS or the variable inlet manifold so the APEAL ratings were 

less relevant to this analysis. The verbatim comments for the XK do include comments 

regarding the supercharged version of the engine.  

LR3 APEAL data – The results from the JD Powers APEAL survey for the LR3 include 

ratings prior to the introduction of the AJ133 engine and are summarised in Figure 6.38. 

The results show a marked improvement in the performance rating of the vehicle. The 

verbatim comments were a simple count on how many positive or negative comments 

were made of the vehicle. The counts for the LR3 are displayed in Figure 6.39 and the 

counts of the verbatim comments for the Jaguar XK are displayed in Figure 6.40. The 

customer feedback for both vehicles show a customer perceived improvement in 

performance with fewer positive comments on the refinement of the vehicles.  
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The JD Powers data is broadly in-line with the technology assessments a limited 

confirmation that the expert technology assessment can be used to predict how the 

customer will perceive the end product.  

 
Figure 6.38 - JD Powers APEAL data for the Land Rover LR3 (Discovery). 

 
Figure 6.39 - Counts of verbatim comments for the Land Rover LR3 Customers 
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Figure 6.40 - Counts of verbatim comments for the Land Rover Jaguar XK 
Customers 
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 Case Study 2 – Selection of Boosting Technology for the 

ULTRABOOST Project 

 

 Case Study Introduction 

The second case study tests the technology selection process with a technology 

planning problem within a technology research project. The aim of the case study was to 

provide validation of the technology selection process proposed and developed. This 

was achieved by: 

- Testing the enhanced questionnaire with a larger group of experts extending outside of 

Jaguar Land Rover; 

- Obtaining feedback on the data collection process; 

- Developing output formats; 

- Assessing the usefulness of the output data in supporting the technology selection 

process. 

 Aims and Objectives of the case study. 

The aim of the case study was to test the revised expert opinion based technology 

selection process with a wider expert group that extended beyond Jaguar Land Rover. 

The case study investigated the selection of a suitable pressure charging technology for 

application in an engine research programme. The case study was set within a UK 

government supported applied research and technology development consortium 

project, 'ULTRABOOST for Economy'. The aim of the ULTRABOOST project was to 

develop a down-sized and pressure charged prototype engine with the same 

performance characteristics as the current production Land Rover AJ133 5.0 litre 

naturally aspirated (NA) V8 engine that would deliver a reduction in vehicle fuel 

consumption, targeted at 35%. The engine had to maintain the ‘premium’ engine 

characteristics of performance and driveability of the V8. 
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The reduced fuel consumption was achieved by 'extreme down-sizing', i.e. reducing the 

engine capacity from 5 litres to 2 litres, with 4 cylinders instead of 8. The scale of down-

sizing is described as the down-size ratio, i.e. reduction in engine capacity/original 

engine capacity. In the case of the ULTRABOOST engine the down-size ratio is 60%. 

The required performance was achieved by pressure-charging or boosting the engine. 

To achieve the target performance characteristics the level of boosting required was 

much higher than had previously been used on production and concept demonstration 

engines (see Figure 7.1). Figure 7.1 shows engine down-sizing expressed as the ‘Peak 

BMEP’ (Brake Mean Effective Pressure), i.e. the average in-cylinder pressure that 

produces the flywheel torque. For comparison the production AJ133 NA engine operates 

at a peak BMEP of approximately 13 Bar while the ULTRABOOST engine operates at 

over 35 Bar to achieve the same performance from the smaller engine capacity. The 

ULTRABOOST specific power target was 150 kW/Litre (200 hp/Litre). 

 

Figure 7.1 - ULTRABOOST for Economy down-sizing and peak BMEP target. (From 

the ULTRABOOST TSB project submission, Annex B). 

 

To achieve the target performance the selection of the pressure charging technology 

was critical to the success of achieving the project targets. The pressure charging 

system not only had to deliver the required boost pressures but also had to do so in way 
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that was acceptable to the customer under all conditions of use, e.g. city driving, off-

roading, motorway cruising, towing, at high altitude, and in extremes of hot and cold 

climates.  

A range of boosting system options were considered for the project. The initial list of 27 

systems was generated by the team at Imperial College London from the technologies 

available and those known to be in the latter stages of development prior to production. 

The 27 systems were ranked using a Pugh matrix and following discussion of the ranking 

by the whole project team at a technical review, 8 systems were short listed for further 

investigation. (For more details of the initial technology screening see ULTRABOOST 

project background Appendix 6). 

An unusual aspect of the ULTRABOOST project was that even though the proposed 

engine would be wholly dependent on boosting technology to achieve the targets, no 

turbo-machinery manufacturer was included in the consortium. This was a decision when 

the project was developed so that the consortium could choose any combination of 

pressure charging technology without being tied to one manufacturer. 

 

The eight systems short-listed were considered to have the potential of achieving the 

required performance so were subject to more detailed analysis. The analysis needed to 

cover not only the performance of the systems under consideration but how they would 

be used if applied to a Land Rover vehicle and how the technology would impact the 

end-user.   

The detailed analysis was in three parts;  

1. An analysis of system performance modelled using 1D simulation,  

2. A high-level assessment of the system and deliverables from a performance 

perspective.  

3. An assessment of the system and deliverables that affect the customers of the 

system, both end-user customers and JLR ‘internal’ customer, i.e. engineering 
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groups that would take a prototype engine through to production. This case study 

covers the third part of the analysis. 

 

The objective of the case study was to provide a grading of the boosting technology 

packages on how well customer requirements would be met by the different 

technological approaches. When used in conjunction with the other analysis the final 

technology package can be selected with greater confidence. 

  

 The role of the Customer Focussed Technology Selection 

Process in the selection of the boosting technology. 

The ULTRABOOST project focus was to develop a 2 litre, in-line 4 cylinder, pressure-

charged engine that would produce the same power, torque and transient response as a 

5 litre V8 naturally aspirated engine. To achieve the target the boosting system had to 

perform at a boost level and with the flexibility not seen in a production or even prototype 

engine. Naturally the focus would be on developing the pressure charging system to 

deliver the boost required from a technical standpoint. The CFTS selection process 

introduces aspects of the pressure charging system that are important to the end-user 

but may not normally be considered when the engineers are specifying a system to 

deliver the required engine performance. 

It is important to consider these other aspects of the technology behaviour as some 

issues may arise much later on in the development process that could prove costly to 

mitigate. Selecting the technology system that provides the required performance while 

avoiding systems that may not fulfil the customers’ requirements, significantly contributes 

to delivering a successful product. 

 

The planned methodology for the case study again follows the outline in Figure 5.1. 

 Data inputs 
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 Data collection 

 Data Processing 

 Results analysis 

 

 Data inputs 

The data input phase covers the identification of the technologies for the case study, the 

development of the QFD matrix with the importance ratings and the identification of the 

experts for the technology assessment. 

 Identification of the technologies to be assessed. 

The technologies that were identified for the technology assessment were the 

technologies short-listed as having the most potential to provide a technical solution for 

the project. These are listed in Table 7-1. A more extensive description of the 

technologies and schematic diagrams of the eight systems are shown in Appendix 6. 

All the technologies use two or more devices to create the required boost pressure. The 

first boosting stage is the low-pressure stage, the second stage, or in one case second 

and third stages of boosting, creates the required boost pressure for the demanded 

performance. Boost pressure being directly linked to specific power/torque output.  

The systems all comprise of superchargers and/or turbochargers. The turbo chargers are 

driven from exhaust energy while the superchargers are driven from the crankshaft and 

in the case of IPT Supergen® there is also electrical drive. Each multi-stage boosting 

system has charge cooling (intercooling) between each boosting stage. 

The technologies involved range from current production technology to early 

development technologies. The novel aspects of the boosting systems are the 

combinations of the different pressure charging devices.  
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Table 7-1 - Boosting technology systems short-listed in the ULTRABOOST project. 
Technology system System description 

 (System description from initial 
screening exercise) 

First stage boosting 
Low pressure stage 

Intermediate 
boosting stage 

Final stage boosting 
High pressure stage 

1 Turbo-Super Turbocharger 
(Fixed geometry) 

 Supercharger 

2 Turbo-Super with Twin LP 
Turbo's 
 

Twin turbochargers 
in parallel. (Fixed 
geometry) 

 Supercharger 

3 Turbo-Super with Twin VGT 
LP Turbo's 
 

Twin turbochargers 
in parallel.  
(Variable geometry) 

 Supercharger 

4 Turbo Super with Supercharger 
Two Speed Drive 

Turbocharger 
(Fixed geometry) 

 Supercharger with 2 
drive ratios 

5 Twin Turbo Turbocharger 
(Fixed geometry) 

 Turbocharger 
(Fixed geometry) 

6 Twin Turbo with VGT HP 
 

Turbocharger 
(Fixed geometry) 

 Turbocharger 
(Variable geometry) 

7 3-stage Series turbo Turbocharger 
(Fixed geometry) 

Turbocharger 
(Fixed geometry) 

Turbocharger 
(Fixed geometry) 

8 IPT Supergen® + Turbocharger Turbocharger 
(Fixed geometry) 

 Electrical/mechanic
al supercharger 

 

The fixed geometry turbo chargers are current technology with additional technological 

enhancements that are included as component manufacturers improve their product 

offerings. It is the same for the supercharger units identified. These are also 

developments of current production items. The new technologies identified for 

consideration in the project were variable geometry turbochargers, twin-speed 

supercharger drives and SuperGen®, an electromechanical pressure charging unit. 

Variable Geometry Turbochargers (VGT) are an established technology for diesel 

engines but are still in the development stages for gasoline engines. The main reason for 

gasoline VGT development being behind diesel VGT systems is the very much higher 

temperature gasoline engine turbocharger units operate at due to the much higher 

exhaust gas temperatures. At the start of the technology selection process some 

manufacturers claimed the technology would be available in the timeframe if an 

ULTRABOOST concept was going into production. 

The two-speed drive system for a supercharger is a novel technology as it is not in 

production for passenger vehicles. The issues associated with producing a reliable, 
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robust, high-speed, lightweight and compact drive system are not insignificant when 

considering the power required to drive the supercharger at peak load. 

A third type of technology under consideration in the project was SuperGen®, under 

development by Integral Powertrain Technology Limited. This technology is a 

combination of a mechanical and electrical supercharger. It comprises of a centrifugal 

compressor that can be driven by the engine or by an electric motor. The system also 

acts as a belt ISG (Integrated starter-generator) enabling stop-start. A cutaway model of 

the technology is shown in Figure 7.2. 

 

Figure 7.2 – Integral Powertrain – SuperGen® unit. 

 

 Development of the QFD 

The existing company QFD matrices were structured around customer requirements for 

specific vehicles. The ULTRABOOST project presented a different focus of a QFD in that 

it needed to cover the requirements associated with internal customer requirements and 

generic product requirements. The design requirements already considered in the Pugh 

matrix analysis by Imperial College focussed on specific technical issues. The purpose of 

the technology assessment questionnaire was to broaden the scope of design 

requirements considered and to include design requirements that could not be 

technically assessed as they are qualitative requirements. A new QFD was required for 
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the project and it was developed in the Jaguar Land Rover Advanced Powertrain 

department. The QFD development process for this case study was as follows 

1. Identify the customer requirements 

2. Allocate the importance weighting to the customer requirement groups and the 

individual customer requirements. 

3. Identify the design requirements that correlate with the customer requirements 

4. Identify how each design requirement correlates with the customer requirements 

5. Allocate the strengths of these correlations. 

 

Drawing on the Powertrain QFD used in the previous case studies, some customer 

requirements selected from the powertrain QFD were added to requirements specifically 

identified that were relevant to the ULTRABOOST project.  

The customers considered were, ‘end-user’ customers, i.e. the customers who will drive 

the vehicle powered by the ULTRABOOST, and ‘internal’ customers, in this case aspects 

of the technology that are important to the company in delivering a product, i.e. the 

customers being the departments that would take an ULTRABOOST concept prototype 

engine and develop it to a production engine. As discussed, the ULTRABOOST project 

was structured around the design, build and testing of a ‘work-horse’ engine for future 

Land Rover vehicles. In designing the ULTRABOOST engine to replace a large V8 

engine, the fuel economy was targeted to improve considerably but there had to be no 

compromise of the important attributes associated with the Land Rover brand, e.g. off-

road capability and trailer towing. By adjusting the weighting factors within the QFD, the 

technology selection process would allow for analysis based on other customer 

requirements, e.g. Jaguar Cars. This enables an investigation of the migration of the 

technology into other vehicles by enhancing or diminishing the importance of different 

customer requirements, e.g. the off-road capability is not important to a Jaguar saloon 

car. 

The set of requirements identified for the ULTRABOOST engine are as follows 
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 Customer requirements 

o Performance perception/ Driveability/ Responsiveness 

o Cost of ownership & Reliability 

o Quietness & Refinement 

 Company requirements 

o Fuel Economy & Emissions 

o Off-road capability 

o Build & In-Service 

 Identifying the Customer requirements. 

Performance perception/ Driveability/ Responsiveness 

This section of the QFD is concerned with how acceptable the overall engine package 

with the boosting system will be to drive and how it will fulfil the ‘in-use’ expectations of 

the end-user. This section compromised of 6 questions 

1. Real world off-the-line acceleration 

2. Real world mid-range acceleration 

3. Good Trailer Towing capability  

4. Fast throttle response/No perceivable lag 

5. Smooth & even throttle progression 

6. Low-speed manoeuvrability 

Questions (1), (2) and (6) are from the powertrain QFD used in the previous case 

studies. 

Requirement (4) also comes from the powertrain QFD used before but in this case study 

it has been extended to include the aspects critical to the success of boosting 

technology, i.e. the elimination or minimisation of ‘lag’; the delay in the engine delivering 

the required performance, usually when full torque or power are required during 

acceleration also described as a ‘tip-in’.  
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Requirement (3), ‘good trailer towing capability’, is an important aspect for Land Rover 

vehicles and is an important reason why the ULTRABOOST project was initiated, i.e. the 

unsuitability of an electric hybrid system to provide a ‘workhorse’ powertrain for extended 

performance for applications such as towing. The important aspect of the engine 

performance to achieve good towing capability is very good low-speed torque to enable 

the vehicle to launch with a loaded trailer. 

Requirement (5) supports an attribute that is key to the Land Rover marque, i.e. off-road 

driving capability. For Land Rover vehicles to achieve good traction in off-road 

conditions, e.g. mud, the engine should respond by generating torque in a smooth 

progressive way in response to a smooth increase in throttle position. If the throttle 

response is not progressive, i.e. non-linear, the wheels are likely to lose traction and spin 

as torque is applied in a way that causes surges of torque at the wheels.  

 

Cost of ownership & Reliability 

The second section of the QFD covers 2 aspects of the products performance important 

to the customer. Reliability is also one of the core attributes that Land Rover strives for. 

The customer requirements focussed on in this section are  

7. Real world & City fuel economy 

8. 70mph Motorway fuel economy 

9. Engine delivers performance & fuel economy at competitive price. 

10. Cost of ownership 

11. Starts quickly and consistently 

12. Reliable 

Requirements (7), (8) and (9) relate to different aspects of the expected fuel economy. 

To reduce fuel costs, fuel economy is increasingly important to customer satisfaction. 

Attribute (9) touches on a difficult marketing issue. Fuel economy is important to the 

customer but if the initial cost of the vehicle is increased to provide the fuel consumption 

reduction then a cost/benefit trade-off plays an important factor in the saleability of the 
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vehicle. The additional purchase price may never be recovered in the life-time of the 

vehicle. The accurate determination of the price of the vehicle is not available at this 

stage in the product planning but an indication of the potential of the technology to 

deliver at the right cost is important to have. 

Attribute (10) includes a variety of costs that come into the cost-of-ownership equation, 

e.g. fuel economy, servicing and replacement parts costs. Naturally customers do not 

expect the vehicle to be expensive to keep on the road, so the cost-of-ownership needs 

to be a low as possible. Fuel economy is also very important to the company as it works 

to fulfil the corporate average fuel economy (CAFE) targets set for the company in the 

US and the fleet average CO2 targets in Europe. 

Attributes (11) and (12) are important to the Land Rover brand and marque identity. Land 

Rovers are used by many of the emergency services and are also used in extreme 

climatic conditions. The Land Rover may be used in life-or-death situations where the 

reliability of the vehicle is essential. It is expected that a Land Rover will start first time if 

it is in the hot desert or below -30°C. 

 

Quietness & Refinement 

This section of the QFD relates to the Premium aspect of the Land Rover brand. Land 

Rovers are bought by customers to have the Land Rover performance with the all-terrain 

and weather capability but are also expected to be a high quality, premium vehicle. To 

deliver the Premium feel the vehicles need to be quiet, smooth and comfortable. The 

technology must not change the premium aspect of the Land Rover vehicle.  

The customer requirements focussed on in this section are  

13. Correct noise under acceleration 

14. Smooth engine running throughout rev range 

15. Silent at cruising speed. 

16. Low start-up noise 

17. Low external noise 
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18. Sounds reliable 

‘Correct’ engine sound is different for different types of vehicle. A sports car is expected 

to have a ‘sporty’ exhaust tone on acceleration. An executive saloon car requires a 

different tonal quality to give the luxury ambiance. These customer requirements relate 

to how the technology will affect this important, but subjective, vehicle characteristic. 

Characteristics (13), (14) and (15) indicate how the vehicle will be perceived in use. 

Unexpected or out-of-sync sounds when accelerating will give the impression the engine 

is not operating properly. Smoothness of the engine operation throughout the speed 

range gives an impression of the capability of the engine and vehicle. The ‘silent at 

cruising speed’ gives a high quality, premium characteristic to the vehicle as far as the 

driver or passengers are concerned. Attributes (16), (17) and (18) continue to deliver the 

premium feel of the vehicle but also relate to the previous section, i.e. supporting the 

important reliability aspect of the Land Rover brand. 

 Identifying the Company requirements. 

The company requirements are recognized attributes of the technology that are required 

to enable the technology to be developed into a product for the end-user, the customer. 

These company requirements cover many aspects of the technology that come under 

vehicle certification legislation, e.g. exhaust emissions. 

The other aspect are key brand attributes that are essential if the vehicle is to be 

recognised as a Land Rover with all the associated performance characteristics that are 

part of the Land Rover brand heritage, e.g. off-road capability. 

Fuel Economy & Emissions 

The exhaust emissions company requirement is important in that poor emissions 

performance will mean the vehicle cannot be sold, or extensive and expensive exhaust 

emission after treatment systems will be needed for the vehicle to meet the legislated 

targets. The Fuel economy, although not a legislated target there is now legislation in 

Europe and other countries that financially penalise a company for not meeting a 
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company fleet mpg (miles per gallon) or grams/km CO2 target. Identifying technologies 

that are unlikely to support the companies’ targets before resources have been 

committed to develop the technologies. 

The specific company requirements are 

19. Pn (Particulate number) 

20. Emissions durability 100K+ miles 

21. Headline fuel economy (European & Federal) 

The particle number target (Pn) relates directly to Europe. The emissions legislation that 

came into force in 2016 requires gasoline engines to meet a particle number limit. Any 

technology that is likely to make meeting the targets more difficult has to be considered 

very carefully that the effort required to meet the legislation will be worthwhile for the 

benefits the technology will deliver. 

The durability of the emissions system is important as the legislation requires the vehicle 

to meet the legislated emissions targets when it has covered over 100,000 miles. A 

technology that could degrade and cause the exhaust emissions to increase will not 

support the company requirements. 

As stated before good fuel economy is very important to the company in meeting CO2 or 

mpg targets. Technologies that improve the engine efficiency and do not increase the 

parasitic losses of the engine support the company requirements. When considering 

boosting systems this is an important consideration. 

 

Off-road capability 

The exceptional off-road capability of a Land Rover vehicle is core to the brand values of 

the marque. The way the engine delivers it’s driving torque is key to the vehicle being 

able to make progress is the most difficult of terrain, e.g. Sand dunes, deep mud, ice and 

snow. The off-road capability section is not a comprehensive investigation into the range 

of off-road driving attributes but the four considered cover a wide spread of conditions so 

give a general guide to the capabilities of the systems. 
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The four considered are 

22. Off-road capability - Off-road & wading 

23. Good engine braking 

24. Sand dune climbing (No power loss with high AIT, high ambient & extended full 

power) 

25. Reliable -30°C Cold start 

The first attribute, is quite general in that it considers off-road capability but also includes 

the issue of wading. This is where the Land Rover vehicle will be expected to drive in 

0.8m of water or deeper if fitted with a ‘wading kit’, essentially a snorkel to stop water 

being drawn into the intake system. The consideration here is if the performance of the 

technology will be badly affected if it is operated underwater. The second (23), engine 

braking, improves the control of vehicle speed on steep descents. There are 

sophisticated hill decent systems using the brakes to keep control but engine braking is 

still the main control mechanism. Requirement (24) is a rather specialised requirement 

mainly for vehicle destined for the Gulf States. Climbing sand dunes require the engine 

to operate at full power in hot conditions. This puts strain on the cooling systems as the 

ambient temperature is high. The less sensitive a technology is to cooling, the greater it’s 

potential at providing the power for sand dune climbing. The fourth, (25) is at the 

opposite end of the operating condition spectrum, i.e. extreme cold. At low temperatures 

technologies will develop different issues, e.g. at low temperatures drive belts are stiff 

and difficult to get started, the lubricant at this temperature is very viscous so 

technologies that perhaps require oil control or high flow rates to bearings struggle with 

control or adequate lubrication.    

Build & Service 

The final set of requirements relate to the manufacture and operation of the technology. 

These are important to the financial viability of the product and also affects the reputation 

of the product and the company to the customer. 

26. Build complexity 
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27. Reliability/Warranty 

28. Service period 

29. Bio-fuel blend compatibility 

Build complexity (26), influences the cost of manufacturing the engine and what could 

potentially go wrong during assembly. The more complex the technology is to build, the 

more training and monitoring is required to ensure the build is correct. This also 

influences the requirements Reliability/Warranty (27) and Service period (28) when the 

technology is in the hands of the end-user customer. Requirement (27) is important for 

the continued liability of the company to products after sale. If one technology is likely to 

breakdown than another the cost of repairs and replacing parts for a less reliable 

technology would incur a much larger warranty bill so overall making the technology less 

profitable. Issues with reliability will also tarnish the reputation of the vehicle type and 

ultimately the company. This can have effects on the reputation and sales of vehicles 

that do not employ the technology. Requirement (28) affects the overall cost of 

ownership and the dealer network. If a technology requires a reduced service interval 

then the customer will have higher service bills and the inconvenience of having to return 

their vehicle to the dealership more often. It affects the dealership in the amount of 

service work it must be capable of delivering. The final requirement (29) of this QFD is 

concerned with the in-service operation of the vehicle on the variety of fuel blends that 

may be coming onto the market in the future. Both Europe and the USA have 

requirements that future fuels will have greater bio-derived blend components. Some can 

have serious effects on the fuels system if it is not designed to cope with the changes in 

the chemistry and physical properties. Although not specifically identifying adaptations 

required for future fuels the requirement highlights that this has to be an important 

consideration for any technology associated with the internal combustion engine. 
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 Allocation of the importance weighting to the customer 

requirement groups and the individual customer requirements. 

Allocating an importance rating to the customer requirements can be done in a number 

of ways. The two approached considered in this work are an ‘absolute’ rating or a 

‘comparative’ weighting.  Both rating strategies are discussed in the context of the first 

level of importance weighting for the customer or company requirements groups.  

An ‘absolute’ rating, in the context of this investigation, is how much importance a group 

of typical customers, for the type of vehicle being considered, are likely to attribute to 

each requirements group. The importance ratings relate to the characteristics of the 

vehicle being considered and how the customer may want to use the vehicle. If all the 

customer requirement groups are equally important to the customer then they all may 

carry the same group weighting. This may accurately reflect the real relative importance 

of the groups but it reduces the possibility of differentiating between vehicles and 

competing technologies. 

The ‘comparative’ rating prioritises the customer requirement groups, one to another, i.e. 

if there are three customer requirement groups one will carry a weighting of 3, as the 

most important group, another 2 and the last group 1. The allocation of comparative 

ratings is the same for the company requirements groups.  

This form of rating is likely to identify technologies or technology combinations that are 

strong at delivering which ever groups have been identified as the most important but 

may not identify the best technology or technologies that have the greatest impact on 

fulfilling the customer and company requirements. 

 Development of Design Requirements 

The next stage in the development of the QFD is to select the design requirements that 

correlate with the customer requirements. To include all the design requirements that 

contribute to the customer requirements would produce a very long list. Each design 
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requirements becomes a question in the questionnaire, if there are too many design 

requirements, the questionnaire that is produced for the case study would be excessively 

long. If a questionnaire is very long you are unlikely to get a response from the experts 

you are approaching as it will take more time to complete than they are prepared to 

invest in the technology assessment. Consequently, the design requirement list needs to 

be as compact as possible whilst still delivering information on the customer 

requirements identified.  

The process for selecting the design requirements was by discussion with the JLR 

ULTRABOOST project team members. To make the technology assessment as effective 

as possible the design requirements had to be defined so that information already 

obtained by the initial short listing process and the subsequent modelling studies was not 

duplicated. It was decided to fix the number of design requirements at 19, the same 

number used in the previous case studies. The design requirements were grouped into 

different aspects of the system performance and design. The groups are listed in Table 

7-2. 

Table 7-2 – Design requirement groups for the ULTRABOOST QFD. 

 Design Requirement group 
Number of Design 

requirements 
A Engine noise and smoothness 4 
B Manufacture and service 4 
C Performance and driveability 4 
D Off-road capability 3 
E Environmental 4 

 

The themes of five design requirement groups link directly to the Customer and 

Company requirements, however within each group the specific design requirements 

identified have influence over many of the specific customer and company requirements, 

not just those directly linked. These design requirements are briefly discussed in the 

following sections.  
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 Engine noise and smoothness 

The four aspects of engine noise and smoothness considered were 

A1 Engine/boosting system noise & stability during warm-up and idle 

This design requirement relates to a period in the use of a vehicle that is important to the 

customer, the start-up and operation while the engine warms-up. It is correlated with 6 of 

the customer requirements.  

A2 The relationship of engine noise level to vehicle speed/acceleration 

The driver will have an expectation of the types of sounds and the sound level when the 

vehicle is accelerating. Noises that are unusual or apparently not related to the engine 

acceleration could appear disconcerting, suggesting something is wrong with the engine.  

A3 Knock control (i.e. speed of boost control system) 

The knock control system and how fast it reacts to control knock is a function that the 

customer will be aware of. Knock will increase the noise from the engine in a very 

obvious way. If the system can adjust the many control parameters in a highly boosted 

engine to supress knock without the driver becoming aware of excess noise from the 

engine then the customer satisfaction will not be impacted. The consideration here is 

how the different components of the boosting system can work together to control the 

charge pressure, temperature and composition to produce the required performance 

while supressing knock. 

A4 Knock susceptibility 

Knock susceptibility considers if the components of the boost system will create 

conditions that will increase the chance of the engine knocking. For example a 

differentiator between the systems for this parameter is exhaust back-pressure as an 

increase relative to another system will reduce charge scavenging and increase 

residuals and charge temperature leading to in-cylinder conditions that are prone to pre-

ignition or knock.  

 Manufacture and service 

The aspects of Manufacture and service considered were 
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B1 System build and set-up during production 

An important consideration in the application of any technology to an engine is how 

reliably it can be manufactured. The more complex the system the more that can 

potentially go wrong with the manufacture, build and set-up of the system when it is 

being mass produced. This has implications for the reliability of the engine in service. 

B2 Service item cost 

Most systems fitted to modern cars are fit-for-life systems that are not expected to need 

replacing for the life of the vehicle but on some systems there will need to be some 

components replaced in the lifetime of the vehicle. Expensive service items can have a 

negative impact on the cost-of-ownership of a vehicle and its resale value so avoiding 

service items in technology systems is preferred.  

B3 Service interval 

Technologies that require a servicing schedule that reduces the current vehicle servicing 

interval are likely to be much less popular with the customer than technologies that 

maintain or extend the service interval.   

B4 System reliability 

System reliability is very important to customers and can even be a matter of life-and-

death to Land Rover customers if the vehicle is being used by the emergency services. 

Reliability impacts on the cost-of-ownership and the resale value of the vehicle, both 

being important selection criteria for a number of customers.  

 Performance and driveability 

The aspects of Performance and driveability considered were 

C1 Pedal to torque rate (Throttle progression) 

This aspect of the driveability of a vehicle reflects the way the vehicle responds as the 

throttle is moved. A good driveability is where increasing the throttle produces a 

predictable increase in engine torque. A bad driveability characteristic is where 

movement of the throttle produces very little change in engine performance until a point 

where the performance increases dramatically for a small increase in throttle.  
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C2 Performance at high altitude 

Estimating how the engine will perform at high altitude relates to how sensitive the 

system is to ambient pressure even though the system is boosted. It relates to how the 

system will respond particularly during pull-away when the engine is at low speed and 

the boost systems may not be up to full performance.  

C3 Performance in high ambient temperatures (40°C plus) 

The hot climate capability of vehicles is important for customers who require high 

performance in very hot ambient conditions; the most extreme requirement is when the 

vehicle is being used for sand dunes climbing, i.e. prolonged full power requirement in 

very hot ambient conditions. 

C4 Start-ability at -30°C 

This parameter is at the opposite end of the engine speed/load operation than C3. The 

sub-zero startability of the engine is a key reliability feature of any vehicle but particularly 

a Land Rover vehicle. The aspects of the design of the system that need to be 

considered include if components can operate at low temperatures, i.e. cold clearances 

and friction, icing of control systems, and thermal shock going from cold to hot when the 

engine is started. 

 Off-road capability 

The off-road capability is a key requirement for the Land Rover brand. If the 

ULTRABOOST engine were to be used in a Jaguar vehicle in the future the off-road 

features would not be important for the Jaguar customer.  The aspects of Off-road 

capability considered were 

D1 Wading capability 

The wading capability of production Land Rovers is now 1m (ref New Range Rover 

brochure). At 1m depth many of the system components will be operating in water. With 

a wading kit (a high-level air intake system) the wading capability is much more and so 

affects all the system components. The design requirements include components to be 

sealed against water ingress that will affect their operation and control, that water 



237 

surrounding the component will not affect the performance of the component, drive 

systems will not slip. 

D2 Off-road terrain response 

The off-road terrain response features include high torque at very low engine speed, low 

speed throttle response that is progressive and linear. The engine also needs to operate 

at angles not normally experienced under road driving, i.e. compound angle of up to 45° 

from the horizontal while delivering high torque.  

D3 Engine braking 

Engine braking is a feature used for steep hill decent without using the brakes. This 

feature is used less in the latest vehicles that have automatic transmissions but is is still 

an important safety feature in some Land Rover vehicles. 

 Environmental 

The aspects of Environmental issues considered were 

E1 Evaporative emissions 

This design requirement supports the company requirements of fulfilling the legislative 

emissions certifications regulations. Evaporative emissions are measured when the 

engine is not running and are emissions from sources other than the exhaust tailpipe; 

these are all hydrocarbon emissions. The evaporative emissions come from 

hydrocarbon-based components on the vehicle, e.g. tyres, plastic trim components, 

paint. The other source is the engine ‘system’ with sources including fuel tank, fuel lines, 

intake system, oil system and crankcase breathing systems.  

The vehicle is placed inside a sealed chamber, a SHED (Sealed Housing Evaporative 

Determination), and held for a period of time at a constant temperature while the 

atmosphere in the SHED is analysed. 

Evaporative emissions issues need to be addressed for any technology being 

considered. It is much better to consider evaporative emissions from a technology early 

in the programme so that any counter measures can be considered early on rather than 
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being considered late into the programme when palliatives could be difficult and 

expensive to engineer. 

E2 Particulate emissions 

With the introduction of the European exhaust emissions regulation EU6 in 2015 

(reference legislative document number) particulate emissions have become an 

important aspect of emissions compliance. The number of particles between 23nm and 

2.5m are counted using a condensation counter (reference PMP emissions 

documents). The number of particles are counted over the European emissions test 

cycle (NEDC). The sources of exhaust particulates include the combustion, expected to 

be the major contributor as well as any lubricating oil that gets into exhaust stream from 

inside the engine, or in the case of turbocharged engines, the boosting systems in the 

exhaust. Other sources could be the intake system, compressors etc., or oil from the 

crankcase breather system. 

There are particulate emissions regulations for the United States of America, but the 

particulates are measured by mass. The mass emissions from GDI engines as 

measured for emissions compliance is very low so the main concern is particulate 

number.  

E3 Stop-Start Technology compatibility 

Engine Stop-Start systems are becoming very much more common in new vehicles to 

improve fuel economy by shutting down the engine when the engine would be at idle. 

The engine is restarted very quickly ready for pull-away. Some technologies perform 

better than others with a repeated shut-down every few second in the vehicle is in heavy 

traffic. This design requirement considers what aspects of the technology would be 

affected by the constant stop-Start operation and/or if the technology is particularly 

suited to this mode of operation. This design requirement affects both the customer 

requirements, how the customer will interact with the technology, and the Company 

requirements with considerations including the engineering challenge required to apply 

stop-start with the technology being considered. 
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E4 Cylinder-to-cylinder exhaust gas mixing before the catalyst 

This design requirement again supports the company requirements in fulfilling the 

emissions legislation. This aspect considers how the exhaust gas is presented to the 

exhaust emissions after treatment catalyst. Increased mixing will improve the catalyst’s 

ability to oxidise the un-burnt hydrocarbon and carbon monoxide emissions while at the 

same time (chemically) reducing the NOx emissions.  

 Correlations between the Design requirements and the Customer 

and Company requirements. 

The correlations were developed during discussions within the powertrain group at JLR 

and through further consideration of the nature of the customer and company 

requirements. A summary of the design requirements and the correlations with Customer 

and company requirements is given in Figure 7.3 and Table 7-3. The details of the 

correlations with the customer and company requirements are described in Appendix 6.  

The correlations are identified as Strong, Medium and Weak, with strong correlations 

indicating the design requirements have a direct influence on the customer requirement. 

The strength of influence reduces with a medium correlation while a weak correlation 

may contribute to the customer requirement in a minimal way. Due to the limited number 

of design requirements being considered, not all possible design influences are included 

in each customer requirement, some have already been considered in the original 

concept short listing process. 
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Figure 7.3 - Summary of the design requirements and the correlations with 
Customer and company requirements 
 

Table 7-3 - Summary of Correlations for each of the specific design requirements 

Design 
Requirement 

group 
No. Design requirement 

Number of Correlations 

Total Strong Medium Weak 

A 
Engine noise 

and 
smoothness 

A1 
Engine/boosting system 
noise & stability during 
warm-up and idle 

7 4 2 1 

A2 
The relationship of engine 
noise level to vehicle 
speed/acceleration 

11 4 4 3 

A3 
Knock control (i.e. speed of 
boost control system) 

20 11 6 3 

A4 Knock susceptibility 15 8 6 1 

B 
Manufacture 
and service 

B1 
System build and set-up 
during production 

6 3 1 2 

B2 Service item cost 2 2 0 0 
B3 Service interval 4 4 0 0 
B4 System reliability 7 3 3 1 

C 
Performance 

and 
driveability 

C1 
Pedal to torque rate (Throttle 
progression) 

13 8 4 1 

C2 Performance at high altitude 13 3 7 3 

C3 
Performance in high ambient 
temperatures (40°C plus) 

13 3 8 2 

C4 Start-ability at -30°C 6 3 1 2 

D 
Off-road 

capability 

D1 Wading capability 1 1 0 0 
D2 Off-road terrain response 2 2 0 0 
D3 Engine braking 2 1 1 0 

E Environmental 

E1 Evaporative emissions 1 0 1 0 
E2 Particulate emissions 7 2 2 3 

E3 
Stop-Start Technology 
compatibility 

14 10 3 1 

E4 
Cylinder-to-cylinder exhaust 
mixing before the catalyst 

3 1 1 1 

Number of Correlations 147 73 50 24 
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 Customer requirement weightings 

The final stage in developing the QFD is to allocate importance weightings to each of the 

customer requirement groups and to each of the specific customer requirements within 

each group. The method used to determine the relative weightings of each of the 

requirement groups and the weightings of requirements within each group was the 

Kepner-Tregoe pair-wise comparative analysis. The process of establishing the 

weighting factors is described in detail in section 5.4.5.2.   

Table 7-4 is the pair-wise assessment of the end-user customer requirement groups and 

the Company requirement groups for the Land Rover QFD.  

Table 7-5 shows the assessment of the individual customer requirements within the 

Performance perception/ Driveability/ Responsiveness group. The individual customer 

requirements were scaled to 5 after normalizing.  

Table 7-4 The Kepner-Tregoe analysis to allocate relative importance weightings to 
the customer requirement groups for the Land Rover QFD. A – Customer 
requirement groups. B – Company requirement groups. 

Land Rover ULTRABOOST CASE STUDY  
 

Customer 
requirements 

Performance 
perception/ 
Driveability/ 

Responsiveness 

Cost of 
ownership & 

Reliability 

Quietness & 
Refinement 

Totals 
Weighting 

factor 

Performance 
perception/ 
Driveability/ 

Responsiveness 

  2 2 4 0.33 

Cost of ownership 
& Reliability 

2   2 4 0.33 

Quietness & 
Refinement 

2 2   4 0.33 

A – Customer requirement groups Total 12 1.0 

 
Land Rover ULTRABOOST CASE STUDY  

Company 
requirements 

Fuel Economy & 
Emissions 

Off-road 
capability 

Build & In-
service 

Totals 
Weighting 

factor 

Fuel Economy & 
Emissions 

  2 3 5 0.42 

Off-road capability 2   2 4 0.33 

Build & In-service 1 2   3 0.25 

B – Company requirement groups Total 12 1.0 
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Table 7-5 The Kepner-Tregoe analysis to allocate relative importance weightings to 
the Performance perception/ Driveability/ Responsiveness requirements for the 
Land Rover QFD. 
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Figure 7.4 - The QFD matrix for a boosting system for a Land Rover vehicle. 
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 Data collection 

The data collection phase of the case study includes the development of the questionnaire, 

identification of the experts and the distribution and collection of the questionnaire. 

 Development of CFTS questionnaire  

The questionnaire used for the ULTRABOOST case study was a development of the 

questionnaire used for the AJ133 case study, which was based on the approach detailed 

in section 5.2. The feedback identified two areas for development. 

• Question description 

• Information on the technology 

The changes introduced for the ULTRABOOST questionnaire were as follows 

 Question description – Each question was augmented by a fuller description or 

statement that appeared by the side of each question. For example, the first 

questions asked was ‘How will the Engine/boosting system noise & stability 

during warm-up and idle be affected by the technology?’ 

This question was augmented by the following  

‘Compared to the NA engine, will the engine/boosting system induce noise and/or 

create stability issues during engine warm-up and at idle?’ 

The purpose of the second paraphrased question is to provide an expansion of 

the question in a way that will help the assessor understand exactly what is being 

asked. 

 Information on the technology – In the context of the questionnaire it is possible 

to provide too much information to the assessor leading to the technology 

assessments just reflecting the information provided. It was also recognised that 

different assessors may understand the scope and/or details of a technology in 

slightly different ways so that there was a risk different assessors, were in effect, 

assessing different technologies. To try to clarify the technologies being 
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considered in the ULTRABOOST technology assessment, diagrams were 

included for each technology system. This provided coherent information without 

over describing and so ‘leading’ the assessment. An example of a system 

diagram is shown in Figure 7.5. 

 

Figure 7.5 - Technology 1 diagram from the questionnaire. 

 Assessor Information 

The information requested about each assessor as in the previous case studies was 

their name and related to the areas the assessor currently worked and previously worked 

in and the general areas of responsibility associated with the job. The list is drawn from 

areas of expertise that are considered appropriate to the questions being asked in the 

questionnaire. The fields of expertise are discussed in section 7.5.4. The format of this 

section of the questionnaire was unchanged from the previous case study (see Figure 

5.9). 

 The Technology Assessment Questionnaire. 

The header for each page of the questionnaire is in Figure 7.6. 

The header contains important information about the questionnaire, e.g. 

• The reference against which the parameters are to be assessed. In this case study the 

reference is the AJ133 NA engine, the engine the ULTRABOOST engine is targeted at 

replacing. 
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• The technology under assessment, both the name and a system description. 

• The rating scale (copied from the questionnaire introduction page). 

 

 

Figure 7.6 ULTRABOOST technology rating questionnaire – Header for each page 

 

Following the structure of the QFD the ULTRABOOST technology questionnaire has the 

questions in 5 groups,  

• Engine noise & Smoothness (Figure 7.7) 

• Manufacture & Service (Figure 7.8) 

• Performance & Driveability (Figure 7.9) 

• Off-road capability (Figure 7.10) 

• Environmental (Figure 7.11) 

As in the AJ133 technology assessment case study questionnaire the default response 

is ‘no assessment made’. Once a technology rating button or buttons are selected the 

technology range selected is shown as a bar on the strip below the buttons. 
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Figure 7.7 - ULTRABOOST technology rating questionnaire – The questions in 
Group 1 – Engine Noise & Smoothness 
 

 
Figure 7.8 - ULTRABOOST technology rating questionnaire – The questions in 
Group 2 – Manufacture & Service 
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Figure 7.9 - ULTRABOOST technology rating questionnaire – The questions in 
Group 3 – Performance & Driveability 
 

 
Figure 7.10 - ULTRABOOST technology rating questionnaire – The questions in 
Group 4 – Off-road Capability  
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Figure 7.11 - ULTRABOOST technology rating questionnaire – The questions in 
Group 5 - Environmental 
  
 

 Analysis of expertise required for CFTS  

This section discusses the fields of expertise required to cover the technical issues that 

need to be addressed. The performance of an engine and any technology is ultimately 

assessed within the context of a vehicle. The technology is aimed at a Land Rover 

application and the customer who buys a Land Rover has expectations of it performing 

well on and off-road as well in any climatic conditions, although most Land Rover 

customers never use the vehicle to its limits. The requirement for use in extreme 

conditions is reflected in the QFD discussed previously. Therefore, the range of expertise 

required to properly assess IC engine technology in this context is wide ranging, from 

combustion, the mechanics of the technology, to how the performance of the engine will 

affect the vehicle driving in extreme conditions. This presents a challenge in identifying 

and involving the necessary experts. In the development of new technology there are 

many fields of expertise required but the areas selected for this case study relate directly 
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to the range of questions being asked. Different technologies and/or different questions 

relating to other customer or company requirements would require a different set of 

experts. 

The key fields of expertise identified for this case study are listed below  

 Pressure charging system development 

 Engine design 

 Engine development (Fuel economy & Performance) 

 Durability & Reliability  

 Refinement  

 Emissions (Calibration) 

 Engine Technology development 

 IC engine research 

 CAE - Performance/Fuel economy modelling 

 Aftertreatment development 

 Vehicle Research 

The relevance of the expertise to the technology assessment is explained below. 

Pressure charging system development 

When considering assessment of new pressure charging systems for an engine, this is 

the most obvious field of expertise to include. Expertise in pressure charging system 

development is not common and restricted to the development groups within boosting 

technology manufacturers or specialist academic groups.  

Engine design 

Engine design is a key area concerned with the physical integration of the boosting 

technology into a workable engine package that will fit in a vehicle.  

Engine development (Fuel economy & Performance) 

The expertise of engine development groups, within vehicle manufacturers and 

consulting engineers', lay in the application and integration of systems and not the 

fundamental technology development. Engine development groups take the technology 

from a design to a proven integrated working system to meet fuel economy and 

performance targets.  
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Durability & Reliability  

The durability and reliability engineers take the developed working system and 

investigate if the engine technology package can perform over the range of duty cycles 

required for the vehicle application for the lifetime of the vehicle.  

Refinement  

Refinement, also known as NVH (Noise Vibration and Harshness) is area of expertise 

vital for the technology package to be acceptable to the customer. Excessive or strange 

noises, or vibrations, even if they do not affect the performance, durability or reliability of 

the system are not acceptable to the customer. Understanding how systems behave with 

regard to noise and vibration and how that can be designed-out or mitigated enables the 

system to be marketable.  

Emissions (Calibration) 

Vehicles are required to comply with the relevant exhaust emissions legislation for the 

market the vehicle is sold in. The inclusion of expertise in engine calibration and exhaust 

emissions particularly supports the questions being asked in the environmental section 

of the questionnaire but the expertise an engine calibrator brings includes experience of 

engine response and refinement. Identification of exhaust emissions issues at the 

planning stage helps ensure the relevant mitigation strategies are in place for the 

development programme. Emissions compliance is in general of little interest to the end-

user customer but is extremely important to the in-house customers who will be 

responsible for certifying and manufacturing the end product. 

Engine Technology development  

Engineers who are directly involved in engine technology development bring expertise 

into assessing the potential of a new technology at an early stage of development and 

identifying the pitfalls that may affect the application of the technology. The engine 

technology development group assess and develop complete technology packages for a 

range of parameters including performance and fuel economy. This area has the most 
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relevant expertise in assessing how the technology may ultimately perform so are an 

important assessment group. 

IC engine research  

This is a specialised field investigating the more fundamental questions relating to the 

internal combustion engine and the technologies applied on production engines. 

Engineers with experience in this area bring a more fundamental, analytical assessment 

of the technologies in specialist areas, e.g. combustion.  In the context of this technology 

assessment the role of IC engine research is to consider how the combustion is affected 

by the design of the boosting system. This includes the effect of the boosting and the 

implications of secondary effects e.g. exhaust back pressure, on combustion. 

CAE - Performance/Fuel economy modelling  

The performance and fuel economy modelling group are able to predict how the 

technology is likely to function from a concept point of view. A lot of the questions 

relating to the technologies at the concept stage are answered by this group and in this 

technology assessment have been performed along-side this assessment. This 

assessment covers other parameters not investigated by the CAE studies but this group 

are still able to comment on the technologies other performance criteria described in the 

questions and provide informed predictions.  

Aftertreatment development  

This is a specialist field that may not be relevant to a lot of the questions but the 

understanding of how technology will impact on exhaust aftertreatment technology is 

vitally important to the commercialisation of the technologies with compliance to the 

relevant exhaust emissions legislation. 

Vehicle Research  

This field of expertise covers a wide range of issues looking at the vehicle as a whole. 

The relevance of this expertise for this case study is particularly the questions in group 4, 

off-road capability. This is where the engine is considered part of a vehicle system 
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providing the power and torque to allow the vehicle to perform in a number of conditions, 

e.g. off-roading and at altitude. 

 

 Define Primary and Secondary Expertise 

Table 7-6, Table 7-7, Table 7-8, Table 7-9 and Table 7-10 detail what issues are being 

considered in each question, what knowledge is required and which experts are most likely 

to have the knowledge and provide the most relevant analysis. The expert group with the 

most relevant range of skills is classed as the ‘primary expertise’.  Expertise that is 

associated with the question, e.g. not someone’s direct responsibility but they should have 

experience that is relevant, is classed as ‘secondary expertise’. 

Table 7-6 - Engine noise & Smoothness questions 

 Question 
Issues being 
considered 

Knowledge or 
experience 

required 

Areas of Expertise listed in 
questionnaire 

Primary Secondary 
 A Engine noise & Smoothness    

1.  A1 

Engine/boosting 
system noise & 
stability during 
warm-up and idle 

Will the engine 
/boosting system 
induce noise and/or 
create stability issues 
during engine warm-
up and at idle 

 Behaviour of 
engine systems 

 Sources of 
mechanical 
noise in 
systems. 

 Refinement 

 Engine 
development  

 Durability & 
Reliability 

2.  A2 

The relationship of 
engine noise level 
to vehicle 
speed/acceleration  

Is the boost system 
likely to produce 
noises that are out of 
sync with the engine 
and be unappealing? 

 Dynamic 
behaviour of 
Powertrain 
systems 

 Sources of 
mechanical 
noise in systems 

 Refinement  
 Durability & 

Reliability 

3.  A3 
Knock control (i.e. 
speed of boost 
control system) 

How will the boost 
system react when 
knock is 
encountered? i.e. 
how fast can the 
control system 
modulate the boost, 
charge temperature, 
EGR level. 

 Electro-
mechanical 
system control 

 Combustion 
 Engine 

performance 
development 

 Engine 
development 

 Engine 
technology 
development 

 Pressure 
charging 
system 
development 

 Engine 
Design 

4.  A4 Knock 
susceptibility 

Does the boost 
system give the 
conditions that 
produce knock more 
readily than another? 

 Dynamic 
behaviour of 
engine intake 
and exhaust 
systems 

 Combustion 

 IC engine 
research  

 Engine 
development. 

 CAE – 
Performance 
modelling 
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Table 7-7  Manufacture & Service questions 

 Question 
Issues being 
considered 

Knowledge or 
experience 

required 

Areas of Expertise listed in 
questionnaire 

Primary Secondary 
 B Manufacture & Service    

5.  B1 
System build and 
set-up during 
production  

Does the technology 
have less 
manufacturing 
complexity? i.e. 
contain less 
assembly steps, 
fewer assemblies to 
fit to the engine and 
require less set-up 
during engine 
assembly? 

 Powertrain 
system design 

 Manufacturing 

 Engine 
design 

 Engine 
development  

 Durability & 
Reliability 

6.  B2 Service item cost 

Will the service items 
be high cost/high 
labour charge, e.g. 
will the technology 
require special 
lubricants or special 
lubricant filtration? 

 Component 
design 

 Component 
durability 

 Powertrain 
systems 

 Engine 
design 

 Durability & 
Reliability 

7.  B3 Service interval 
Component durability, 
lubricant degradation 

 Component 
durability 

 The effects of 
engine duty 
cycle and duty 
cycle prediction 

 Durability & 
Reliability 

 Engine 
design 

8.  B4 System reliability 
Reliability of system 
components and 
control mechanisms 

 Powertrain 
systems 
reliability 

 Engine duty 
cycle effects on 
component life. 

 Engine design 
 Powertrain 

CAE 

 CAE 
 Durability & 

Reliability  
 Engine 

design 

 Engine 
Technology 
development 
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Table 7-8 Performance & Driveability questions 

 Question 
Issues being 
considered 

Knowledge or 
experience 

required 

Areas of Expertise listed in 
questionnaire 

Primary Secondary 
 C Performance & Driveability    

9.  C1 
Pedal to torque 
rate (Throttle 
progression) 

Will the technology 
give a lack of positive 
response to the 
throttle under normal 
driving conditions 
making the engine 
feel unresponsive 
compared to an NA? 

 Engine 
performance 
development. 

 Engine 
calibration 

 Emissions 
(calibration) 

 Engine 
development  

 Engine 
Technology 
development 

10.  C2 Performance at 
high altitude 

Can the system 
compensate to 
maintain 
performance? Will the 
technology deliver 
low-speed torque for 
pull-away at high 
altitude? 

 Engine 
performance 
development. 

 Powertrain 
performance 
modelling 

 Emissions 
(calibration) 

 Engine 
development  

 CAE - 
Performance/
Fuel 
economy 
modelling 

 Durability & 
Reliability 

 Engine 
Technology 
development 

11.  C3 

Performance in 
high ambient 
temperatures 
(40°C plus) 

How well will the 
system compensate, 
compared to an NA 
engine, to maintain 
performance when 
operating at high 
ambient 
temperatures?  

 Engine 
performance 
development. 

 Performance 
development 

 Powertrain 
calibration 

 IC engine 
research 

 Engine 
design 

 Engine 
Technology 
development 

12.  C4 Start-ability at -
30°C 

Will the system have 
more issues at low 
temperature than an 
NA engine with 
starting at very low 
ambient 
temperatures? e.g. 
effects of drive 
systems, control 
actuators etc 

 Engine 
performance 
development. 

 Engine friction 
 Component 

durability and 
reliability 

 Behaviour of 
materials at low 
temperatures 

 Combustion 

 Performance 
development 

 Engine 
design 

 Engine 
Technology 
development 

 IC engine 
research 

Table 7-9 Off-road capability questions 

 Question 
Issues being 
considered 

Knowledge or 
experience 

required 

Areas of Expertise listed in 
questionnaire 

Primary Secondary 
 D Off-road capability    

13.  D1 Wading capability 
Will the boost 
systems operation be 
affected by wading? 

 System design 
 Vehicle testing 
 Component 

durability and 
reliability 

 Engine 
design 

 Vehicle 
engineering 

 Durability & 
Reliability 

 Engine 
Technology 
development 

14.  D2 Off-road terrain 
response 

Will the technology 
deliver the torque at 
low engine speed in 
an in/out application 
for off-road driving? 

 Off-road testing 
 Vehicle 

dynamics 
 Engine 

performance 

 Performance 
development 

 Vehicle 
engineering 

 Calibration 

 Durability & 
Reliability 

 Engine 
Technology 
development 

15.  D3 Engine braking 

Will the technology 
provide engine 
braking for off-road 
driving? 

 Powertrain 
system control 

 Engine 
performance 

 Performance 
development 

 Vehicle 
Research 

 Engine 
design 

 Engine 
Technology 
development 
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Table 7-10 Environmental questions 

 Question 
Issues being 
considered 

Knowledge or 
experience 

required 

Areas of Expertise listed in 
questionnaire 

Primary Secondary 
 E Environmental     

16.  E1 
Evaporative 
emissions 

Will it be more or 
less difficult to 
achieve 
evaporative 
emissions 
compliance than 
an NA engine? 

 Boosting 
system 
design 

 Emissions  
 Induction 

system 
design 

 Pressure 
charging 
system dev 

 Emissions 
(calibration) 

 Engine 
Technology 
development  

 Engine 
development 

 Aftertreatment 
development 

 

17.  E2 
Particulate 
emissions 

Will the system 
produce more 
particulates? 

 Exhaust 
emissions 

 Combustion 
 Boosting 

system 
design 

 Tribology 

 Emissions 
(calibration) 

 Engine 
development  

 Engine 
Technology 
development 

 Durability & 
Reliability 

 Engine design 
 Pressure 

charging 
system dev 

18.  E3 
Stop-Start 
Technology 
compatibility 

How compatible 
is the technology 
for stop-start 
operation 
compared to an 
NA engine? 

 Calibration 
 Engine 

control 
 Mechanical 

design 

 Powertrain 
calibration 

 Engine 
Technology 
development 

 Pressure 
charging 
system dev 

 Engine design 
 Performance 

development 

19.  E4 

Cylinder-to-
cylinder exhaust 
mixing before the 
catalyst 

Will the exhaust 
gasses from 
different 
cylinders be 
more or less 
mixed than with 
an NA engine? 

 Exhaust 
system 
design 

 Boosting 
system 
design 

 Exhaust 
emissions 

 Engine design 
 Pressure 

charging 
system dev 

 Aftertreatment 
development 

 Performance 
development 

 Engine 
Technology 
development 

 IC engine 
research 

 

 Mapping questions against knowledge 

The areas of responsibility are linked to a matrix that identifies the level of expertise each 

assessor has relating to each question in the questionnaire. The description of the expert 

levels is summarised in Table 5-3; the expertise rating against each question in the 

questionnaire is summarised in Table 7-11.  
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Table 7-11 Expert relevance to questions in the technology rating questionnaire. 
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A Engine noise & Smoothness 

A1 
  

Engine/boosting system 
noise & stability during 
warm-up and idle 

3 3 1 5 1 3 3 1 1 1 1 

A2 
  

The relationship of engine 
noise level to vehicle 
speed/acceleration 

3 1 1 5 1 3 3 1 1 1 1 

A3 
  

Knock control (i.e. Speed of 
boost control system) 

5 1 3 1 1 5 5 3 1 1 1 

A4   Knock susceptibility 5 1 3 1 5 5 3 5 1 1 1 

B Manufacture & Service 

B1 
  

System build and set-up 
during production 

3 3 1 1 1 3 5 1 5 1 1 

B2   Service item cost 1 5 1 1 1 3 3 1 5 1 1 

B3   Service interval 1 5 3 1 1 3 3 1 5 1 1 

B4   System reliability 3 5 1 1 1 5 5 3 5 1 1 

C Performance & Driveability 

C1 
  

Pedal to torque rate 
(Throttle progression) 

3 1 5 1 3 3 5 1 3 3 1 

C2   Performance at high altitude 3 3 3 1 5 3 5 3 1 1 1 

C3 
  

Performance in high ambient 
temperatures (>40°C) 

3 3 3 1 5 3 5 3 1 1 1 

C4   Start-ability at -30°C 3 5 5 1 1 3 1 3 1 1 1 

D Off-road capability 
D1   Wading capability 5 5 1 1 1 5 3 1 5 3 1 

D2   Off-road terrain response 3 1 5 1 3 3 3 1 1 3 1 

D3   Engine braking 1 1 5 1 1 3 3 1 1 1 1 

E Environmental 
E1   Evaporative emissions 3 3 5 1 1 3 1 1 1 1 3 

E2   Particulate emissions 3 1 5 1 1 3 1 5 1 1 3 

E3 
  

Stop-Start Technology 
compatibility 

3 3 3 1 1 5 5 1 3 1 1 

E4 
  

Cylinder-to-cylinder exhaust 
mixing before the catalyst 

3 1 5 1 1 5 5 3 5 1 5 

 

The overall influence each expert groups will have on the technology assessment will 

depend on the assessed relevance of the expert group has on the questions. Taking the 

matrix of Table 7-11 a summary of how the different expert levels build up the overall 

expert influence is shown in Figure 7.12. A measure of the potential influence of each 

expert group can be gained from taking the expert level occurrence and value to sum an 
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overall the expert value for each expert group. This is summarised in Figure 7.13. From 

Figure 7.13 it can be seen that an assessor whose expertise is in engine development will 

have over twice as much influence on the technology assessment as an expert in 

refinement. Note - This does not include the entropy weighting which is assessor specific. 

 

 
Figure 7.12 The distribution of expert ratings with expertise groups. 
 

It is interesting to note that the highest influence expert group is Engine Technology 

Development but it does not have the most of the highest relevance correlations (5), both 

Pressure Charging system development and Calibration have higher counts of the highest 

relevant correlation but Engine Technology Development covers a wider range of 

questions at the mid-range correlation (3) and does not have any of the lowest value 

correlations. 
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Figure 7.13 – Expert group influence from the expert level matrix. 

 Allocation of expert level to each assessor. 

An expertise rating is created for each assessor based on the background information they 

completed at the start of the questionnaire. The ratings applied to the assessors include 

the intermediate ratings of 4 and 2 and relate to previous experience. The rating allocation 

is described in Figure 5.13 - Process of assigning expert levels. 

An example showing expert ratings for 3 assessor (experts) for each question is shown in 

Figure 7.14. 

The overall expert rating for each question is the maximum value of the current and 

previous responsibility relevance rating. 
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Figure 7.14 - Example of assessor’s expert ratings for 3 of the assessors. 

 Questionnaire deployment 

The questionnaire was deployed by email. The number of experts approached was much 

larger than in the previous case study with nearly half being outside of Jaguar Land Rover. 

These external experts were from the collaborating companies and universities. 

The email contained the following explanation of the questionnaire and process. “Attached 

is a questionnaire to support the ULTRABOOST boosting system selection. The 

questionnaire focuses on 'soft' data, i.e. engineers personal assessments, data that is not 

currently available through modelling or without building the system so we need to rely on 

engineer’s expertise and personal opinion. The responses to the questionnaire will be 

collated to give an overall 'expert' opinion on the aspects of the boosting technologies 

being assessed.” 

A target return date was specified. This was set so as to allow time for initial data analysis 

prior to a project review meeting. 

The questionnaire was emailed to 41 assessors; 23 were Jaguar Land Rover employees 

(internal), 6 from the collaborating universities and rest (12) were from the other 3 

companies collaborating in the project. 
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 Questionnaire Response Analysis. 

There were 25 completed questionnaires received, a 61% return rate. The response within 

Jaguar Land Rover was 48%, within the 3 collaborating companies the response was 75% 

and 83% response rate from the 3 universities. The responses are summarised in Table 

7-12. 

To maintain data integrity the questionnaires were renamed with R01 to R25 to identify 

each assessor and reference copies saved as well as a pdf print of the response pages to 

act as a ‘fixed’ back-up. 

 

 

Table 7-12 Questionnaires Returned Totals 

Company/University Department Responses Total 

Jaguar Land Rover 

Advanced Powertrain 7  
CAE 1  
Performance development 2  
Refinement 1 11 

Lotus Engineering  5  
Shell Global Solutions UK  1  
GE Precision  3  
University of Bath  2  
Imperial College London  2  
University of Leeds  1 14 

   25 
 

 Analysis of Questionnaire completion 

The overall completion of the questionnaire was 88%. In each questionnaire there are a 

total of 152 technology assessments, i.e. 8 technologies with 19 questions for each 

technology. The amount of the questionnaire that was completed varied considerably but 

40% of the assessors completed the questionnaire, i.e. giving a rating for each technology 

for each question. Another 40% of the questionnaires were between 95% and 99% 

completed. A total of 20 of the 25 assessors gave a ‘No assessment made’ response to 

less than 5% of the questions. The percentage completed for each expert is shown in 
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Figure 7.15. The two assessors that completed 11% and 16% of the questionnaire, 

assessors 9 and 23 respectively, were from specific expert disciplines namely Combustion 

research (academic biased) and Refinement (Jaguar Land Rover internal assessor). Both 

did not feel able to comment on the majority of the questions as it was not in their field of 

expertise. Although they did not have a great influence on the technology assessment 

overall they had considerable influence on the questions their expertise was relevant for. 

When completeness is considered for the survey questions (Figure 7.16), 2 of the 

questions were completed by all the external assessors, questions 4 and 11, but no 

questions were completed by all the internal assessors. The internal assessors completed 

questions 1 and 2 the most with over 59% complete. The question with the least number 

of assessments was question 16, Evaporative emissions. Although the internal 

assessment was 90% complete the external assessment was only 63%. This points to the 

design requirement being much more familiar to the Jaguar Land Rover engineers than 

the external engineers. This may be a requirement that is not really considered outside of 

an OEM. 

Overall the Internal assessors completed a slightly higher percentage of the survey than 

the external assessors, 89% to 87% but the difference is probably not significant. 
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Figure 7.15 - Completeness of the questionnaires for each assessor 

 

 
Figure 7.16 – Completeness of the survey questions 

 

 Data Processing 

The data processing methods employed were the same as with the AJ133 Case Study. 

Of note is the weighting factors used. These are discussed in the following sections. 
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 Allocation of Expert rating to the assessors 

The first questions within the questionnaire ask the assessor their current responsibilities 

and their previous responsibilities with reference to the ‘expert Groups’. Each expert could 

identify more than one expert group for their current and previous experience. The totals 

for each expert group are summarised in Figure 7.17. This shows that the majority of 

assessors were linked to 4 expert groups; Engine development (Fuel economy & 

Performance), Pressure charging system development, IC engine research and Engine 

Technology development. These 4 groups account for 68% of the assessors expert 

groupings. Other potential assessors from different backgrounds did not respond to the 

invitation to complete the technology selection questionnaire and following-up some of the 

potential assessors, the main reason for not completing the questionnaire was the lack of 

knowledge of the different types of boosting technology and how they may perform. 

 

 
Figure 7.17 – The number of experts in each expert group. 

Taking the distribution of assessors in the different expert groups and the relevance of 

each expert group to the questions in the questionnaire, Figure 7.18 shows the number of 

each expert rating for each question in descending order from the question with the highest 
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relevance experts to the lowest. Question 4 has that highest number of the highest rated 

experts, i.e. 20 out of 25, while questions 1 and 2 have the lowest.  

 

 
Figure 7.18 – The distribution of experts for each question. 

Overall the distribution of expert ratings is  

Expert level 1 16% 
2 3% 
3 34% 
4 9% 
5 38% 

This is a similar distribution of expert ratings as seen in the AJ133 case study.  

 Assessor Entropy Weightings 

The entropy weightings were calculated for each assessor consisting of an entropy 

weighting for each expert rating allocated to the assessor. The entropy weighting was 

calculated from the way in which the assessor used multiple bins to rate the technology 

and how often they selected ‘no assessment made’. The calculation is described in section 

5.4.3. The values of the weightings for all the assessors are shown in Figure 7.19. 

All the assessors had expert levels of 3 and 5 assigned. Not all the experts has levels 1, 

2 and 4 assigned so these will not appear in Figure 7.19. 
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Figure 7.19 Entropy weightings for the 25 assessors. 
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 Results and analysis 

The results of the technology survey will be summarized in the following area 

 Fulfilment of Design requirements 

 Fulfilment of individual customer requirements 

 Fulfilment of customer requirement groups 

 Overall product customer requirement fulfilment. 

 Differences in the results from internal (Jaguar Land Rover) assessors and external 

assessors, i.e. external companies and the universities. 

 

 Fulfilment of Design requirements 

The design requirements assessed in the technology survey are listed in Table 7-13. 

Table 7-13 Design requirements, survey questions. 
 Question 

number Design Requirement 
A1 1 Engine/boosting system noise & stability during warm-up and idle 
A2 2 The relationship of engine noise level to vehicle speed/acceleration 
A3 3 Knock control (i.e.speed of boost control system) 
A4 4 Knock susceptibility 
B1 5 System build and set-up during production 
B2 6 Service item cost 
B3 7 Service interval 
B4 8 System reliability 
C1 9 Pedal to torque rate (Throttle progression) 
C2 10 Performance at high altitude 
C3 11 Performance in high ambient temperatures (40°C plus) 
C4 12 Start-ability at -30°C 
D1 13 Wading capability 
D2 14 Off-road terrain response 
D3 15 Engine braking 
E1 16 Evaporative emissions 
E2 17 Particulate emissions 
E3 18 Stop-Start Technology compatibility 
E4 19 Cylinder-to-cylinder exhaust mixing before the catalyst 

 

The survey results are shown in Figure 7.20 to Figure 7.27. Each figure shows the 

Maximum, Minimum and Mean rating plus the Mode (most common questionnaire 

technology rating) for a technology.  
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The majority of the mean ratings lie between ±1 however the overall range of assessments 

is in some cases uses the full range. The most extreme is for Technology 7 (Figure 7.26) 

where 3 of the questions maximum to minimum ratings included the full assessment range, 

-3 to +3. 

 

 
Figure 7.20 Technology Ratings for Technology 1 

 
Figure 7.21 Technology Ratings for Technology 2 

 



269 

 
Figure 7.22 Technology Ratings for Technology 3 
 

 
Figure 7.23 Technology Ratings for Technology 4 
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Figure 7.24 Technology Ratings for Technology 5 
 

 
Figure 7.25 Technology Ratings for Technology 6 
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Figure 7.26 Technology Ratings for Technology 7 

 
Figure 7.27 Technology Ratings for Technology 8 
 

The results show that the technologies can be differentiated on their predicted 

performance.  

A comparative assessment of the technologies is shown in Figure 7.28, Figure 7.29 and 

Figure 7.30. These show a summary of the ratings shown as either ‘Positive’ ratings, that 
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is the percentage of ratings that were either +2 or +3, neutral or ‘Little effect’ ratings that 

are either zero or  ±1, ±1 being the threshold that is only discernible by a very experienced 

engineer using special tests, or ‘Negative’ ratings of -2 or -3.  

The positive ratings are the top section of the histogram bars. The design requirements 

(questions) that received the greatest number of positive ratings were 10 (Performance at 

high altitude) and 19 (Cylinder-to-cylinder exhaust mixing before the catalyst). One 

interesting result to note is technology 8 received a high number of positive ratings (31%) 

for question 18 when in all the other technologies with the exception of technology 2 did 

not receive any positive ratings. Technology 2 was the only other technology gaining 

positive ratings but that was only 8% of ratings. 

The majority of the technology ratings considered the technologies to perform in a similar 

way to the reference (naturally aspirated) engine. 

Potential issues are identified with the negative ratings the technologies received. The 

negative ratings are red in the data plots. The most extreme negative ratings were for 

technology 7, 3-stage Series turbo, for question 5, System build and set-up during 

production. It was considered that the complexity of a three-stage turbocharger system will 

present issues in the manufacture of a system. The same technology received the highest 

number of negative ratings for potential system reliability. The rest of the technologies also 

received a number of negative ratings to varying levels. Technology 7 also received many 

negative ratings for it’s potential off-road capabilities although it was considered to be the 

have the most positive attributes at high altitude. 
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Figure 7.28 – Technology ratings for question 1. Expressed as ‘Positive’ (ratings of 
+2 and +3), ‘Little Effect’ or neutral (Ratings of 0 or ±1) or ‘Negative’ (ratings of -2 
and -3)  

 
Figure 7.29 – Technology ratings for question 2. 

 
Figure 7.30 – Technology ratings for question 3. 
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Figure 7.31 – Technology ratings for question 4. 

 
Figure 7.32 – Technology ratings for question 5 

 
Figure 7.33 – Technology ratings for question 6 
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Figure 7.34 – Technology ratings for question 7 

 
Figure 7.35 – Technology ratings for question 8 

 
Figure 7.36 – Technology ratings for question 9 
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Figure 7.37 – Technology ratings for question 10 

 
Figure 7.38 – Technology ratings for question 11 

 
Figure 7.39 – Technology ratings for question 12 
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Figure 7.40 – Technology ratings for question 13 

 
Figure 7.41 – Technology ratings for question 14 

 
Figure 7.42 – Technology ratings for question 15 
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Figure 7.43 – Technology ratings for question 16 

 
Figure 7.44 – Technology ratings for question 17 

 
Figure 7.45 – Technology ratings for question 18 
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Figure 7.46 – Technology ratings for question 19 

 

 Fulfilment of Customer Requirements 

Figure 7.31 to Figure 7.34 show the results for all the 29 customer requirements assessed. 

The results show both the Jaguar and Land Rover weighted results with a maximum and 

minimum rating band around the mean results. This shows the potential maximum and 

minimum customer requirement fulfilment. 

In general the ratings are negative meaning that the performance of the down-sized 

boosted engine at fulfilling customer requirements when compared to a large naturally 

aspirated engine will be less but with many of the assessments near to zero the effect may 

not be something the customer will notice. A few requirements technologies are rated as 

the same or on a few occasions better, i.e. positive. The highest positive result is for 

technology 8 and customer requirements 11 (Starts quickly and consistently) and 21 

(Headline fuel economy (European & Federal)). The values are small, so the effect may 

not be important for the customer but when you consider the technology in question, IP 

SuperGen®, the effect of starting quickly and consistently would be expected as the 

technology contains a powerful electric motor for starting and stop-start operation. The 

results in this case are therefore consistent with the technology.  
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In Figure 7.31 to Figure 7.34 the maximum and minimum ratings for each customer 

requirement are plotted (the highest values of the maximum rating and the most negative 

values of the minimum ratings for both Jaguar and Land Rover). This shows the positive 

potential and the potential negative effect the technologies could have for the customer 

requirements. The highest positive ratings were for technology 8 (IPT SuperGen®) for 

customer requirements 4 ‘Fast throttle response/No perceivable lag’ and 21 ‘Headline Fuel 

Economy (European & Federal)’ were for Jaguar customer requirements.  

Technology 7 (3-stage series turbo) received the most negative ratings and were for 

customer requirements 1 ‘Real-world off-the-line acceleration’, 17 ‘Low external noise’ and 

27 ‘Reliability/Warranty’. Again, these were all associated with Jaguar customer 

requirements and the associated weightings.  

When the distributions of the ranges of ratings (maximum to minimum) for the Jaguar and 

Land Rover customer requirements are considered in Figure 7.35 the shape of the 

distributions of the customer requirements ranges show the different weightings for the 

two product lines emphasise that the technologies may be perceived in different ways 

when applied to the different products. The Jaguar customer requirement ranges show a 

bi-modal distribution whereas the Land Rover customer requirement ranges show a more 

normal distribution showing that different aspects of the technology are more important to 

one product line that the other. 
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Figure 7.48 – Weighted technology ratings for customer requirements 1 to 8. The 
orange lines show the maximum and minimum ratings. For descriptions of the 
technologies see Fig 7.51 
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Figure 7.49 – Weighted technology ratings for customer requirements 9 to 16. The 
orange lines show the maximum and minimum ratings. For descriptions of the 
technologies see Fig 7.51 
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Figure 7.50 – Weighted technology ratings for customer requirements 17 to 24. The 
orange lines show the maximum and minimum ratings. For descriptions of the 
technologies see Fig 7.51 
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Figure 7.51 – Weighted technology ratings for customer requirements 25 to 29. The 
orange lines show the maximum and minimum ratings. 
 

 

1 Turbo-Super 
2 Turbo-Super with Twin LP Turbo's 
3 Turbo-Super with Twin VGT LP Turbo's 
4 Turbo Super with Supercharger Two Speed Drive
5 Twin Turbo 
6 Twin Turbo with VGT HP 
7 3-stage Series turbo 
8 IPT Supergen + Turbocharger 
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Figure 7.52 – The distribution of maximum to minimum ranges for Land Rover and 
Jaguar Customer requirements. The ratings are weighted for each customer 
requirement. 

 Fulfilment of Customer Requirement Groups 

To understand the ranking order the overall results are broken down into different 

groupings. These results are shown in Figure 7.36. The data summary level below the 

overall assessment is by ‘Customer’ or ‘Company’ requirement groups. The ‘Customer’ 

requirements group consists of the mean of the ratings from customer requirements 1 to 

18. The ‘Company’ requirements group is customer requirements 19 to 29. These 

grouping again show technology 8 to fulfil the requirements the most and technologies 5 

and 7 being rated lowest. 

The ratings can further broken-down to show the customer requirement fulfilment for 6 

requirement groupings, these are listed in Table 7-14. Groups 1 and 2 which cover 

Performance perception/ Driveability/ Responsiveness and Cost of ownership & Reliability 

are similar for both Jaguar and Land Rover based assessments. Group 3 shows slightly 

higher fulfilment ratings for Land Rover customer requirements. Group 4, a ‘Company’ 
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requirements grouping covering ‘Fuel Economy & Emissions’, shows the biggest 

difference between technology 8 and the rest of the technologies. 

Group 5, Off-road capability, shows technology 8 to be highest ranked for Land Rover but 

although technology 1 is ranked highest for Jaguar customer requirements this result is 

not significant as the customer requirement weightings for Jaguar in the QFD are very low 

as there was little requirement for off-road capability. The final grouping of ‘Build & In-

service’ has technology 1 being the highest rated with technology 8 among a number of 

technologies between 0.7 and 0.8 with respect to technology 1 rated as 1. 

Technology 3 is rated as the second highest for most of the groups. 

 

Table 7-14 – The customer requirement groupings. 

Customer requirement Groups 
Customer 

requirement numbers 

Customer 
Requirements 

1 Performance perception/ Driveability/ Responsiveness 1 - 6 

2 Cost of ownership & Reliability 7 - 12 

3 Quietness & Refinement 13 - 18 

Company 
Requirements 

4 Fuel Economy & Emissions 19 - 21 

5 Off-road capability 22 - 25 

6 Build & In-service 26 - 29 
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Legend 

 

Figure 7.53 – Jaguar and Land Rover Customer requirement fulfilment ratings 
normalized to the maximum rating in each group. 
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 Fulfilment of Overall Customer Requirements 

An overall summary of the fulfilment of the either the design or the customer requirements 

is made by summing the different requirements for each technology. The technologies can 

then be ranked on how well the requirements were fulfilled. Table 7-15 shows the 

technology ranking order for the three summaries, the technology survey output and the 

Land Rover and Jaguar customer requirement fulfilment ranking orders. 

The highest and lowest ranked technologies from the survey results carry-over into the 

QFD weighted results but the ranking order for the mid-table technologies changes with 

the QFD weightings and is not the same for both Land Rover and Jaguar weighted data. 

Technology 4 was ranked as the second technology with the results from the technology 

survey but technology 3 was ranked second for both Jaguar and Land Rover customer 

requirement fulfilment. The fourth ranked technology was the same for all three whereas 

the fifth and sixth ranked technologies were different for Jaguar and Land rover. The 

seventh and eighth ranked technologies were the same for all three assessments. 

Table 7-15 – Technology Ranked Order based on the Overall Summary 

 Technology Survey 
Output Data 

Jaguar QFD 
Weighted 

Land Rover QFD 
Weighted 

Highest rated 
technologies 

8 8 8 

4 3 3 

 3 4 4 

 1 1 1 

 6 6 2 

 2 2 6 

Lowest rated 
technologies 

5 5 5 

7 7 7 

 

The summary results normalized to the rating of Technology 8 are shown in Figure 7.37. 

The general trend of results from the survey are shown in both the Land Rover and Jaguar 

QFD weighted results with the technologies showing a slightly higher fulfilment of the 

Jaguar customer requirements compared to Land Rover. Technologies 1, 3 and 4 had the 

highest overall ratings after technology 8 for the results from the technology survey. These 
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results were very similar. The order of the technologies following regrouping into customer 

requirements and weighted with the Jaguar or Land Rover customer requirement 

weightings from the QFD the same three technologies are rated after technology 8 but the 

ratings show separation between the values and show differences between technologies 

3 and 4 when the technology survey ratings were very similar. Technology 7 came out as 

the lowest rated technology but with the weighted data technology 5 was rated at a similar 

level to technology 7. 

The analysis of the results of the case study indicates that the technology assessment 

process can differentiate between the way in which the customer requirements are fulfilled 

and so how the customer will potentially perceive the technology. Using the customer 

requirement weightings of the different products, in this case Jaguar Cars and Land Rover, 

small differences are observed that change the ranking order of the technologies between 

the highest and the lowest ranked. These remained the same. 

 

 
Figure 7.54 – The overall technologies requirement fulfilment normalized to the 
fulfilment value of the highest rated technology, Technology 8 IPT Supergen®.  
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 Results from Internal and External assessors 

A significant difference in the way the assessments have been completed between Case 

Study 1 and Case Study 2 is the range of experts involved in the technology rating. Case 

study 2 has a proportion of the assessors (14 out of 25) who are external to JLR. These 

assessors come from industry and academia. The data was analysed to see if there were 

any significant differences between the technology ratings of the two groups.  

Differences were observed in the way internal assessors (Jaguar Land Rover employees) 

and external assessors (Universities and supplier companies) rated the technologies 

overall. Table 7-16 lists the technologies in ranking order for the combined, internal and 

external assessors. The highest rated technology is 8 in every case and the lowest is 7 

but the order of the rest of the technologies is different. When the values of the 

assessments are displayed graphically (Figure 7.38) the assessment values for the 

internal assessors are grouped closer than the external assessors. In the analysis the 

internal assessors rated the technologies in a very similar way with four of the technologies 

grouped mid-way between the highest and lowest rated technologies. The technology 

ratings by the external assessors were more evenly spread between the maximum and 

minimum ratings. When the results are combined the influence of the external assessors 

provided differentiation between the technologies. 

In general the internal assessors gave less negative assessments of the technologies 

when considering the final value but further examination showed that this pattern was not 

reflected directly when considering the individual assessments. 

The 2 parameters that were looked at were the range of the technology assessments and 

if either internal or external assessors rated the technology as overall ‘more positive’. That 

is which group of assessors were the most optimistic about the performance of the 

technology. The results from three of the questions showed significant differences on the 

range and assessment. 
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Table 7-16 Technology Rating Orders for All Assessors, Internal Jaguar Land Rover 
and External Supplier Assessments. 

 Technology Survey Output Data 

 Combined Internal Supplier 

Highest rated 
technologies 

8 8 8 
4 3 4 

 3 1 1 
 1 4 6 
 6 5 3 
 2 2 2 

Lowest rated 
technologies 

5 6 5 
7 7 7 

 
 

 
Figure 7.55 Technology ratings from the assessment survey for all assessors 
(Combined), Internal Jaguar Land Rover and External Supplier assessors. 
 

The results from three questions stood out as showing difference between the two groups 

of assessors. The questions were 2, 4 and 16. The data from these questions is shown in 

Figure 7.39, Figure 7.40 and Figure 7.41. The data from question 6 is included, Figure 

7.42, as a representative data set showing similar responses for the two groups. The 

wording of the questions, the supplementary information and the rating scale information 

was as follows 

 Question 2 - The relationship of engine noise level to vehicle speed/acceleration 
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‐ How will the relationship of engine noise level to vehicle speed/acceleration 

be affected by the technology? 

‐ Is the boost system likely to produce noises that are out of sync with the 

engine and be unappealing? 

 Negative – uncoordinated noises 

 Positive – Expected noises 

 Question 4 - Knock susceptibility 

‐ How will Knock susceptibility be affected by the technology? 

‐ Does the boost system give the conditions that produce knock more readily 

than another? NOTE: To provide a zero, 'No effect' rating for the 

assessment, the boost system is compared to a single intercooled 

supercharger system.  

 Negative rating - the system was more susceptible to knock  

 Positive rating - less susceptible to knock. 

 Question 16 - Evaporative emissions 

‐ How will Evaporative emissions be affected by the technology? 

‐ Will it be more or less difficult to achieve evaporative emissions compliance 

than an NA engine? 

 Negative – Poor evaporative emissions 

 Positive – Good evaporative emissions 

 Question 6 - Service item cost 

‐ What will the service parts costs be for the boosting system? 

‐ Will the service items be high cost/high labour charge, e.g. will the 

technology require special lubricants or special lubricant filtration? 

 Negative – High cost items 

 Positive – Low cost items 
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The data for question 2 shows a trend of the external assessors having a wider range of 

opinions with many ratings more optimistic about the performance of the technologies than 

the Jaguar Land Rover assessors. The opposite is true for questions 4 and 16, the Jaguar 

Land Rover assessors in a few cases have a wider spread of ratings but in general are 

more optimistic about the performance of the technologies. For question 6 there seems 

good agreement between the internal and external assessors. 
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Figure 7.56 – Technology rating data for Jaguar Land Rover assessors and external 
assessors. Data for Question (design requirement) 2 - The relationship of engine 
noise level to vehicle speed/acceleration 
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Figure 7.57 - Technology rating data for Jaguar Land Rover assessors and external 
assessors. Data for Question (design requirement) 4 - Knock susceptibility 
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Figure 7.58 - Technology rating data for Jaguar Land Rover assessors and external 
assessors. Data for Question (design requirement) 16 - Evaporative emissions 
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Figure 7.59 - Technology rating data for Jaguar Land Rover assessors and external 
assessors. Data for Question (design requirement) 6 - Service item cost 

 



298 

Overall there were 152 technology assessment results (19 design requirements and 8 

technologies). Of those ratings over 80% were negative for both internal and external 

assessors with less than 20% positive mean ratings (see Table 7-17). The range of 

assessments was greater for the supplier assessments with the sum of the positive 

assessments more for the suppliers than the internal assessors and the sum of the 

negative assessments was more negative for the external assessors. 

 

Table 7-17 – Summary of the Technology ratings for the internal Jaguar Land Rover 
and external supplier assessments. 

Summary of technology ratings JLR Supplier

Mean Ratings 

Number of Positive mean ratings 26 28 

Sum of the Positive ratings 16 31 

Number of Negative mean ratings 126 124 

Sum of the Negative ratings -109 -138 

Maximum ratings 
Number of ratings at 2 or 3 31 29 

Number of ratings less than 0 25 36 

Minimum ratings 
Number of ratings more than 0 3 14 

Number of ratings at -2 or -3 91 94 
 

The design requirements (questions) where the internal assessors rated all the 

technologies higher than the external suppliers (by more than 10% higher) were 11, 14 

and 16. An example is shown in Figure 7.43 – Assessment of the boosting technologies 

for question 14. Where they rated 7 out of the 8 technologies higher were 4 and 9. 

The design requirements (questions) where the external assessors rated all the 

technologies higher than the internal suppliers (by more than 10% higher) was 10. See 

Figure 7.44 - Assessment of the boosting technologies for question 10. Where the 

assessors rated 7 out of the 8 technologies higher were 6 and 15. Where they rated 6 out 

of the 8 technologies higher were 2 and 19. 

An example of assessments that were very similar is shown in Figure 7.45 Assessment of 

the boosting technologies for question 1. 
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Figure 7.60 – Assessment of the boosting technologies for question 14.  

 
Figure 7.61 - Assessment of the boosting technologies for question 10.  

 
Figure 7.62 Assessment of the boosting technologies for question 1. 
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 Case Study 2 Discussion 

The improvements to the questionnaire were successful in communicating the question 

and rating required for both internal and external assessors. 

The level of completion of the questionnaires was generally high, 20 of the 25 assessments 

were more than 90% complete but did highlight that some experts are only willing to 

consider providing assessments in their own narrow field. These assessments are 

valuable as they are specialists, they had a high expert rating and a high entropy value. 

The entropy weighting factor used for the analysis assigned to the two experts who only 

answered the question in their expert field was generated from the responses for each 

expert level for the assessors and so did not reduce the influence of the assessors for the 

questions they answered. If the entropy had been calculated for the all of the assessors’ 

potential responses an overall entropy weighting factor would have been very low and 

consequently the experts would have had little influence. The case of assessors limiting 

their answers to a few questions vindicated the use of entropy weightings calculated for 

each expert level rather than an overall weighting.  

The feedback from particular external assessors was that the questions challenged them 

to look at aspects of the technology performance that they had not previously considered, 

examples included off-road and wading capabilities. These aspects of the technology 

performance are more naturally considered by the internal assessors.  

The process provided insights into how well the technologies were understood. On some 

aspects of the technology rating there were 4 instances of a technologies being rated from 

-3 to +3 (the range over 7 bins), i.e. the whole rating range, 2 were for the same question, 

question 2 (Figure 7.23 and Figure 7.26) and 3 were for the same technology, Technology 

7, the 3-stage series turbo. There were 9 instances of a range of 6. 

When considering the range of responses, the negative ratings are potentially more 

important than the positive ratings. The positive ratings may support the view that the 

technology may help to meet the functional and performance targets, but the negative 
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ratings could influence the customer that the product was not ready or fit-for-purpose so 

impact on loss of sales to a greater extent than the meeting of targets would increase 

sales. 

When the weightings from the individual product QFD’s were applied to generate the 

customer requirement fulfilment values the process identified difference between the 

technologies being applied to the different products. The highest and lowest rated 

technologies were the same for both products, Jaguar Cars and Land Rover but the 

ranking order of the technologies between the highest and lowest was different for Jaguar 

and Land Rover and different from the ranking order from the survey questions alone. 

There were differences in the ratings between internal and external assessors but when 

the overall ratings are considered the most highly rated technology is the same for both 

sets of assessors, also the lowest technology is the same. The technologies in between 

were ranked in slightly different orders. In this case study the two groups of assessors did 

not need to be considered separately and could be combined. 

There were some questions where the range of responses are different for the internal 

and external assessors.  

In summary the process in this case study provided data to allow the technologies to be 

ranked and differentiated between the subtle differences between the customer 

requirements of the product line.  

The case study also revealed that there could be differences between internal and external 

assessors but overall they gave similar technology ratings.  
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 Discussion 

This research has established a need for a methodology of technology selection that 

incorporates customer requirements for use in the product planning process. A summary 

of the methodology is shown in Figure 8.1.  

The research focussed on the evaluation of the impact of low TRL level technologies, 

where there is limited technical data available, on the customer (for the definition of 

Technology Readiness Levels see (EARTO, 2014) annex 1). The work was specifically 

concerned with the application of advanced technologies on internal combustion 

engines, which involves significant technical complexity across a range of disciplines. 

The scope of the research did not include assessment of ‘smart’ technologies where the 

customer interacts directly with the technology; instead, the focus was on ‘hidden’ or 

‘non-obvious’ technologies that contribute to fulfilling customer requirements, individually 

or collectively with other ‘hidden’ technologies, as part of a product package. 

Many of the customer requirements are qualitative parameters so it is difficult to obtain 

technical data, in particular with largely subjective attributes. The method identified to 

enable the assessment of these parameters in this research was expert opinion. 

The literature review has shown that there is no established method of qualitative 

technology assessment using expert opinion. However, key elements for a customer 

focussed technology planning framework were identified in the literature. Specifically, the 

use of QFD for incorporating customer requirements and the principles of expert opinion 

and analysis, the use of the Kepner-Tregoe tool for setting customer importance 

weightings and key principles that should be incorporated into the data analysis process. 

This section provides a critical review of the CFTS framework proposed in this research, 

as well as the research methodology employed. The reviews cover: 

 Methodology Development and Investigation 

o The pilot study 

o The Case studies 
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 Tools used in the methodology 

 Applications of the methodology. 

 How this work compares to the literature 

 

 CFTS Methodology Development and Investigation 

 CFTS Concept Development and investigation in the Pilot Study 

The initial investigation of the CFTS concept required a pragmatic approach that made 

maximum use of existing data and simple techniques. The aim of the Pilot study was to 

understand if the concept of linking the delivery of design requirements as assessed by 

experts to the customer requirement delivery, to show the potential of how technology 

and technology combinations could be assessed and optimised.  

The product development programme to upgrade an existing engine provided a suitable 

platform for the study as it was in the early technology planning phase with many 

potential technologies and technology combinations, available to the programme. A fully 

developed QFD was available that covered the customer requirements for a product that 

would use the engine, in this case the Jaguar XJ executive car. The available 

components were important inputs to allow the investigation the application of expert 

opinion to this type of problem of technology assessment and selection. A simple paper 

based questionnaire was developed, a matrix of design requirements and technologies 

on an A3 sheet with a -3 to +3 scale with zero indicating ‘no change’ as compared to the 

reference engine. 
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Figure 8.1 – Summary of the Customer Focused Technology Selection 
Methodology 
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Overall the pilot study showed that this form of assessment allowed technologies and 

technology combinations to be differentiated depending on how the customer would 

perceive the technologies in the delivery of their requirements. This type of exercise has 

not been reported in the literature, i.e. complex technology with multiple correlations and 

interactions that cover a range of disciplines that cannot be easily understood or 

mapped. The positive results from the pilot study suggested that the CFTS tool should 

be developed further.  

A positive feature was the ability to investigate the impact of various technology 

combinations could potentially have on the customer and the ability to ask questions that 

are not normally asked about technologies at an early stage of development. It was also 

seen that the data from the Pilot study revealed some non-intuitive results which may not 

have been considered without this analysis.  

An example of non-intuitive results is shown in that technology 19, Front engine mount 

redesign, was the 8th highest rated technology for performance perception (Figure 8.1) 

although it received no positive ratings in the assessments that were part of the 

performance group (Figure 8.2). It was when the other characteristics of the technology 

that contribute to the customers’ perception of performance were combined to give a 

perceived performance benefit. At first sight this may be considered a spurious result but 

when considered in the context of what the technology was assessed to contribute, i.e. 

improved refinement and engine smoothness, the performance benefit can be 

understood.  

If an improved engine mount isolates the driver from the harshness of engine vibration, 

particularly under load, then it can be perceived that the engine is not working so hard, it 

is quieter, and gives the impression that it has increased performance. From a purely 

engineering assessment the engine mount will not contribute to increased performance 

(Figure 8.2) but the customer is concerned with the whole package and so as a 

subjective assessment the improved refinement delivered by a well-designed front 

engine mount contributes to the overall impression of the performance of the engine. 
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This is also seen in the AJ133 technology assessment case study. Technology 6, di-cast 

deep skirted cylinder block received no Performance based technology assessments 

(Figure 6.23) whereas the assessment with the customer importance weightings has a 

positive contribution towards customer performance perception for technology 6 (Table 

6-3). 

 
Figure 8.2 – The total ratings for Performance Perception for the technologies 
assessed in the Pilot Study. 
 

An example of questions being asked about the technology that are unusual is the in 

Case Study 2, the ULTRABOOOST technology assessment. One of the questions asked 

for a rating of the technologies ability to cope with wading, being submerged in water, 

this being a condition that the technology would be expected to continue to work in Land 

Rover or Range Rover vehicles. In itself this question covers a range of issues with the 

technology but should be considered if it is being selected for vehicles that are expected 

to perform well off-road and in water. 

Wading is just one example but the assessors report that that it made them consider 

different aspects of the technology they would not normally think about at the technology 

planning stage. 
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The completion of the assessment forms and feedback from the assessors prompted a 

redesign of the CFTS methodology and in particular the questionnaire.  This is critically 

reviewed in section 5.1. A summary of the methodology is shown in Figure 5.1. 

 
D1 - Fuel consumption

 
D2 - Torque curve shape - low speed torque

 
D3 - Torque curve shape - Mid range torque

 
D4 - Torque curve shape – High speed torque

 
D5 – Gearing 

 
D6 – Throttle response time 

 
D7 – Pedal to torque rate

 

Figure 8.3 Results of the assessment of the Performance characteristics in the 
Pilot study. 
 



308 

 Critical Review of the Case Studies 

The different parts of the methodology summarised in Figure 5.1 have been tested in the 

two Case studies. The main parts of the methodology will be discussed 

 CFTS Methodology and Expert Opinion Elicitation 

From the published literature an established and widely used tool to analyse expert opinion, 

specifically subjective probabilities is Cooke’s Classical Model (Cooke, 1991 p81-84). This 

has 5 principles that are considered important aspects of the model. These are reviewed in 

section 2.4 of the Literature survey. The principles have been incorporated into the new 

CFTS methodology developed and the way in which the principles have been included and 

fulfilled is described below. 

 Reproducibility – The analysis methods used in the CFTS deployment in the AJ133 

and the ULTRABOOST Case Studies fulfil the requirements of reproducibility in that 

the analysis methods can be reproduced from the details provided in chapter 5. 

 Accountability – Throughout the Case Studies, data sources were clearly identified in 

relation to respondents, and differences between the experts were investigated. The 

expert level of assessors for the AJ133 Case Study is shown in Figure 6.11 and the 

influence of each assessor as described by the combined expert and entropy 

weighting factor is shown in Figure 6.14. The amount of the questionnaire each 

assessor completed is shown for the AJ133 Case study in Figure 6.5 and Figure 7.15 

for the ULTRABOOST Case study. Figure 7.15 shows the different responses of the 

Jaguar Land Rover internal assessors as well as the external assessors either from 

companies or from Universities. The assessors can be traced back to questionnaires 

they completed but names have not been included in this text. 

 Empirical control – As recognised by Cook, this principle is difficult to achieve. 

Deriving the data from empirical observations (such as aftermarket surveys) is only 

possible in the context of the Powertrain future technology scenario of this project, 
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after a long delay associated with technology development and implementation into a 

saleable product, assuming that the technology is actually built into a product. The 

complexity of the systems being considered means that only one combination will be 

used by the customer. However, in this research customer reaction data concerning 

the application of the engine technologies was derived from actual ‘observations’ by 

using customer feedback reported in the JD Powers New Car Surveys on the 

vehicles using the AJ133 engine. The customer feedback showed that customer 

reactions were in-line with the survey data from the AJ133 case study (See section 

6.6.3). 

 Neutrality – The way in which the questions were structured allowed the respondents 

to give their true opinions without inferred bias from the questionnaire or the data 

collection process. Neither the technology questions nor the expansion to the ‘issues 

being considered’ in the ULTRABOOST case study describe the technology function 

or attributes or how they could influence the parameter being investigated in the 

questions being asked. 

 Fairness – All the assessor data sets from the questionnaires were taken as of 

equivalent importance at the start of the analysis. The influence on the final result of 

each respondent can be traced through the analysis. 

The principles identified by Cook were implemented in the CFTS methodology and gave 

a good basis for the analysis. On this basis the CFTS methodology developed can be 

considered equivalent to established methods, e.g. Cook’s Classical Model, in the way in 

which expert opinion is used. This provided a level of confidence in the CFTS 

methodology for use elsewhere and does not bias the data to a preferred result. 

 Survey Structure and Delivery 

The application of QFD, a Likert scale-based questionnaire and the subsequent data 

analysis that incorporates data weighting, is a survey structure that can be applied to 
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other technology selection scenarios of expert opinion of complex systems, i.e. multiple 

technologies including technologies at low TRL levels, multiple target products and 

diverse engineering disciplines.   

Of the two survey delivery methods used for the Pilot and the two Case studies, the 

computer-based form had a much higher completion level. For the Pilot study the overall 

survey completion for the 10 assessors was 55% complete (Figure 4.2). The AJ133 case 

study had an overall completion of 94.6% (Figure 6.3), and the ULTRABOOST case 

study had a survey completion of 88% (Figure 7.15).  

The computer-based survey has many advantages in that more information can be 

included to support the assessor and it also has the data processing advantage that the 

data transfer is not manual thus reducing a potential source of error. 

The surveys were created using Microsoft Excel. This provided an adequate application 

base for the surveys allowing features such as the range plot to be included but the 

application is cumbersome to modify the input and structure, to customise for the 

development of other surveys.  There are many software tools now available, such as 

Google forms, for questionnaires. These specialist tools should be investigated to 

simplify the development of new questionnaires, but the use of a different questionnaire 

software tool should not compromise the principles outlined in the previous section. 

 Establishing Customer Requirements 

The initial phase of the methodology uses the first matrix of the QFD. Obtaining the 

customer requirements for products is an established process within the company so 

was not part of the research. But if the specific set of requirements are not available, 

these can be established, as shown in the ULTRABOOST Case study (Chapter 7), using 

the Kepner-Tregoe method. The use within the Case Study showed the process can be 

successfully used to establish importance factors for the requirements. It is most easily 

applied to ‘internal customer’ requirements where the customer can be consulted to 

establish the prioritisation of the requirements. It is more difficult to use with external 
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customers. Issues of representation and contact make establishing the priority of the 

requirements difficult. Consideration of existing customer information may enable 

comparisons of importance to be made to provide the K-T weightings. This comes back 

to the problem that valid and robust customer requirements data are difficult and costly 

to obtain and requires a range of inputs to build up the data required for a QFD customer 

requirement list.  

 Customer and Design Requirement Correlation 

The current method of correlating the customer requirements with the design 

requirements is through the Strong, Medium or Weak correlation in the QFD matrix. The 

QFD uses values of 9, 3 and 1 for the correlations. The scale of correlations could be 

smoothed so that any integer value could be used between 1 and 9 to describe the 

correlation. This may give the appearance of a better description of the customer 

requirement from the set of design requirements, but this additional complication may not 

enhance the methodology, just increase the work required. The impact on the output is 

likely to be subtle and considering the main data source is subjective opinion the 

changes to the correlation scale are unlikely to improve the methodology accuracy or 

usefulness.  

It should be noted that the data contained in the QFD matrix, in particular the importance 

weighting attached to each customer requirement, will need to be regularly updated to 

reflect changing customer requirements and perceptions. Updating the customer 

requirement importance weightings will subtly affect the final customer requirement 

fulfilment assessment but not the design requirement fulfilment.  

 Adapting the Methodology to provide a comparative technical 

assessment of the technology. 

Depending on the nature of the technology assessment required a cut-down 

methodology could be used to provide a technical assessment without referring back to 
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the customer requirements. The cut-down methodology would not require a QFD matrix 

but will require a set of design requirements to provide the questions of the expert panel 

survey. The method to establish a set of design requirements will vary depending on the 

application. By structuring the design requirements as questions that cannot be 

answered by any other means than through expert opinion, the questions will be 

focussed to ensure the survey is not too long. The data provided from the first phase of 

the data analysis in the Case Studies shows that useful data can be obtained without 

utilising the final processing stage of combining with the customer importance factors.  

If the last phase of the analysis is not performed the technologies performance cannot be 

related to different products so losing an important novel aspect of the analysis but in 

some situations this may not be required. 

Technology bundle performance can be assessed but it would carry the caveat that all 

aspects of the technology performance were considered of equal importance. This could 

give a false picture of the ability of a technology bundle to fulfil the design requirements 

unless all the requirements were considered equally important.  

 The importance of establishing valid weighting factors for the data 

analysis 

 Expert Level 

The expert level value assigned to each assessor is question specific using the 

correlation between the question, how areas of expertise relate to the question and the 

persons current and previous experience. It is used to weight the assessment value in 

the analysis. In establishing the expert level an integer scale is used 1 to 5, 5 being the 

highest level of expertise, i.e. the greatest relevance to the question in the survey. In the 

data analysis the expert value is ‘reset’ by dividing by the maximum expert level 5 thus 

bringing the value into the range suggested by Cooke. 

Analysis of the results of the technology assessment from the different expert level 

groups is shown in Figure 8.3 with an example from the AJ133 Case Study (low 
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significance data has been excluded). The effect of the expert weighting can be seen in 

that the overall value (all assessors) is close to the values from the assessors with expert 

ratings of 4 or 5. For the example shown in Figure 8.3 (Question 13), although 

numerically the generalist experts (Rating 1) is the highest, the final result is in-line with 

the values from the higher rated experts. As the results are most strongly influenced by 

the more expert assessors, with the assumption that these experts will provide the most 

reliable assessments, the output is expected to be more reliable. 

For the 2 Case studies the setting of the relationships between questions and areas of 

expertise/experience was done with a discussion with a small group (2 or 3) engineers 

within the powertrain department. For future studies the use of a larger group including 

specialist in each of the areas should provide a more robust relationship matrix. 

 

  

  
Figure 8.4 – AJ133 Case Study - The results of the assessment of Technology 2 for 
the different experts. 
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 Entropy weighting 

The entropy weighting is a measure of the confidence in the data supplied by the expert. 

It incorporates 2 aspects of the way in which the technology assessment was made; the 

number of multiple bins the data was spread over and the number of occasions the ‘No 

assessment made’ option was selected. The details are in section 5.3.3.  

An entropy value is calculated for each of the expert levels the assessor is allocated. The 

maximum entropy weighting factor value is 1. A high entropy weighting factor is where 

the number of bins the assessments were spread over is low and the ‘No assessment 

made’ option was not selected or selected very infrequently. The entropy weighting 

values fall within the numerical range suggest by Cooke. The effect of the entropy 

weighting alone is shown in Figure 6.15 The technology assessment data for Technology 

1 with the different levels of weighting applied: A – The raw data, no data weighting; B – 

With Entropy weighting; C – With Expert level weighting; D – With low relevance data 

excluded; E – With Expert and Entropy weighting applied; F – With Expert and entropy 

weighting and low relevance data excluded.. The figure shows the comparison of data 

with A the un-weighted data, B the data with entropy weighting applied and C all 

weightings applied.   

Comparing Figure 6.15 A and B, the entropy weighting factor alone had a small effect on 

the data in the case studies.  

The entropy factor could be seen to reward over confidence in that an assessor will have 

a higher value weighting factor if they answer every question and provide a definite, 

single-bin answer without a range. Without weighting an assessor, not highly qualified to 

provide an assessment, could skew the overall result. As the entropy weighting is 

applied with the expert level weighting then the potential for inexperienced assessors 

providing high-influence results that will skew the overall result is greatly reduced. 

Although in the analysis the effect of the entropy and expert level weightings on the 

overall result was not large, coupling the entropy with the expert level weighting does 

provide a ‘filter’ to reduce the influence of inexperienced assessors.  
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Although the effect of the weighting factors may not be very significant in determining the 

overall result in the case study, the application of weighting factors is important 

particularly where assessors may be of a wide range of experience and expertise in the 

assessment of technologies that touch on a diverse set of engineering disciplines.  

 The Elimination of low significance data in the data analysis 

In Figure 6.15 the effect of the different weighting factors is shown. The data analysis 

strategy that had the most significant visual effect on the data was excluding extreme 

data where the sum total in a data ‘bin’ (the data ‘bins’ being the 7 potential assessment 

values the assessor can allocate, i.e. -3 through to +3)   was of a value less than 1 

respondent (see Figure 5.17 for the details of the calculation). The effect of excluding 

extreme data was to reduce the data range. This shows the most likely performance 

range of the technology. 

The overall effects of eliminating the low significance data for both the Case studies can 

be seen in Table 8-1.  The difference between the total number of assessments (i.e. 

where an expert gave a rating for the technology) and the total number of ratings, ‘bins’ 

used, is where assessments were spread over more than 1 bin.  

The data elimination removed (‘lost’) 1.5% of all the experts assessments made in the 

AJ133 case study and 1.4% in the ULTRABOOST case study. When considering the 

elimination of part of an expert’s assessment the removal rate is higher, 3.7% for the 

AJ133 and 2.2% for the ULTRABOOST case study (see Table 8-1). As the distribution of 

expert levels is similar for the two case studies the differences in the data partially lost is 

due to the assessments made and not to data weighting relating to the expert level of the 

assessors. 

There is no indication from the published literature on the rate of data eliminated using 

analysis such as Cook’s Classical model, so the data elimination strategy adopted 

cannot be directly correlated with other analysis methods.  

As both case studies gave similar low levels of ‘lost’ assessments the strategy should be 

adopted for future technology assessments, but the data elimination rate should be 
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monitored. A method of comparing the strategy adopted to other data analysis methods 

would be beneficial for future technology assessment exercises.  

A more aggressive strategy to exclude extreme data can be applied but may eliminate 

important data. When considering the effects of the technologies the extreme data 

should be considered. Comparing two technologies that may deliver similar average 

results, a technology that has been assessed to have a much wider potential range of 

effects, particularly negative performance, may not be the preferred option.  

Table 8-1 Data ‘lost’ due to elimination of low significance data 
 AJ133 ULTRABOOST 
Total number of assessments 1402 3345 
Total number of ratings (Bins used) 1717 4408 
Assessments part lost 3.7% 2.2% 
Assessments totally lost 1.5% 1.4% 

 

 Combined data weighting 

Applying all three factors did not significantly change the mean value when compared to 

the un-weighted data. This could lead to a conclusion that the process may be simplified 

and the data weighting be left out. This may be true with some expert groups where all 

the experts are from similar disciplines and of similar expertise, but with complex system 

assessment this is unlikely to be the case. Further studies are needed with potentially 

more diverse expert groups before these stages could be confidently dispensed with.  

Data weighting is a subject that is considered important academically and is still being 

researched (Cooke, 2015).  

 How the Methodology fits into Technology Planning 

The methodology was initially planned to support the technology selection process early 

in the product planning stage before prototypes are available. The Case Studies have 

shown that the methodology can be used successfully in the product concept phase. The 

methodology is designed to fit in the planning phases where there is no prototype or 

surrogate data on the technology concepts being considered.  
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The methodology has demonstrated that the performance of the technologies and/or 

groups of technologies can be differentiated so could be used to identify the candidate 

technologies for investigation in the later development phases. 

An important feature of the methodology is it can be used to assess the performance of 

the technology relating to requirements that cannot be modelled without extensive 

testing. An example of this is in the ULTRABOOST technology assessment where the 

effect of wading (the technology being partially or fully submerged in water) when off-

roading. This aspect of the performance can only really be investigated when the final 

technology package has been built and tested in the appropriate way. This could be 

many years down the development process so an early assessment using expert opinion 

of this aspect of the performance may be very useful in deciding the technology. These 

types of questions can be asked in the development process but there are currently no 

established methods to provide an answer.  

 

 Impact of this work to Jaguar Land Rover 

The methodology does add to the early product planning processes currently in use and 

is appropriate for the Technology Strategy phase of TCDS. This would be part of the 

Technology Strategy (<TS>) work programme in TCDS. In this phase the technology 

concepts are selected that go forwards into the Concept Selection (<CS>) phase. The 

<CS> work programme identifies the concepts to be developed.  

Until it has been used in an actual programme the influence of the additional data the 

methodology could provide cannot be confirmed but additional data at a phase in the 

process that can be inherently ‘data-poor’, due the concept nature of the technologies, is 

likely to be useful. 

The new technologies, that are likely to impact upon Jaguar Land Rover in the near 

future with the increased application of hybrid and electric drivetrains, could benefit from 

this type of analysis to widen the range of aspects of the technologies performance that 
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is considered. The wide range of aspects of performance that can be covered in an 

assessment exercise could be of particular use to the planning of autonomous vehicles. 

Many subjective aspects of the behaviour and performance need to be considered and 

the use of a wide range of experts to assess these parameters may greatly assist the 

planning of the vehicles. The development of autonomous vehicles includes 

considerations that have not been required in vehicles such as the decision making 

processes involved in crash avoidance. The non-engineering moral aspects of the 

vehicle performance could be the subject of investigation to include a wider range of 

experts than is usually associated with technology or vehicle development. 

 

 How does this work compare to the literature? 

This research has linked the aspects of subjective analysis of expert opinion with in-

depth technical analysis of technologies and technology systems.  The methodology 

developed has taken the principles outlined by Cook that are applied to subjective 

probability investigations to a comparative analysis using a non-continuous assessment 

scale. Methods of data weighting have been developed for the methodology that directly 

parallel the methods used in other analysis schemes. 

 The investigation has, through the 3 case studies, shown different ways in which the 

data output from the methodology can be used and in the case of the AJ133 Case Study 

provided a measure of validation of the process. This type of analysis in the literature is 

usually associated with technologies that can be modelled and not with concept or low 

TRL level technologies where there is little or no experimental data available to go into 

simulations. 

 Future developments of the Methodology 

This research has focussed on the performance of the technology in delivering the 

customer requirements but an important aspect of the final technology selection of the 

cost of the systems. This was not included in the research as there are company 
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processes to establish the costs of individual technologies and systems. A future 

development of the methodology could be to link in the cost estimation processes to 

provide a cost benefit analysis of the systems. It was decided at the start of the research 

that the link would be a development of the methodology. The reasons for not including 

costs were that the costs of concept technologies can be very difficult to predict/establish 

and there are a number of cost estimation processes employed within the company that 

cover different aspects of the costs, e.g. piece price, manufacturing costs, development 

engineering costs, manufacturing facility costs. The cost estimation processes have 

changed since this research started so linking with one process may have compromised 

the selection process by being out-of-date. Also, the emphasis on the balance between 

in-house and out-sourced development and manufacture changes over time. 

 

 Future applications 

The methodology was developed using case studies based on automotive powertrain 

technology selection, but the methodology could also be applied to other areas where 

technology is combined into complex systems that deliver a function to the end-user, the 

customer, an example is autonomous vehicles. In the context of autonomous vehicles, 

the ‘technologies’ may be control strategies and the customer requirements may extend 

to moral decision on the control of the vehicle. This is a complex and emotive subject 

that may benefit from a wider expert opinion view. The methodology could be developed 

to provide analysis of the functions in the design and development process delivered by 

systems using artificial intelligence. Neither of these applications are considered in the 

current research. 

 Summary of Research Contributions 

The original contributions of the research presented in this thesis can be summarised as 

follows: 
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(1) The thesis introduces a framework for Customer Focussed Technology Selection 

(CFTS) designed for the evaluation of the impact of low TRL technologies in complex 

systems on the Customer. It is designed to be used early in the planning process of 

products with advanced technologies. The CFTS combines best practice from the 

literature in relation to including customer requirements into the methodology with 

expert opinion evaluation which is required to evaluate the impact of technology that 

are not directly related to user experience. QFD is included in the methodology, it 

being an established and widely used tool for including customer requirements and is 

used to link the qualitative customer requirements with engineering design 

requirements. The design requirements can then be evaluated by experts from a 

range of disciplines. 

(2) The thesis has introduced a CFTS tool with detailed methodology for expert opinion 

elicitation, which implement the rigorous principles that Cooke established for the 

analysis of subjective probabilities. The CFTS tool is investigated in the context of 

advanced powertrain technology selection, which is characterised by deep multi-

disciplinary complexity. The key methodological advancements include 

 Expert data elicitation using computer-based questionnaires that 

involve experts from a wide range of disciplines. The questionnaire, 

being easily distributed and based on ubiquitous software, has been 

proven to be useful for the elicitation of the opinions of both internal to 

the company and external experts. 

 A method of establishing a weighting factors for experts that reflects 

their different skill levels. This adjusts their influence on the final 

result. 

 Data weighting factor relating to the information content of the expert 

opinion have been developed that are parallels to factors established 

for subjective probability analysis tools.  
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 Analysis methods that are an alternative to seed questions to 

establish expert level so maximising the usefulness of questions 

asked in the questionnaire. 

(3) The thesis has presented 3 large scale real world industrial Case Studies where the 

CFTS was tested, refined and validated. The Case Studies have significant technical 

value in their own right – as they have informed the technology selection made by the 

Company – thus proving the impact of the academic work. The Case Studies have 

played a significant role in the structure and validation of the CFTS tool and 

associated methodology. 
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 Conclusions 

Based on the research results, analysis and discussion presented in this thesis the following 

conclusions can be drawn: 

(1) The Customer Focussed Technology Selection framework and methodology 

developed in this thesis is a new approach to selecting technologies and an 

effective framework for evaluating the impact of low TRL technologies in complex 

systems on the Customer. It can be used early phases of the product planning 

process. The CFTS combines the use of standard tools, e.g. QFD, with best practice 

from the literature for expert opinion evaluation to evaluate the impact of technologies 

that are not directly related to user experience. The methodology will allow the 

opinion of experts from a wide range of disciplines to be combined to give an overall 

result of how customer requirements are fulfilled by the technologies and technology 

combinations. 

(2) The research has shown that when assessing and selecting complex technologies 

and technology systems, a wide range of expert disciplines are required to complete 

the assessment. The multi-discipline expert opinions are combined to give an overall 

assessment of the performance of the technologies against a range of design 

requirements.  

(3) In combining the opinions, a system of expert weighting is introduced based on the 

assessor’s expertise. A method of evaluating the information content of the 

assessor’s opinion, the entropy weighting factor, has been developed using best 

practise from other expert opinion analysis methods. The expert weighting, entropy 

factor and the elimination of low relevance data are combined in order to ensure the 

validity of the evaluation and predictions.  The analysis was validated through 

industrial Case Studies and therefore can be recommended as good practice. 

(4) The large scale industrial Case Studies have validated the effectiveness of the CFTS 

methodology data acquisition and analysis for comparing the performance of 
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technologies and technology systems in delivering customer requirements and for 

identifying the strengths and weaknesses of technologies. The case studies have 

therefore demonstrated the methodologies suitability for use in the early phases of 

product planning for evaluating qualitative customer requirements that are inherently 

difficult to evaluate. 

(5) The case studies have demonstrated how the methodology is able to assess different 

technology combinations. Also, that the technologies and systems can be evaluated 

against different sets of customer requirements, with different requirement 

importance ratings, to provide data for optimising the technology content of different 

products. The methodology can be used to evaluate and compare multiple 

technology systems that cannot be investigated experimentally due to resource 

limitations. 

(6) The technology assessments can feed into other engineering analysis tools such as 

DFMEA. 

 

 Recommendations 

As the CFTS methodology has demonstrated its validity it should therefore be adopted for 

use in the Technology Strategy (<TS>) phase of TCDS to support technology selection. 

The methodology should be applied to the product planning phases of emerging 

technologies, such as autonomous vehicles, where expert opinion from many disciplines are 

required to combine to evaluate systems. 

Development of the software for data gathering and analysis will ease the wider application 

of the methodology. 

The CFTS methodology and the case studies are available for further development by 

academic and industrial researchers. 
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