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Prioritising critical success factors of total quality 
management in autonomous driving business 
models: A comparison between Germany and 
China
Zinan Wang1* and Reinhard Meckl1

Abstract:  As one of the most strategically relevant and financially promising 
developing industries, the requirements for autonomous driving (AD) systems´ 
reliability are dramatically higher than in the driver-based car industry. Using the 
analytic hierarchy process method, this study conducts a quantitative empirical 
study to prioritise the 15 critical success factors (CSFs) of total quality management 
(TQM) in the AD-ecosystem. The CSFs are derived from VDA and IATF 16949, two 
widely accepted TQM-frameworks in the car industry. Comparisons are made 
between Germany and China as two of the most important places in the world for 
strategic marketing for autonomous driving.

Subjects: Engineering Economics; Strategic Management; Management of Technology & 
Innovation; Marketing Management; Industry & Industrial Studies  

Keywords: total quality management; autonomous driving; automotive industry; IATF 
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1. Introduction
Total Quality Management (TQM) is a holistic concept for integrating quality as the core purpose 
for all levels of an organisation (company, institution, etc.). All processes are optimised continu
ously with the participation of all employees to ensure that the products and services are 
characterised by high quality (Musenze & Thomas, 2020; Rothlauf, 2014). TQM is therefore 
a management approach that aims to achieve a permanent optimisation of processes and 
procedures (Alanazi, 2020; Yusof & Aspinwall, 2000). According to a literature review by Aquilani 
et al. (2017), p. 103 academic papers covering the critical success factors (CSF)s of TQM are 
described, which shows that the topic has been already developed with certain prescriptions 
over the past few decades.

It is generally accepted that autonomous driving (AD)-ecosystems will be a fundamental dis
ruption in the car industry and that it is a major impetus for future innovation (Mauer et al., 2015; 
Wang & Meckl, 2020). The advantages achieved through innovation, such as increasing the 
efficiency and safety of the transport system, preventing traffic accidents, providing assistance 
(e.g., in the case of driver fatigue or driver impairment) to drivers as well as optimising the traffic 
flow, show the disruptive character of this new technology. In addition, the predicted sustainability 
of the AD ecosystem integrates not only technology aspects but also will influence and be 
influenced by non-technical factors such as environment, climate change as well as the use of 
space (AD will create efficiencies that require less cars on the road or parked on city streets) 
(Mauer etal., 2015, pp.151–73; Mora etal., 2020). Consequently,AD-ecosystems have proven to be 
the focus of research activities of the automotive industry and of public institutions, as well as in 
economic and academic circles (Mauer et al., 2015, p.4).

The necessity for a very high level of reliability within theAD-ecosystem is obvious (Wang & 
Meckl, 2020). In such a highly automated system, deficits in quality from the steering algorithm up 
to the sensor detection may cause severe damage to lives and material property. Wang and Meckl 
(2020) have identified 15 CSFs of AD- 
TQM with a qualitative empirical study as a pre-test for identifying and adapting the relevant 
factors in this new field. The next step should be prioritising the CSFs to support the players in 
the AD-ecosystem in implementing a highly reliable and successful ecosystem (Chin et al., 2008). 
Therefore, in this paper, we aim to contribute to the prioritising of CSFs in an AD-TQM-system with 
a quantitative scale analysis to establish highly reliable technical systems for AD-ecosystems.

Several research studies have already posited that China has the potential to become the 
world’s largest market for AD vehicles (see e.g., Beiker et al., 2016; Pizzuto et al., 2019). With 
huge potential and excellent motivations, new high innovative technologies for AD ecosystem 
must be integrated in China because of the complex traffic environment and safety requirements 
(Pizzuto et al., 2019; West, 2016). Since Germany is already an innovative technology leader at the 
international level with an excellent image and market acceptance, especially for the automotive 
industry (Dilk et al., 2008; Keck, 1993), Germany will also take a leading role in developing and 
establishing AD-ecosystems (Kaltenhäuser et al., 2020). With the big market potential and the high 
innovation capacity of both countries, it is interesting from a research point of view to compare the 
strategies the relevant players are implementing in the two countries, also as a means to identify 
potential ways of cooperation, which may accelerate the success of AD-ecosystem (Schlobach & 
Retzer, 2018). Therefore, a comparison model for understanding the CSFs of AD-TQM between 
Germany and China will be implemented for advancing research results on that topic, which have 
been missing up to now.

2. The Autonomous Driving (AD) ecosystem
To identify the CSFs, it is necessary to define and describe a typical AD-ecosystem in its most 
relevant components. Lima et al. (2016; also see Wang & Meckl, 2020) have stated that there are 
five factors which face the end users (in this case, the drivers) directly in an AD-ecosystem.
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S-Car: The autonomous driving car that can communicate with other 
S-Cars and S-components with CPU, sensors, and driving robots. (Lima 
et al., 2016; Datta et al., 2017; Mauer et al., 2015, pp. 9–36).

S-Components: Other sentient components, such as motorcycles or the 
roads and traffic lights with CPU, sensors, and driving robots in the ecosys
tem which communicate with each other and actively react according to the 
received information (Lima et al., 2016; Datta et al., 2017; Mauer et al., 2015, 
pp. 9–36).

Road-Side Units (RSUs): RSUs implement the communication between S-Cars 
and roads. The data will be acquired and controlled to coordinate the necessary 
information for the S-Cars about the traffic situations. Near-real-time images of 
the state of traffic in an area can be generated (Lima et al., 2016; Datta et al., 
2017; Mauer et al., 2015, pp. 9–36).

Trusted Authorities (TAs): TAs are public and private organisations such as the government, 
Technical Inspection Association (TÜV) and National Highway Traffic Safety Administration 
(NHTSA) for certifying the RSUs, S-Cars, and S-components (Lima et al., 2016).

Environment: everything else which is not interconnected in the ecosys
tem, such as non-autonomous cars, bicycles, and the physical environ
ment itself, i.e., roads, weather, obstacles, etc. (Lima et al., 2016; Datta 
et al., 2017; Mauer et al., 2015, pp. 9–36).

Based on this definition of players in the ecosystem, the five layers presented in Table 1 are 
identified:

As Layer 1, the cloud infrastructure providers implement the computing ability and storage 
capacity to process, store, and disseminate Big Data in near-real time (Datta et al., 2017; Lima 
et al., 2016; Lüers et al., 2017; Rauen et al., 2017).

Table 1. The five layers of an autonomous driving ecosystem (Lüers et al., 2017; Rauen et al., 
2017; Datta et al., 2017; lima et al., 2016; Mauer et al., 2015, p. 9–36; Wang & Meckl, 2020)
Layers Components of layers Descriptions of actors
Layer 1 Internet of Things (IoT) 

infrastructure providers
Providers of data centres, cloud 
services, and telecommunications

Layer 2 IoT platform providers Providers of platform solutions that 
deliver apps and software

Layer 3 App and software developers Developers and providers of 
software solutions

Layer 4 Trusted Authorities Public or private organisations that 
certify the RSUs, S-Cars, and 
S-components

Layer 5 Producers which manufacture 
S-Cars, S-components, and RSUs

Produce the sentient components 
with active sensors and actuators 
in the ecosystem
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The IoT platform providers (IoTPPs), as Layer 2, enable the digital connections of physical 
objects, as well as the transactions over the IoT via a coordinating platform (Lüers et al., 2017; 
Rauen et al., 2017).

The applications and software developers are located in Layer 3. They provide software services 
and solutions on the platform (Lüers et al., 2017; Rauen et al., 2017).

The trusted authorities as Layer 4 provide the institutional platform for autonomous driving and 
certify the components such as roadside units (RSUs), S-Cars, and S-components based on national 
laws and policies (Datta et al., 2017; Lima et al., 2016; Lüers et al., 2017; Rauen et al., 2017).

The producers that manufacture the S-Cars, S-components and RSUs with active sensors and 
actuators are located in Layer 5 (Lima et al., 2016; Lüers et al., 2017; Rauen et al., 2017, 2017).

Figure 1 shows the ecosystem of autonomous driving in a graph (Wang & Meckl, 2020).

3. CSFs of AD-TQM
The CSFs of TQM have been discussed by many scholars, who have advocated certain prescriptions 
in different industries over the past few decades. Vimal Kumar and Sharma (2014) have identified 
36 CSFs of TQM. According to Aquilani et al. (2017), ten CSFs in TQM have been defined as “most 
important”. The IATF has integrated seven of the most core CSFs for the automotive industry. 
Wang and Meckl (2020) have summarized the resulting matrix as Table 2:

Based on the matrix table, also considering the integration of the German Association of the 
Automotive Industry (VDA), another relevant and integrated quality management system in the 
automotive industry, and using the 103 research papers about the CSFs of TQM by Aquilani et al. 
(2017) as the basis and starting point, Wang and Meckl have developed 15 CSFs of AD-TQM 
(Franceschini et al., 2011; Qualitätsmanagementsystem-, 2016; VDA2, 2012; Wang & Meckl, 2020).

The 15 CSFs are first identified as 15 corresponding hypotheses using conceptual methodology 
without an empirical study (Arumugam et al., 2011; Idris & Zairi, 2006; Mandava & Bach, 2015; 
Mustafa & Abdul, 2012; Soltani et al., 2005; Talib & Rahman, 2010). A pre-test was conducted using 
qualitative cognitive expert interviews (Mellahi & Eyuboglu, 2001; Mensah et al., 2012; Niu & Fan, 

Figure 1. AD-ecosystem (Wang 
& Meckl, 2020).
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2015), so that the 15 CSFs are generated (see Table 3; for details on the CSFs see Wang & Meckl, 
2020).

4. Methodology: quantitative analytic hierarchy process
To prioritise CSFs, the analytic hierarchy process (AHP) approach can be implemented (for details 
on AHP see e.g., Saaty). The AHP is “hierarchical” because the criteria that are used to solve 
a problem are always placed in a ranking, i.e., a hierarchical structure. The elements of a hierarchy 
can be divided into groups, whereby each group only influences one other (“higher”) group of 
hierarchy elements and is only influenced by one other (“lower”) group (Saaty, 1994; Golden et al., 
1989). It is called “analytical” because it is suitable for comprehensively analysing a complex 
problem constellation in all its dependencies (Saaty, 1994; Golden et al., 1989). In addition, the 
AHP provides a procedural flow of how to prioritise the elements (Saaty, 1994; Golden et al., 1989), 
which is also the objective of this paper with the CSFs (“elements”) of an AD-ecosystem.

Due to these characteristics, the AHP has become a widely employed methodology for creating 
ranking lists. According to Wasil and Golden (2003), thousands of AHP applications have been used 
to support the generation of strategies of ecosystems in more than 30 diverse areas. It has also 
been employed in research papers(see for example, Rezazadeh et al., 2012) for prioritising the 
general CSFs of TQM. The common approach, adapted to the research focus of this paper, should 
be executed as follows (Cheng & Li, 2002; Saaty, 1994; Lam & Chin, 2005; Golden et al., 1989):

(1) Identifying the CSFs of AD-TQM

(2) Defining the questionnaire as well as the profile of the experts

(3) Collecting the data by pair-wise comparisons of the CSFs

(4) Calculating the consistency ratio (CR) of the judgments

(5) Representing the weights of the CSFs of AD-TQM

(6) Implementing the comparison between Germany and China, using additional qualitative 
cognitive expert interviews.

Step 1 has been adopted from prior research, as explained above.

Table 2. Matrix of the quality principles of IATF 16949 and the CSFs of TQM (Wang & Meckl, 2020)
Quality principles of IATF 
16949

CSFs of Vimal Kumar & 
Sharma, 2014

CSFs of Aquilani et al., 2017

Customer focus Customersatisfaction/Customer 
interaction (SN 10)

Customer focus/satisfaction (2)

Leadership Involvement of top management 
(SN 2)

Leadership/top management 
commitment/role of top 
management (1)

Engagement of people Linking with HR practices (SN 3) Training and education (3) 
Employee commitment and 
attitude/involvement (9)

Process approach Quality management—Process 
management (SN 4)

Process quality management (6)

Improvement Continuous improvement (SN 5) Continuous improvement (7)

Evidence-based decision making TQM tools and techniques (SN 7) Measurement of metric systems/ 
data information and analysis/ 
quality data and reporting (4)

Relationship management Quality management (SN 4)— 
Supplier quality management

Supplier collaboration/ 
management/supplier quality 
(management) (5)
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For Step 2, it is important that the questionnaire survey focuses on experts from all five layers. 
To guarantee high-quality answers, the experts must have direct project experience in connec
tion with an AD-ecosystem. The quantity of the experts from each layer between Germany and 
China should be the same for a fair comparison. The referencing organisations by each layer, for 
example, Nokia in infrastructure, Baidu in IoTPPs, Fraunhofer Institute in app developers and 
software, the provincial government in trusted authorities as well as e.g., Audi in automotive 
OEMs should be included, so that the results are more convincing. Since AHP does not require the 
involvement of a large number of experts (Cheng & Li, 2001), all the participants interviewees 

Table 3. 15 CSFs of AD-TQM (Wang & Meckl, 2020, pp. 21–22)

Current CSFs of TQM in the automotive 
industry

CSFs as hypotheses of AD-TQM

1. Customer focus/satisfaction 1. Handling of complaints must be harmonised in the 
whole ecosystem, i.e., for all five layers.

2. An emergency plan for products, processes, 
services and systems that incorporates all five layers 
must be integrated into the ecosystem.

2. Leadership 3. Top management´s involvement with all actors for 
all five layers in the ecosystem of autonomous driving 
is a necessary precondition for a high- level AD-TQM 
system.

3. Engagement of people 4. Employees should be trained and involved in the 
processes of the ecosystem of autonomous driving.

4. Process approach 5. Process approach remains the same: Organisations 
should be built as systems with interlinked processes, 
of which the key TQM processes should be identified.

5. Improvement 6. Digital curriculum vitae processing should be 
realised and implemented for all components in the 
ecosystem.

7. Predictive maintenance processing should be 
realised and implemented for all components in the 
ecosystem.

6. Evidence-based decision making 8. Data and information exchange for all five layers in 
the ecosystem should be coordinated and monitored.

7. Relationship management 9. A production process and product release 
procedure should be defined for all five layers in the 
ecosystem.

10. The audit process should be performed for all five 
layers in the ecosystem.

11. The responsibilities of the public and private 
organisations for the processing of the components in 
the ecosystem must be defined and a legal 
framework must be established.

No description 12. A suitable application environment (temperature 
range, dampness range, visual clarity, road 
conditions, etc.) with integrated automated 
measurements and a stop (no drive) function, which 
operates when environmental factors are out of 
application range, should be implemented for the 
S-Cars.

No description 13. Different quality requirements for special 
important characteristics of all five layers in the 
ecosystem should be classified, realised, and 
controlled.

No description 14. The data protection principles should be defined 
and implemented in the ecosystem.

No description 15. The platform, frameworks and interlinks in the 
ecosystem must be standardised.
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have been reached by personal contacts of the authors, ensuring that the experts have the trust 
and readiness to express their real opinions of the new, unfamiliar, and sensitive theme instead 
of issuing statements made with a view to mere political correctness.

Therefore, eight experts in IoT infrastructure providers, 10 experts in IoTPPs, 10 experts in 
software and app developers, eight experts in trusted authorities, as well as 28 experts in auto
motive OEMs and system suppliers were sought out in Germany and China. The experts are either 
senior engineers who are deeply integrated in AD-ecosystem projects or senior managers (CXOs) 
who must focus on the business strategy of the whole ecosystem. The profile of the participants as 
well as their employers are reported in Table 4. Due to confidentiality, the names of the compa
nies/institutions have been replaced by a description of institutions’ position in the ecosystem and 
their respective industry.

Through a pair-wise comparison (procedure in detail see also Kou et al., 2016; Ramík & Korviny, 
2010), the AHP can rate the CSFs quantitatively. Summing up Step 3, 64 questionnaires were sent 
to the participants, and all of them responded with the quantitative pairwise comparisons mainly 
because their permission to do so has been cleared beforehand. In the questionnaires, the 
responses should evaluate how important they think the 15 CSFs will be for the success of AD- 
TQM. The participants should assign points (the more points, the more important is the respective 
factor for the success of AD-TQM) to each factor. As a control condition, the points in total for the 
15 CSFs must be 100. A side-document including an explanation of the method and giving back
ground information proved useful since no follow-up inquiries from the participants were made.

To ensure that all the judgments were consistent, the consistency tests of each data set were 
calculated in the fourth step with the formal CR = CI/RI (see also Chu and Liu, 2002). The RI is the 
random index and should be defined as 1.58 based on n (CSFs of TQM) = 15 (Yap et al., 2018) in this 
paper. With the formal CI (consistency index) ¼ λ max � n

n� 1 , that λmax is calculated by averaging the 
value of the consistency vector (procedure in detail also see Alonso & Lamata, 2006; Geoff, 2004). 
The consistency ratios CR of these 64 data sets are all below 0.1, which means these data are 
consistent and reliable (Saaty). The norming of the total points which could be assigned to 100 
ensures a high consistency. The consistency indices of each data set are shown in Table A1 
(Appendix).

Therefore, the weighting of the 15 CSFs of AD-TQM can be implemented based on all the 64 
questionnaires, which appear in Table A2 in the Appendix (from highest to lowest weighting). The 
weighting from the German point of view based on the data of the 32 German experts appears in 
Table A3 in appendix and from the Chinese point of view, based on the data of the 32 Chinese 
experts, Table A4 in the Appendix shows the weights.

For Step 6, qualitative interviews were conducted as the main approach to an innovative, i.e., 
unstructured field of research (Bethann et al., 2019; Wang & Meckl, 2020; Willis, 2004, 2015). The 
same method was also integrated by other cited papers about the CSFs of TQM (Mellahi & 
Eyuboglu, 2001; Mensah et al., 2012; Niu & Fan, 2015). In this paper, this method has been used 
to interview some of the 64 experts from both Germany and China after the quantitative AHP. This 
supports the researchers in identifying the unrealised potential interdependencies as well as 
determining the main reasons for the differences in the prioritising of the CSFs of AD-TQM between 
Germany and China. The results were meant to highlight the reasons for some big differences in 
the evaluations of experts from both countries. Therefore, in the present paper, six experts from 
Germany and China were interviewed. Their evaluated points as well as the correlations are shown 
in Table 5 (n/a is the abbreviation for “not available”).

In addition, the interviews were a chance to discuss with the experts whether and why they 
want to add new factors to the CSF list of AD-TQM. The proposed new CSFs were discussed until 
both experts and authors agreed on the new ideas.
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5. Results and discussion
We ranked the weights of the CSFs along four levels:

(1) Very important (8% ≤ normalised priority weight)

(2) Important (7% ≤ normalised priority weight < 8%)

(3) Neutral (6% ≤ normalised priority weight < 7%)

(4) Less important (normalised priority weight < 6%)

Taking the four levels, the German and Chinese experts have the same opinion on CSF 8 (Data 
and information exchange procedure). It is the only “very important” CSF of AD-TQM. Collecting, 
analysing, and exchanging the relevant data and information between the five layers to reach 
a conformity of products and services, customer needs and satisfaction, as well as the implemen
tation and performance of the TQM system does make the most relevant contribution to a high 
level of an AD-TQM-system. As a consequence, the building up of such an exchange procedure 
should be one of the critical challenges in an AD-ecosystem. With players from very different 
backgrounds (see Table 1), solving this task requires high capabilities in ecosystem governance and 
coordination.

Several previous research studies have already stated that the implementation of the Big Data 
has significant implications for sustainability with the excellent understanding of operations, 
determining the environment (energy) risks, optimising the resource implementation, as well as 
establishing better regulation (see e.g., Dubey et al., 2019;).The present research has proved that 
these considerations are also suitable for building up an AD-TQM system.

The six CSFs 15, 13, 10, 3, 5, and 14 are evaluated from both sides, Germany and China as 
“neutral” CSFs, which means these factors should be considered for building up the AD-TQM but 
are not the highest priorities.

From both Germany and China, it is stated that CSF 4, to involve and train all the employees for AD- 
TQM, seems to be a “less important” CSF, which is somehow surprising, regarding the high relevance of 
the human factor in traditional TQM-systems. Further interviews with the experts (Experts 2, 4, 5, and 
6, whose points are all less than 6% by CSF 4) show that the eperts doubtthere are enough resources 
to train all the employees of every player because of the high complexity and innovation of the AD- 
ecosystem. In addition, the level of the automation of the AD ecosystem will be extremely high, which 
means that not all employees significantly influence the success of the AD-ecosystem. Some reference 
roles such as the technology and marketing are very important. Therefore, it makes more sense to 
train solely the target employees who are highly relevant for the performance of the ecosystem.

The enterprise resource management theory, especially the resource capacity, as well as resource 
prioritisation and allocation in sustainable development (see e.g., Hoch & Dulebohn, 2013; K. Kumar & 
van Hillegerberg, 2020; Parris & Kates, 2013), could be the theoretical basis for explaining the very 
surprising result that most resources should be planned and placed for the most important tasks, in 
this case, to train the target and relevant employees of the AD ecosystem with limited resources.

In further discussion with the interviewees, they all agreed that resource management could be 
a new important CSF of AD-TQM with the explanation that in practice, the relevant resources are 
always limited. With the integration of such considerations in the CSFs, the implementation of 
an AD-TQM can be planned and considered in a more practical way.

Therefore, a new CSF (CSF 16) of AD-TQM could be defined as:

16. The participants of all five layers should plan and prioritise their limited resources for the 
most important processes of AD-TQM.
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Table 6. Weights of the CSFs of AD-TQM according to the four levels of importance in total and 
between Germany and China
CSFs of AD-TQM Ranking (total) Ranking (Germany) Ranking (China)
8. Data and information 
exchange for all five 
layers in the ecosystem 
should be coordinated 
and monitored.

Very important Very important Very important

11. The responsibilities of 
the public and private 
organisations for the 
processing of the 
components in the 
ecosystem must be 
defined and a legal 
framework must be 
established.

Important Neutral Important

9. A production process 
and product release 
procedure should be 
defined for all five layers 
in the ecosystem.

Important Neutral Important

2. An emergency plan for 
products, processes, 
services, and systems 
that incorporates all five 
layers must be integrated 
into the ecosystem.

Important Neutral Important

7. Predictive maintenance 
processing should be 
realised and 
implemented for all 
components in the 
ecosystem.

Neutral Important Neutral

12. A suitable application 
environment 
(temperature range, 
dampness range, visual 
clarity, road conditions, 
etc.) with integrated 
automated 
measurements and 
a stop (no drive) function, 
which operates when 
environmental factors are 
out of application range, 
should be implemented 
for the S-Cars.

Neutral Important Neutral

15. The platform, 
frameworks, and 
interlinks in the 
ecosystem must be 
standardised.

Neutral Neutral Neutral

13. Different quality 
requirements for special 
important characteristics 
of all five layers in the 
ecosystem should be 
classified, realised, and 
controlled.

Neutral Neutral Neutral

10. The audit process 
should be performed for 
all five layers in the 
ecosystem.

Neutral Neutral Neutral

(Continued)
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Because of the massive difference between Germany and China, CSF 11 (legal framework and 
sharing of competences between public and private institutions) is discussed ambiguously. It is 
(only) ranked as a middle “neutral” CSF for Germany but scored as the highest “important” CSF for 
China. Because of the high scoring on the Chinese side, it is considered as the highest “important” 
(one level below the “very important”) CSF of AD-TQM in total. According to the further discussions 
with the experts referenced, the biggest difference is to define/integrate the role and responsibility 
of the government for the AD-ecosystem. German eperts recognise no priority and stay quite 
neutral on whether the government should be really integrated to realise AD technology. Chinese 
experts believe that one of the most important parts should be the legal framework which cannot 
be realised without the government. In addition, the government may take on the orchestrator 
role to coordinate other layers based on the law and policy aspects.

Several papers have already asserted that in general, a good government should develop and 
maintain strategies, policies, and programs to promote sustainability (Bell, 2002; Saha, 2009). 
Specifically for AD ecosystems, research studies have also discussed that the government may 

CSFs of AD-TQM Ranking (total) Ranking (Germany) Ranking (China)
3. Top management´s 
involvement with all 
actors for all five layers in 
the ecosystem of 
autonomous driving is 
a necessary precondition 
for a high-level AD-TQM- 
system.

Neutral Neutral Neutral

5. Process approach 
remains the same: 
Organisations should be 
built as systems with 
interlinked processes, of 
which the key TQM 
processes should be 
identified.

Neutral Neutral Neutral

14. The data protection 
principles should be 
defined and 
implemented in the 
ecosystem.

Neutral Neutral Neutral

6. Digital curriculum vitae 
processing should be 
realised and 
implemented for all 
components in the 
ecosystem.

Neutral Less important Neutral

1. Handling of complaints 
must be harmonised in 
the whole ecosystem, i.e., 
for all five layers.

Less important Neutral Less important

4. Employees should be 
trained and involved in 
the processes of the 
ecosystem of 
autonomous driving.

Less important Less important Less important

16.The participants of all 
five layers should plan 
and prioritise their limited 
resources for the most 
important processes 
of AD-TQM.

new CSF new CSF new CSF
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offer support to build up the necessary infrastructure as well as to define new laws and 
a regulatory framework (Mauer et al., 2015, pp. 151–73). This paper has contributed to further 
discussion, clarifying that the exact role and position of the government should be defined clearly 
and will be very different based on diverse countries with varying cultural backgrounds in AD- 
ecosystem.

CSF 9 (a standard and consistent release process for product and production in the ecosystem) is 
also in discussion because the evaluations are ranked as a “neutral” CSF by Germany but as an 
“important” CSF by China, which leads to an “important” CSF of AD-TQM in total. For German 
experts, this CSF is a support process to ensure that the integrated technologies from different 
layers are reliable. Therefore, the technologies should be most important instead of the release 
process itself. On the other hand, the Chinese experts prefer to have an AD-ecosystem in the 
market in which the technology is perhaps not so mature at first but can be developed continu
ously, based on the feedback from the market and Big Data analytics. Therefore, a standard 
release process to ensure the security of the AD-ecosystem is important.

A similar discussion can also be seen in CSF 2 (implemented emergency plan): the German 
viewpoint is a “neutral” but CSF 2 is defined as “important” by China, the same as the ranking in 
total. During the further interviews, the German experts have the similar statement that a mature 
technology of the AD-ecosystem (both products and production) should be developed, which 
means a complex emergency plan is not needed. In contrast, China prefers the same as CSF 9: 
to have an AD-system in the market first without the (“over required”) full maturity so that an 
emergency plan to ensure the security and reliability of the AD-ecosystem is needed. Therefore, it 
is judged as “important”.

The discussion of CSF 7 (predictive maintenance processing) is critical, since to the Germans it is 
“important” while it is ranked as a middle “neutral” CSF by China. It is considered to be as 
a “neutral” CSF of AD-TQM in total. Based on the further interviews of the experts, the different 
understandings (similar to CSFs 9 and 2) for “technology first” in Germany and “market first” in 
China are also the main reasons here. The German experts have stated that automatic predictive 
maintenance should be one of the innovative new technologies to ensure the matureness of 
the AD-ecosystem during the whole system life, which leads it to be an “important” CSF. On the 
other hand, the experts in China prefer to concentrate on the development of the AD-ecosystem 
itself instead of investing many resources to integrate an automatic predictive maintenance 
technology, which could slow the market entrance because of the high investment required and 
a too-long development period.

The CSF 12 (automated environment application) is ranked from the German side as “impor
tant”. From China, it is judged as the highest “neutral” CSF, where the CSF is also ranked as 
“neutral” in the total overview. A similar justification of this difference is also the “technology 
first” reasoning from Germany or “market first” from China. In German opinion, the start-stop 
function based on the suitable application environment of an AD-ecosystem should be one of the 
interesting new and innovative technologies to be implemented in the AD-ecosystem, whereas the 
Chinese experts agree with this statement but at the same time they also fear that the suitable 
application environment cannot be determined correctly. As a consequence, there could be too 
many “stops based on fake false environment”, so that the driver experience of the AD-ecosystem 
could be negatively influenced. Therefore, CSF 12 is ranked as “neutral”.

Because of the huge difference between Germany and China, the CSF 6 (digital curriculum vitae) 
is also in discussion. It is ranked as the lowest “less important” (5.72%) CSF for Germany but scored 
as a middle “neutral” (6.53%) CSF for China. In sum, it is judged as a “neutral” CSF of AD-TQM. 
During the further interviews, the German experts stated that the digital curriculum vitae for all the 
components of an AD-ecosystem is only an excellent theoretical idea. In practice, they cannot 
image which technologies can be integrated to realise such a complex innovative approach. In 
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addition, there is uncertainty about whether it makes sense to invest so many resources regarding 
the risk that, due to the high complexity of such a system, the performance of the AD technology is 
not improved by a digital curriculum vitae. Therefore, it is ranked as the lowest “less important”. In 
contrast, the China experts have the opinion that such a technology could help to define the 
responsibility of the potential failures and improve the trust of the end users for the AD-ecosystem. 
Of course, to produce all the components with such a complex and expensive technology is not 
possible, but it can be implemented for the important parts (for example, the algorithm of AD 
software). It could be a huge advantage for the marketing side to show the industry’s innovation 
to the customers. Thus, it is weighted as a middle “neutral” CSF.

According to previous research (see e.g., Hall & Vredenburg, 2003; Kolk & Van Tulder, 2010; Lubin & 
Esty, 2010), it can be stated that both technological innovation and marketing development are the 
critical factors, which have close interactions (innovation could create a sustainable marketing profit 
and a sustainable marketing profit would encourage the continuous technical investments and 
motivations) for the sustainability of a business ecosystem. With regard to this phenomenon, the 
present paper has demonstrated the significat difference in the understanding and prioritisation of 
the two critical factors from Germany and China and opened a further discussion to analyse the 
reasons for the difference as well as to achieve a balance between the two factors to develop 
a reliable AD-TQM.

In further discussions with the interviewees, they have stated that the significant difference is 
because of the different understanding from Germany and China regarding new innovative busi
ness ecosystems. It should not be defined as a new CSF of AD-TQM because the cultural difference 
could influence many other aspects and can’t be considered as a separate factor.

For the CSF 1, the handling of complaints in the AD-ecosystem, the total rating is scored as “less 
important”. The ratings between Germany and China are different but both ratings (Germany: 
6.00%; China: 5.94%) are at the borderline between “neutral” and “less important” with similar 
understandings.

The summary of the analysis is shown in Table 6.

6. Conclusions, limitations, and outlook
The purpose of this study is to prioritise the 15 CSFs of AD-TQM quantitatively and implement a 
comparison between Germany and China.

The AHP method was adopted. 64 experts from all five layers of an AD-ecosystem from Germany 
and China who are either senior experts of AD-projects or the senior managers who must focus on 
the strategy of the new ecosystem were selected. The 64 experts completed 64 quantitative pair 
wise questionnaires to weight the 15 CSFs of an AD-TQM-system. The consistency ratios are all 
below 0.1, which means that all the data sets are reliable for further analysis. Six experts were 
interviewed for the further explanations of the differences in results between Germany and China.

Four levels of the weights as “very important”, “important”, “neutral”, and “less important” were 
defined based on the scorings of the CSFs.

The CSF 8, data and information exchange and analysis in the AD-ecosystem, proved to be the 
only “very important” CSF for the success of the AD- 
TQM.As theoretical explanations, several previous research studies have already stated the theory 
of Big Data for sustainability. The CSFs 11, 9, and 2, to define the responsibilities of the public and 
private organisations to certify the layers in AD-ecosystem, define a release process of product and 
production, as well as to integrate an emergency plan of application, have been defined as the 
“important” CSFs of AD-TQM. The CSFs 7, 12, 15, 13, 10, 3, 5, 14 and 6 have been judged as the 
“neutral” CSFs. The CSF 1, handling of the complaints, as well as the CSF 4, involving and training of 
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all the employees, have been ranked as the two “less important” CSFs. For the surprising evalua
tion of CSF 4, the enterprise resource management theory in sustainable development could be a 
theoretical basis for an explanation. Additionally, it has been selected as a new important CSF 
during the interviews for a practical reliable implementation of an AD-TQM.

Seven CSFs showed different evaluations between Germany and China. One of the biggest 
differences of understanding between Germany and China is the role and responsibilities of the 
government in the AD-ecosystem (CSF 11) which has been also discussed by other referenced 
research. The German experts stayed neutral and had no preference whether government, or 
generally speaking public authorities, should be tightly integrated in the ecosystem, whereas the 
Chinese experts determined that the participation of government authorities is a precondition for a 
successful AD-TQM, based on law and policy aspects. According to some Chinese experts inter
viewed (Expert 2, 4, and 6), the government should even take the orchestrator role to coordinate 
other participants to realise the AD-TQM. The basic result thus is that CSF 11, the responsibilities of 
the public organisations, does not correspond between Germany and China. The Germans ranked it 
as “neutral”, while the Chinese scored it as the highest “important” CSF.

The other big difference of understanding of how to develop the AD-ecosystem between 
Germany and China is the “technology first” attitude in Germany versus the “market first” attitude 
in China. The German experts interviewed (Expert 1, 3, and 5) preferred to have a mature 
technology before the market rollout, so that the applications of the AD-ecosystem could be 
secure and reliable for the long-term stable development of the industry. On the other hand, the 
Chinese experts interviewed (Expert 2, 4, and 6) had the idea to roll out the AD technology to the 
market without introducing “overly required” matureness. Afterwards, the AD-ecosystem can be 
developed and optimised continuously and efficiently based on the feedback from the customers 
and on Big Data analytics for the applications. Because of this basic difference, the CSFs 9, 2, 7, 12, 
6 and 1 are differently ranked from the German and Chinese sides. These two factors (“technology 
first” and “market first”) have close interactions and should be realized with an feasible balance for 
a sustainable AD-TQM.

Furthermore, an important contribution of this study is in relation to sustainability and generally 
with compliance to ESG-related management. Our study contributes to promoting an environmen
tally important and socially desirable new system of mobility. Identifying and empirically validating 
CSFs are preconditions for establishing the future environment-central mobility system. It helps to 
efficiently operate this system and to ensure a long-lasting survival of an AD ecosystem that helps 
make mobility cheaper and easier to use.

The limitations of this approach may be found on the methodological level. In the AHP- 
approach, the subjective factor in filling out the questionnaires and thus determining the hier
archical structure are obvious (see also Kaliyamurthi, 2017; Oguztimur, 2011). What is more, the 
sample consisted of 64 experts as well as six interviewed experts from two different countries, 
which means that for each layer and each country, the number of experts may be too low to 
guarantee a generally valid result. Experts from all five layers, and also from other interesting 
countries such as the USA or Japan, should be integrated in future studies to reach a higher level of 
empirical verification. In this case, the present research can be defined as a starting basis and an 
official introduction toward beginning a research project for acquiring the experience of the 
experts in all five layers and all relevant countries without depending upon personal contacts . 
Furthermore, multi-level sample sizes are required since variations in results may occur depending 
on different criteria or different groups such as gender, age, ethnic group, etc. Therefore, the CSF 
list should be a dynamic construct with the idea that the CSFs have been defined and prioritised 
according to the current technology based on the present surveys. New CSFs with new prioritising 
resulting, e.g., from technological developments, could be stated with further quantitative research 
and interviews.
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Future research should also focus on the analysis and implementation of the new CSF “resource 
management”. Moreover, an interesting result is the differing opinion on the role of the govern
ment in AD-ecosystems. Future research should develop types of AD-ecosystems with different 
levels of government involvement and evaluate the effects on TQM. Furthermore, it is also 
necessary to study the phenomenon and the associated meanings of the “technology first” 
approach in Germany and “market first” in China for building up a successful AD-TQM system in 
general. Such a study could help to define the orchestrators as well as their exact roles in order to 
see who will and should take which responsibilities (and how) to build up a reliable AD-TQM in the 
future. What is more, further relevant CSFs of AD-TQM should be integrated and prioritised 
continuously by further surveys with large quantitative data. In addition, the cooperation and 
coalition between Germany and China to build up an international standard AD-TQM could be 
implemented after analysing the differences in understanding for the complex innovative new 
ecosystem.

In summary, Wang and Meckl (2020) have identified 15 CSFs of AD-TQM as the first step with a 
qualitative pre-test according to (only) four interviews of experts by only two layers (three by layer 
5 and one by layer 3). As a further procedure, the present research has prioritised the 15 CSFs 
according to 64 quantitative empirical studies based on the data from all five layers as a critical 
further step. Moreover, six qualitative interviews have been conducted to analyse the reasons for 
the prioritising as well as to determine further potential new CSFs of AD-TQM. With this analysis, 
the understandings of the AD-TQM ecosystem have been implemented more comprehensively (all 
the layers have participated) and deeply (much more experts have participated with quantitative 
evaluations). The importance and sensitivity of the topic has been also widely extended from both 
the theoretical and practical side (several senior managers for example, the president, the CEO and 
the CMO of several very famous institutional organisations have been quantitative questioned and 
qualitative interviewed). Several further research directions such as discussing the orchestrators of 
the AD ecosystem and defining the exact role and responsibilities of the government in the AD 
ecosystem have been specified much more clearly.
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Table A2. Weighting of 15 CSFs of AD-TQM (total)
CSFs of AD-TQM Normalised priority weights
8. Data and information exchange for all five layers in 
the ecosystem should be coordinated and monitored.

8.08%

11. The responsibilities of the public and private 
organisations for the processing of the components in 
the ecosystem must be defined and a legal 
framework must be established.

7.23%

9. A production process and product release 
procedure should be defined for all five layers in the 
ecosystem.

7.16%

2. An emergency plan for products, processes, 
services, and systems that incorporates all five layers 
must be integrated into the ecosystem.

7.14%

7. Predictive maintenance processing should be 
realised and implemented for all components in the 
ecosystem.

6.78%

12. A suitable application environment (temperature 
range, dampness range, visual clarity, road 
conditions, etc.) with integrated automated 
measurements and a stop (no drive) function, which 
operates when environmental factors are out of 
application range, should be implemented for S-Cars.

6.78%

15. The platform, frameworks, and interlinks in the 
ecosystem must be standardised.

6.73%

13. Different quality requirements for special 
important characteristics of all five layers in the 
ecosystem should be classified, realised, and 
controlled.

6.69%

10. The audit process should be performed for all five 
layers in the ecosystem.

6.48%

3. Top management´s involvement with all actors for 
all five layers in the ecosystem of autonomous driving 
is a necessary precondition for a high-level AD-TQM- 
system.

6.36%

5. Process approach remains the same: Organisations 
should be built as systems with interlinked processes, 
of which the key TQM processes should be identified.

6.36%

14. The data protection principles should be defined 
and implemented in the ecosystem.

6.34%

6. Digital curriculum vitae processing should be 
realised and implemented for all components in the 
ecosystem.

6.13%

1. Handling of complaints must be harmonised in the 
whole ecosystem, i.e., for all five layers.

5.97%

4. Employees should be trained and involved in the 
processes of the ecosystem of autonomous driving.

5.77%
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Table A3. Weighting of 15 CSFs of AD-TQM (German)
CSFs of AD-TQM Normalised priority weights
8. Data and information exchange for all five layers in 
the ecosystem should be coordinated and monitored.

8.13%

7. Predictive maintenance processing should be 
realised and implemented for all components in the 
ecosystem.

7.03%

12. A suitable application environment (temperature 
range, dampness range, visual clarity, road conditions, 
etc.) with integrated automated measurements and 
a stop (no drive) function, which operates when 
environmental factors are out of application range, 
should be implemented for the S-Cars.

7.00%

2. An emergency plan for products, processes, 
services, and systems that incorporates all five layers 
must be integrated into the ecosystem.

6.94%

9. A production process and product release 
procedure should be defined for all five layers in the 
ecosystem.

6.94%

15. The platform, frameworks, and interlinks in the 
ecosystem must be standardised.

6.94%

13. Different quality requirements for special 
important characteristics of all five layers in the 
ecosystem should be classified, realised, and 
controlled.

6.84%

11. The responsibilities of the public and private 
organisations for the processing of the components in 
the ecosystem must be defined and a legal 
framework must be established

6.81%

10. The audit process should be performed for all five 
layers in the ecosystem.

6.78%

14. The data protection principles should be defined 
and implemented in the ecosystem.

6.50%

5. Process approach remains the same: Organisations 
should be built as systems with interlinked processes, 
of which the key TQM processes should be identified.

6.47%

3. Top management´s involvement with all actors for 
all five layers in the ecosystem of autonomous driving 
is a necessary precondition for a high-level AD-TQM- 
system.

6.03%

1. Handling of complaints must be harmonised in the 
whole ecosystem, i.e., for all five layers.

6.00%

4. Employees should be trained and involved in the 
processes of the ecosystem of autonomous driving.

5.88%

6. Digital curriculum vitae processing should be 
realised and implemented for all components in the 
ecosystem.

5.72%
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Table A4. Weighting of 15 CSFs of AD-TQM (Chinese)
CSFs of AD-TQM Normalised priority weights
8. Data and information exchange for all five layers in 
the ecosystem should be coordinated and monitored.

8.03%

11. The responsibilities of the public and private 
organisations for the processing of the components in 
the ecosystem must be defined and a legal 
framework must be established.

7.66%

9. A production process and product release 
procedure should be defined for all five layers in the 
ecosystem.

7.38%

2. An emergency plan for products, processes, 
services, and systems that incorporates all five layers 
must be integrated into the ecosystem.

7.34%

3. Top management´s involvement with all actors for 
all five layers in the ecosystem of autonomous driving 
is a necessary precondition for a high-level AD-TQM- 
system.

6.69%

12. A suitable application environment (temperature 
range, dampness range, visual clarity, road 
conditions, etc.) with integrated automated 
measurements and a stop (no drive) function, which 
operates when environmental factors are out of 
application range, should be implemented for the 
S-Cars.

6.56%

6. Digital curriculum vitae processing should be 
realised and implemented for all components in the 
ecosystem.

6.53%

7. Predictive maintenance processing should be 
realised and implemented for all components in the 
ecosystem.

6.53%

13. Different quality requirements for special 
important characteristics of all five layers in the 
ecosystem should be classified, realised, and 
controlled.

6.53%

15. The platform, frameworks and interlinks in the 
ecosystem must be standardised.

6.53%

5. Process approach remains the same: Organisations 
should be built as systems with interlinked processes, 
of which the key TQM processes should be identified.

6.25%

10. The audit process should be performed for all five 
layers in the ecosystem.

6.19%

14. The data protection principles should be defined 
and implemented in the ecosystem.

6.19%

1. Handling of complaints must be harmonised in the 
whole ecosystem, i.e., for all five layers.

5.94%

4. Employees should be trained and involved in the 
processes of the ecosystem of autonomous driving.

5.66%
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