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ABSTRACT Autonomous or highly automated road vehicles and all related technologies are under intensive
research and development. Moreover, internationally a massive investment increase can be observed in the
automotive industry. According to this megatrend, new automotive test tracks appear or older ones transform
to be capable of testing and proving for autonomous vehicles. Therefore, the question emerges: what are the
key areas for automated drive development, which must be financed in case of autonomous proving ground
design? It is a real challenge to be able to make the right decisions due to a lack of numerous experiences
in this field. In this research, experts of automated driving technology have been surveyed and their opinion
and knowledge have been synthesized. As a strong purpose of gaining robust results, the conventional AHP
has been amended by the Pareto approach to ensure that the derived weights correspond to the expert scoring
intention so perfectly that it cannot be more improved. Since the non-Pareto optimal weight results might
cause rank reversal in the final prioritization, the applied Pareto test guarantees that the final outcome reflects
the expert evaluators’ incentive. The conducted analysis has indicated that the obtained results are robust
not only from the sensitivity point of view but also from the Pareto optimality approach. The proposed
hierarchical decision model is therefore applicable to assist decision making for autonomous proving ground
developments. The main contribution of the article, however, is to present the first reliable prioritization of
the autonomous proving ground elements to extend the body of professional knowledge.

INDEX TERMS Automotive proving ground, autonomous and highly automated vehicles, analytic hierarchy

process, optimal decision making, autonomous test track development.

I. INTRODUCTION

Thanks to the widespread automation in all fields of science
and technology, also road vehicles are manufactured with a
growing number of automated features or subsystems. This
global trend is also amplified by the general motivation called
sustainable transportation which aims to reduce environmen-
tal impacts (energy consumption, emission, etc.), mitigate
congestion, and improve social well-being [1]. In our days, it
is an important research field to analyze the changes that will
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be experienced by autonomous driving [2], [3]. More atten-
tion has to be paid to the testing of the interaction between the
different road users and typically to the vulnerable road users
[4], [5]. The most important expected outcome of automated
cars is the improvement of road traffic safety. The majority of
accidents (app. 95%) are produced by human imperfection.
By contrast, autonomous driving technology could eliminate
90% of road traffic accidents [6]. To reach future objectives
it is necessary to increase the level of automation of road
vehicles and road transport infrastructure. Automated vehi-
cles with different levels of automation are already present
and fully autonomous cars will appear soon in everyday
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transportation, i.e. Connected and Automated Vehicle (CAV)
technology will fundamentally transform our life.

As the automation of road vehicles has a strong safety
impact, it is of paramount importance to control the CAV
development process from the perspective of technological
regulation and law [7]. To guarantee the safety operation
of these new technologies novel testing and validation pro-
cesses are needed [8]. There are several approaches to analyze
the safety properties of automated vehicles. For instance,
EuroNCAP handles it as a new, more complex active safety
system [9]. When speaking about CAV safety and its test-
ing, it also unavoidable to recall the importance of cyber
security, e.g. [10] proposed a novel a cyber-risk classifi-
cation framework for CAVs. Besides, it will be necessary
to define new standards to classify the complexity of auto-
mated or autonomous vehicles. The most famous standards
are the SAE levels [11] and a new relevant ISO standard
(ISO 26262-1:2018) was also born in this field recently [12].
Based on the experience of the independent and international
organizations for standardization, national governments can
also create new regulations for these new technologies. At the
same time, the national regulations shall need more interna-
tional harmonization in the future [1]. Another important sug-
gestion in the literature concerning the efficient international
standardization of the CAV technology is that autonomous
driving should be integrated into the mainstream education
[13] for seamless adoption.

Obviously, the CAV revolution affects many areas of sci-
ence and technology, i.e. control theory, artificial intelli-
gence, transportation engineering, information technology,
etc. However, the importance of the various fields is different
regarding the CAV technology development. To determine
the key areas in the development process is therefore a key
problem. The right decision making of the relevant stakehold-
ers (industry, government, authorities, national public tender
system, research institutes) needs to be supported. To the
best knowledge of the authors, none has approached the issue
so far. Only three research articles were found close to this
topic. Chen et al. [14] introduced an optimization method to
design proving ground for CAVs, but only focused on defin-
ing necessary road assets without ranking the importance of
the revealed elements. Zhankaziev et al. [15] introduced a
testing architecture for testing and proving purposes of ITS
(Intelligent Transportation Systems) and unmanned driving
technologies. Again, this article provided a special range of
functionalities without prioritization. Chen et al. [16] pub-
lished a method to assess the capability of proving grounds.
Through the proposed method a strong link between proving
ground testing results of CAVs and their anticipated public
street performance has been found. Although the articles
above investigated the key functionalities of CAV proving
grounds, they did not conduct extensive research to prioritize
them, nor leveraged related expert knowledge. Accordingly,
the goal of our article is to provide an efficient methodol-
ogy to assist CAV related development, namely the planning
of future automotive proving grounds which are specially
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dedicated for CAV testing and proving. As a main result, a
hierarchical decision model is presented directly applicable
for ranking future functionalities of CAV test tracks.

Beside the identified research gap, the article is also moti-
vated by the favorable situation that a brand new automotive
proving ground, called ZalaZone (https://ZalaZone.hu/en/), is
underway in Hungary near the city of Zalaegerszeg. This test
track is specially designed to be capable of serving techno-
logical testing and proving processes of autonomous/highly
automated vehicles. The more, the mission of ZalaZone is
not limited to pure commercial use. It is also a major goal
to lay the foundation for research and innovation activities
in national and international cooperation with universities,
research centers and industrial participants [17].

In all, the goal of the article is to introduce a novel
method to determine and rank the key areas for CAV devel-
opment, more specifically for CAV proving ground design.
To this end, an efficient classification for all related areas is
presented. Based on the classification, questionnaires have
been worked out. The target group of the questionnaires
consisted of academic people. The results of the ques-
tionnaires are evaluated by the Analytic Hierarchy Process
(AHP), a well-known method for decision making based
on multiple criteria [18]. The AHP technique was cho-
sen as it is intensively applied in transport related deci-
sion making [19], [20] and [21]. Furthermore, since expert
opinions have been acquired and because of the pioneer
characteristics of the research, the robustness of the results
plays a key role in drawing conclusions. Thus, the original
AHP technique has been integrated with the Pareto approach
to ensure that the eigenvector method has produced non-
improvable weight scores connected to the decision elements
of autonomous testing.

The article is organized as follows. Section 2 presents the
theoretical preliminaries applied later for decision making
support. Section 3 contains the methodology used to analyze
the features based on a questionnaire. Section 4 discusses
the core outcomes of the Pareto AHP based analysis. Finally,
research concluding remarks are provided in Section 5.

Il. THE APPLIED METHODOLOGY: PARETO AHP

Since autonomous car testing is approached as a multi-
criteria decision making (MCDM) problem in this research,
the appropriate methodological tool could be selected from
MCDM techniques. One of the objectives was to synthesize
strategic, tactical and operational issues for the analysis as
well as general and more specific items. These divisional
aspects could all be considered by a hierarchical decision
structure proven to be comprehensive for expert evalua-
tors. Consequently, Analytic Hierarchy Process seemed to
be suitable for the analysis. However, based on a recent
development of the method [22], [23], the original technique
has been amended by an optimization process aiming to
improve the gained weight scores by the Pareto principle,
in terms of their approximation of the expert evaluation
values.
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In this section the original AHP method and the improved
Pareto Analytic Hierarchy Process (PAHP) model are also
introduced briefly.

A. OVERVIEW ON ANALYTIC HIERARCHY PROCESS (AHP)
Analytic Hierarchy Process is based on the decision struc-
ture created from the decision criteria of a complex decision
structure [18]. Criteria, sub-criteria, sub-sub-criteria, etc. are
identified with the last level of the alternatives in the decision
tree. The linkages of the elements are also important since
they determine not only the pairwise comparisons in the
procedure but also the final weights and alternative scores by
considering the respective scores of the elements at previous
level.

The method of AHP can be summarized as follows. Let
us assume that there are n alternatives in decision A_1,
A_2,....,A_n, and m criteria: C_1,C_2,...,C_m.

Let us denote A(p) the pairwise comparison matrix of
the alternatives with respect to the criterion p, and w(p) the
weight vector calculated from the matrix A(p) by Saaty’s
eigenvector method [18] (other calculations methods also
exist) based on the following equation:

AW = Amax W (1

where A_max denotes the maximum eigenvalue of matrix A.
Eigenvector w can be calculated based on the formula below:

(A = Amaxl) =0 2

Let also have C, the pairwise comparison matrix of the crite-
ria with w® being the weight vector belonging to C. Then the
final evaluation scores of the alternatives u(w) can be gained
by:

u(w) =w1Cw1 —l—wzcwz—i—...—i—wglwm 3)

The reciprocity (aj; = 1/a;j, where a;; = 1) is necessarily
to be fulfilled for each pairwise comparison matrices (PCMs),
so for each C and A(p). However these experiential matrices
are most likely not consistent, so ajx # ajjajx, in whichi, j and
k represent the rows and columns of the pairwise comparison
matrix A or C.

Thus, the consistency of PCMs have to be checked for
the experiential matrices C and A(p) by the consistency ratio
(CR) defined by [24], which is acceptable when its value is
smaller than 0.1. The calculation of the CR is as follows:

CR = CI/RI )

where RI is the average of consistency index CI of randomly
generated PCMs with the same size.
ClI is calculated as given below:

Cl = (Apax —n) /(n—1) (5)

The pairwise evaluation of the PCMs are generally done
based on the Saaty-scale in which ‘1’ denotes equal impor-
tance rate of the elements, ‘3’ means moderate importance
of an element over another, ‘5’ marks strong importance,
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TABLE 1. An Example for Pareto Non-Optimality.

1 2 7 9
1/2 1 6 3
1/7 1/6 1 2
1/9 1/3 12 1

“7’ means very strong importance, while ‘9’ denotes extreme
superiority of an element over another. Intermediate values 2,
4, 6, 8 can also be applied to express superiority. To express
inferiority, fractions (1/2, 1/3, ..., 1/9) can be used.

If multiple evaluators are applied in the process, individual
scores have to be aggregated. Aczél and Saaty [24] proved
that only the geometric mean ensures that there is no rank
reversal in the aggregation method compared to the arithmetic
mean. The aggregation of the individual PCM scores is con-
ducted as follows:

l
A= ng=1 aijg ()

where a;j, denotes entries in the same matrix position i, j,
filled in by the g-th decision maker and / denotes the number
of total evaluators, while A is the gained aggregated matrix
for which the eigenvector method can be applied and final
overall weight scores can be derived.

Conducting the sensitivity analysis is also part of the AHP
procedure which enables the decision makers to check the
robustness of the results by detecting the impact of slight
changes of certain weight scores on the whole decision struc-
ture ranking.

B. THE APPLIED PARETO ANALYTIC HIERARCHY
PROCESS (PAHP)

A reasonable expectation, both from the decision maker and
the analyst, for any weight vector is that it could not be
improved in a trivial way, namely, such that every pairwise
ratio is at least as close to the corresponding matrix element
given by the decision maker and it is strictly closer in at
least one position. Formally, weight vector w is called Pareto
optimal (or efficient) if no dominating weight vector w’ exists
such that |a;; — w';/wj| < |a; — wi/wj| for all pairs of
indices i, j, and if the inequality is strict for at least one pair
of indices i, j.

In the history of AHP applications, the eigenvector calcula-
tion of Saaty [24] (see Formula 2) has been assumed to fulfil
the Pareto principal. However, surprisingly, the eigenvector is
not always Pareto optimal [25].

Let us consider the following 4 x 4 pairwise comparison
matrix with acceptable inconsistency (CR < 0.1).

Its right eigenvector calculated by the Saaty method
is [0.552625;0.302041; 0.081295; 0.064038]". However,
this eigenvector is not Pareto optimal because in its
neighborhood another (dominating) vector can be found
for which the difference between the a; and w;/w;
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TABLE 2. Non-Perfect Approximation of the Saaty Eigenvector (AHP).

1 1,829634 6,797762 8,629629
0,546557 1 3,715368 4,716588
0,147107 0,269152 1 1,269481
0,11588 0,212018 0,787724 1

TABLE 3. Improved Approximation by the Dominant Eigenvector (PAHP).

1 1,884067 7 8,886366
0,530767 1 3,715367733 4,716588
0,142857 0,269152 1 1,269481
0,112532 0,212018 0,787723604 1

values is smaller. This dominating weight vector is
[0.559862; 0.297156; 0.079980; 0.063002]7 .

For demonstration, we provide the w;/w; approximation of
the a;j elements of the 4 x 4 PCM and it is visible that in the
case of the dominating weight vector the approximation is
better. For instance, the a3 element is perfectly approximated
by the dominant weight vector: 0.559862/0.07998022 = 7.

Finding a sufficient and necessary condition for the Pareto
optimality of the eigenvector is a challenging open problem,
but now we can state that there are non-Pareto cases which
can be improved in terms of better approximation of the
evaluators’ intentions.

Even though Pareto optimization generally causes merely
slight modification in the weight vector coordinates, there
is not only theoretical, but also practical evidence that the
non-Pareto optimality in AHP might cause rank reversal,
which means that the real intention of the modelling; the
prioritization of the criteria or alternatives can be biased.
By simulation, [22] showed that for a 4 x 4 matrix, the
conventional AHP would have set up the ranking of C2, C1,
C3, C4, the Pareto optimal ranking, however, was C1, C2,
C3, C4. [23] concluded that in practical AHP models, if the
Pareto non-optimality is on the higher levels of the hierarchy,
the rank reversal is very probable even in case of a slight
modification in the weight vector coordinates. This is due
to the hierarchical nature of the AHP, because the weight of
the attributes in the lower levels are partly determined by the
respective higher level weight of the connected attribute.

Bozdki and Fiilop [22] developed a linear programming
based algorithm to check whether a given weight vector is
Pareto optimal, and if it is not, then a dominating Pareto
optimal weight vector is found. Duleba and Moslem [23]
demonstrated the Pareto optimality test in a real-world multi-
criteria decision problem and ran the optimization process
and calculations on real scoring. In our research, this algo-
rithm has been applied to all aggregated matrices to test if the
intentions of the experts are well approximated.
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| Set up the hierarchical structure of decisions and alternatives |

| Creating PCM-s based on the hierarchy |
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I Questionnaire survey l
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| Aggregation by geometric mean |

| Deriving weight vectors |

| Selecting (4 X4) matrices or bigger ones ‘

| Pareto efficiency test for the eigenvector of selected matrices |

]
Efficient
Calculation final scores M

| Sensitivity analysis |

| I Non-Efficient |

Modification |

FIGURE 1. The general procedure of Pareto-test [23].

We find it important to include the test of Pareto optimality,
because a non Pareto optimal weight vector cannot express, in
the best possible way, the preferences of the decision maker.
However, it has to be emphasized that if the eigenvector is not
Pareto optimal, there might exist a dominating Pareto optimal
weight vector in its very small neighborhood. Consequently,
the improvement in the weight scores is in most of the cases
just small. Considering this, the Pareto test is recommended
for sensitive and multi-level decision problems in which even
relatively slight modifications in weight scores play signifi-
cant role. If the weight scores of some decision elements are
close to each other (sensitivity) or the slight modification is
on the highest level and the modified score flows down in the
whole hierarchy (multi-level decision problems), checking
Pareto optimality can be a crucial issue.

The general procedure of Pareto-test, created by [23] can
be seen in Fig. 1.

We have applied all steps of Pareto-test in our survey for
ensuring the robustness of the final results.

Ill. HIERARCHICAL DECISION MODEL FOR
AUTONOMOUS PROVING GROUND DEVELOPMENTS
According to the method presented in Section 2, a question-
naire based investigation process has been worked out. As a
first step a hierarchy tree in the field of connected and auto-
mated vehicles had to be determined. The defined hierarchy
tree has three main levels according to the common decision
making structure when the problem is divided into several
sub-problems embracing strategic, tactical, and operational
decisions [26], i.e. decisions must be approached on

1. strategic level,
2. tactical level,
3. operational level.
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TABLE 4. The Strategic Level of In-Vehicle Enablers and Its Sublevels.

Strategic level Tactical level

Operational level

Development of autonomous vehicle test platform

System architecture for testing of ADAS and
autonomous vehicle functions
Autonomous vehicle prototype development
Complex simulation environment for Vehicle-in-
the-Loop (ViL) testing, i.e. real car in virtual
environment

In-vehicle enablers

Control of autonomous vehicles

Cooperative navigation based on environmental
and vehicle sensors
Cooperative and distributed vehicle control
strategies
Optimal trajectory planning and driving control
considering static and dynamic obstacles
Model-driven design tools and techniques for
autonomous vehicles
Decision-making and action modeling in different
traffic situations
Intelligent (by-wire) in-vehicle actuators

Environment sensing of autonomous vehicles

Environment sensing based on multisensor fusion
Optimal sensor architecture and localization for
autonomous vehicles
Signal processing of environment sensing and
visualization
High-definition mapping for autonomous vehicles
Handling disturbances in environment sensing

Automotive functional safety and cyber secure control

The strategic level is directly adopted from the report of [27],
which was prepared under the initiative of European Com-
mission’s Directorate-General for Research and Innovation.
The reason for this adoption is the relevance, i.e. the content
of the report is based on the contribution of different relevant
European stakeholders from industry, academic field as well
as authorities. The report’s original aim was to develop a
research and innovation roadmap for CAV transport. Thus,
it was fully applicable for the questionnaire based investi-
gation, the goal of which was to determine the key areas of
autonomous proving ground developments.

The strategic level has to embrace all significant areas of
autonomous transport. It covers a wide field of disciplines,
all the way from vehicle control to socio-economic issues
affected by autonomous transport. The seven elements of the
strategic level [27] are listed below:

1. In-vehicle enablers
2. Vehicle validation
3. Shared, connected and automated mobility services for
people and goods
4. Socio-economic impacts, user/public acceptance
5. Human factors
6. Physical and digital infrastructure, and secure connec-
tivity
7. Big data, artificial intelligence
Given the strategic level adopted from literature, the next step
of hierarchy tree building was to determine the sublevels. As
one of the contributions of the conducted research we defined
the elements on the tactical and on the operational level. The
aim was to detail the subdivisions of the different areas of
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automated transport. The final hierarchy tree is based on the
report of [27], the cited articles in the next paragraphs as well
as on our experiences and knowledge. For the AHP analysis
it is not important to complete every level, e.g. in our case
the operational level is not fully detailed. Basically, the aim
was that all the elements should directly relate to autonomous
transport. At the same time, we did not intend to analyze the
hierarchy of different science areas.

In the following subsections each strategic level is intro-
duced in detail together with the tactical and operational
levels. The levels are tabulated into the subsequent tables.

A. IN-VEHICLE ENABLERS

In a CAV the human driver is partially or fully substituted by
a controller’s logic. The new testing and validation processes
have to focus on the operation of that control system. The
design of the control architecture elements and the testing
procedure of their cooperation is one of the most impor-
tant steps of realizing in-vehicle automated functions. The
subdivisions of the in-vehicle enablers are the development
process, the control system architecture, the environment
sensing and the functional safety. Many of them were detailed
earlier in the article of Gaspdr et al. [28]. The strategic level
of In-vehicle enablers is tabulated into Table 4.

B. VEHICLE VALIDATION

Due to the safety issues of the automated vehicle features
testing and validation processes became more important than
earlier. Conventional vehicle tests typically focus on the
behavior of the vehicle in various road conditions. Test cases
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TABLE 5. The Strategic Level of Vehicle Validation and Its Sublevels.

Strategic level Tactical level

Operational level

validation)

Homologation (i.e. process definition for certified testing and

Simulation based testing and validation

Vehicle validation

Laboratory testing and validation

Proving ground testing and validation

Limited public road testing and validation

Public road testing and validation

usually concentrate on the dynamic properties and endurance
capabilities of a single vehicle. In the case of CAV transport,
however, the testing and validation are not restricted to a
single vehicle anymore, but rather to a complex traffic system
where the automated vehicle is a part of the surrounding
traffic environment. CAVs must be tested in different traffic
use-cases. Due to the stochasticity of traffic situations the
testing and validation process should be more complex than
earlier: it shall be carried out by the “V-model” of product
development [29]. The subdivision of the vehicle validation
is created based on the article [30]. This article introduced
the CAV testing and validation pyramid which lavers were
adopted corresponding to the elements in the tactical level.
The operational level was left blank intentionally as it has
minor influence from the aspect of the whole research. The
strategic level of Vehicle validation is tabulated into Table 5.

C. SHARED, CONNECTED AND AUTOMATED MOBILITY
SERVICES FOR PEOPLE AND GOODS

With the arrival of autonomous vehicles, the whole trans-
portation system will continuously change. Everyday trans-
port of people and goods will transform to new services to be
offered. This process has already started with the appearance
of the concept of MaaS (Mobility as a Service) a few years
ago. This means that based on the driverless capability of
road vehicles, shared mobility services can distribute and
so optimize the transportation needs in the future. Although
mobility services mean software development mainly, the
implications of this change is also worth investigating in a
test track environment, e.g. traffic management, autonomous
public transport, smart city developments. The subdivision of
this strategic element is based on previous article [31]. The
strategic level of Shared, connected and automated mobility
services for people and goods is given by Table 6.

D. SOCIO-ECONOMIC IMPACTS, USER/PUBLIC
ACCEPTANCE

The social and economic impacts are unavoidable and will
be disruptive due to the fast technological changes in both
automotive and information technologies. Accordingly, the
issues of education planning, research support, change of
legislation as well as public acceptance must be carefully
prepared and conducted in order to adapt users smoothly to
the proper use of the new technologies. Apart from trans-
portation, automated driving technology can reach society
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through education and legislation. Moreover, CAV transport
creates jobs in the research area. The well-organized educa-
tion, research and legislation are key factors of the acceptance
of CAV technologies. The strategic level of Socio-economic
impacts, user/public acceptance and its tactical sublevels are
provided by Table 7 (again with operational level intention-
ally left blank).

E. HUMAN FACTORS

The human factors are important throughout the whole devel-
opment process of autonomous cars as humans will always
be present in the system. The more, human factors arise the
main challenges in the development. The automated tech-
nologies must deal with human interactions and behavior,
e.g. in the context of human and autonomous vehicles inter-
action or traveler’s behavior in autonomous public transport.
Therefore, also the implications of human factors need to be
considered in a test track environment. The subdivision on the
tactical level is based on the research of Hudson ez al. [4]. The
strategic level of Human factors is tabulated with its sublevels
into Table 8 (operational level intentionally left blank).

In the previous part the possible research and development
areas at autonomous proving ground have been determined
for the survey research. The full hierarchy tree of the areas is
provided in the Appendix.

F. PHYSICAL AND DIGITAL INFRASTRUCTURE AND
SECURE CONNECTIVITY

The proper testing possibility of smart road infrastructure
is important in a test track as future autonomous vehicles’
operation will strongly depend on the intelligent infrastruc-
ture. Similarly, the surrounding ICT infrastructure needs to
be tested intensively. Vehicle localization (HD maps, satellite
navigation) and communication systems within and among
vehicles are also indispensable to be developed in a test track
environment. Based on the connected technologies the local-
ization and the control of automated vehicles can be further
improved, e.g. by combining a GNSS system with environ-
ment mapping, the local lateral and longitudinal control can
be more accurate. Besides, by V2X (Vehicle-to-everything)
communication traffic management can be made more effec-
tive. If infrastructure is present for CAV control, the wireless
communication systems are to be deployed. Communication
involves further challenge into road transport, i.e. cyber secu-
rity must be guaranteed at all times [10]. Due to the wide
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TABLE 6. The Strategic Level of Shared, Connected and Automated Mobility Services for People and Goods With Its Sublevels.

Strategic level

Tactical level

Operational level

Shared, connected
and automated
mobility services for
people and goods

Traffic management

Fleet management for autonomous vehicles

Road traffic control for mixed traffic
(autonomous and conventional cars)

Traffic management for fully autonomous
transport

Shared and automated mobility services for travelers and goods

Autonomous public transportation

Shared autonomous transport

Autonomous delivery service

Autonomous freight fleets

Innovative technologies for social well-being

Urban parking space management

Energy consumption optimization

Smart city developments with autonomous
vehicles

TABLE 7. The Strategic Level of Socio-Economic Impacts, User/Public Acceptance and Its Sublevels.

Strategic level

Tactical level

Operational level

Socio-economic
impacts, user/public
acceptance

Education

Research

Legislation

TABLE 8. The Strategic Level of Human Factors Its Sublevels.

Strategic level

Tactical level

Operational level

Human factors

Human factors and dynamic characteristics

Interaction of human and autonomous vehicles for safe transport
(inside and outside of the car)

Anomaly detection and prediction using smart devices

Automation possibilities of information management an decision-
making

Traveller behavior in autonomous public transport

utilization possibilities of connected technologies in the field
of autonomous transport the subdivision of this strategic part
is more detailed. The elements of the tactical level represent
the typical utilization types of connected technologies. The
operational level enumerates here different technical devel-
opment opportunities. This subdivision applies several ideas
from the research of Gaspar et al. [28]. The strategic level of
Physical and digital infrastructure and secure connectivity
and its sublevels are provided by Table 9.

G. BIG DATA, ARTIFICIAL INTELLIGENCE

Data management is also a crucial issue in the context of
autonomous transportation. On the one hand, data of the
individual cars must be safely and efficiently handled. On
the other hand, traveler data is also a significant value for
application in CAV transport operation and management,
i.e. autonomous transport of the future can be optimized
based on relevant and up-to-date travel data. Appropriate stor-
age, access, analytics and privacy issues are to be therefore
investigated and regularized. The basic applications of these
tasks must be launched when testing on the test track. To
realize traffic management with connected vehicles a huge
amount of data has to be handled. Many research investi-
gate the challenges of big data management. Besides, the
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achievements of artificial intelligence also can be applied in
the decision making processes in modern traffic management
systems. The subdivision is partially based on the research of
Bartolini ef al [7]. The strategic level of Big data, artificial
intelligence with the tactical and operation levels are given in
Table 10.

H. QUESTIONNAIRES FILLED BY THE TARGET GROUP

Based on the hierarchy tree explained in the previous part, two
types of questionnaires have been worked out. The members
of target group had to complete these questionnaires. In the
questionnaires the participants had to give higher scores to
the given element if they regarded it as a more important key
factor in the spread of autonomous driving. To explain it from
another aspect, the questionnaires investigated which area
needs more development financing to facilitate autonomous
driving. In the first questionnaire the target group had to give a
score to each element in every level of the hierarchy tree. The
results of this questionnaire were used to check the results of
the second questionnaire, which was based on the Pareto AHP
method. Another important goal of the first questionnaire
was to present the hierarchy tree. While the members filled
the first questionnaire, they could visually understand the
structure of the hierarchy tree. In the second questionnaire,
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TABLE 9. The strategic level of Physical and Digital Infrastructure and Secure Connectivity and Its Sublevels.

Strategic level Tactical level

Operational level

Smart road infrastructure

ICT infrastructure

V2X technologies
Cellular (4G/5G) communication technologies
WIFI based communication
Smart city ICT technologies
C-ITS technologies

Physical and digital Vehicle localization

infrastructure and

HD maps
Static, semi static maps
Semi dynamic, dynamic maps
GPS/DGPS technologies

secure connectivity

Communication systems within and among vehicles

Communication of connected and autonomous
cars

Automotive testing of communication networks

Cyber-physical systems in autonomous vehicle
environment

Distributed measurement and information
processing
Cyber secure communication of autonomous
vehicles

TABLE 10. The Strategic Level of Big Data, Artificial Intelligence and Its Sublevels.

Strategic level Tactical level

Operational level

Data management
Big data, artificial
intelligence

Storage

Access

Analytics

Privacy

Big data for efficient transport planning and traffic management

Artificial intelligence for optimized autonomous transport

the elements of the hierarchy tree had to be compared and
to be scored in pairs. Filling this questionnaire needed more
time as it did not show the hierarchy tree. At the same time,
the second questionnaire provided more detailed results.
The questionnaires were completed in February of 2019
by the target group designated at the authors’ institutional
affiliation (i.e. the Budapest University of Technology and
Economics). The participants of the target group came from
different scientific areas and from different hierarchy levels,
at the same time they were all familiar with CAV technologies
and working together with industrial partners as well under
the umbrella of CAV research and development projects. In
all, the target group contained 20 members whose opinion
can be regarded well-founded due to their everyday work.
Besides, it is important to emphasize that the participants
work in different technology fields which were beneficial as
usually experts overestimate their specialization. Although
the target group was based on the Higher Education Excel-
lence Program (BME FIKP-MI/FM) running at the university
from 2018 to 2021, all participants of the group work in
different discipline of CAV transport development both for
the university and ZalaZone test track [32]. The evaluators
were transportation engineers, vehicle engineers, electrical
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engineers, software engineers, control engineers as well as
civil engineers. From the aspect of qualification, there were
PhD students, lecturers, university professors, as well as
research fellows in the pattern. It must be emphasized, how-
ever, that about half of the target group participants also
hold a position in industrial companies (that is common in
the Hungarian academic area), i.e. they have a clear view
from commercial and industrial aspects. The questionnaire
was completed on article with personal attendance of the
instructor. Thus, the false filling due to any misunderstanding
could be avoided. The first questionnaire needed 15 minutes
to fill, and the second one needed 40 minutes on average.

Since the pattern consisted strictly specialized experts, the
size of 20 can be considered sufficient for an MCDM and
within that for an AHP survey. As a justification to this
practice in decision making research, consider the research
of Lee [33] which applied 21 evaluators with different back-
grounds, i.e. researchers, business executives and public
agency staff members in a public transport survey.

IV. RESULTS
Pareto-test, presented in the Methodology section, has been
carried out following the rules of PAHP. Having set up the
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TABLE 11. The Aggregation of Individual Scoring of the Surveyed Experts by the Geometric Mean.

C1 Cc2 C3

C1 1 0,84045836 2,08537266
Cc2 1,18982694 1 2,5297181
C3 0,4795306 0,39530096 1

ca 0,44900886 0,40639869 0,86530895
C5 0,45676361 0,43665243 0,86597641
Ccé 0,69103884 0,65009363 0,95010515
c7 0,7556554 0,62295469 1,48613861

hierarchical decision tree of autonomous proving ground
development (see Table 4 ), we created the questionnaires and
collected survey data as introduced in the previous section.
The consistency check ensured that all evaluations were
within the range of acceptable inconsistency, namely the
computed Consistency Ratio was below the 0.1 threshold in
each experiential pairwise comparison matrix. Afterwards,
we used the geometric mean to create the aggregated matrices
for each part of the hierarchical decision tree (see Table 11).
Then we applied the eigenvector method (Formula 2) for
every aggregated matrix, but simultaneously, we have tested
the Pareto optimality of the eigenvector in case of all the
18 pairwise comparison matrices (the eigenvectors of 3 x 3
matrices are always Pareto optimal). We have not found any
matrix with non Pareto optimal eigenvector. For demonstra-
tion, the aggregated matrix of the first level decision elements
is provided by Table 11.

Its eigenvector is w = [0.1990, 0.2281, 0.1055, 0.0833,
0.0923, 0.1351, 0. 1567]7, which is Pareto optimal and there
is no dominating Pareto optimal weight vector that can be
found.

This approximation cannot be improved (it is not perfect
due to the small but acceptable inconsistency of the scoring),
so the results of the AHP process can be considered Pareto
optimal. In case this first level weight score calculation would
not have been optimal, even little modifications would have
caused a significant change in lower level ranking of the deci-
sion elements. The efficiency test has proven the robustness
of the survey in terms of deriving the weight scores from
the evaluated matrices. Consequently, the final scores can be
considered as trustworthy and the results as reliable.

On strategic level according to the target group’s opinion,
the key factors of the development are the control systems
of the autonomous vehicles, i.e. In-vehicle enablers (C1)
and Vehicle validation (C2) reached the highest scores. Their
importance is obviously more significant compared to the
other elements. Big data, artificial intelligence (C7) and
Physical and digital infrastructure and secure connectivity
(C6) got medium high score. The least important elements on
strategic level are Shared, connected and automated mobility
services for people and goods (C3), Human factors (C5) and
Socio-economic impacts, user/public acceptance (C4). The
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Ca
2,22712752

C5
2,18931626
2,46063785 2,29015098
1,15565659 1,15476587

1 0,85014166 0,54475175
1,17627455 1 0,59808185 0,61348617
1,83569855 1,67201195 1 0,76936695
2,03047578 1,6300286 1,2997699 1

cé6
1,44709666
1,53823995
1,05251508

c7
1,32335454
1,6052532
0,67288475
0,49249541

evaluation shows that the scientific fields connected more to
the social sciences were considered as less important areas.
It is also possible to explain the results by the future of the
new technologies. First, CAV control technologies have to be
realized, i.e. the first step is to design, test and validate the
new control systems. If they operate well, they will be able to
physically appear in road transport. The issues with human
factors and socio-economic impacts will obviously appear in
a later phase when CAV transport becomes more and more
reality and used in practice. The results of the strategic level
can be seen in Fig. 2a. The relationship in scores of the
strategic level items can be better perceived in Fig. 2b.

The scores of the tactical level are meaningful because
the tactical level does not have empty parts. According to
the results of the Pareto AHP method the most important
elements of the tactical level are the Automotive functional
safety and cyber secure control (C14), Public road testing and
validation (C26) and Big data for efficient transport planning
and traffic management (C72). Besides, it can be seen that
the elements which are related to environment sensing, vehi-
cle testing, vehicle localization and artificial intelligence are
also reached higher scores. In the results less important are
Human factors and dynamic characteristics (C51) and Travel
behavior in autonomous public transport (C55).

The high score of public road testing and validation must
be emphasized. It means that the target group found, it is
not enough to test the new technologies in a closed area,
the stochasticity of traffic situations also requires real traffic
environments. The further elements in function of the scores
of the tactical level show similarity with the strategic level:
the elements related to vehicle control systems, safety and
localization have higher scores. It justifies that the operability,
reliability and the safety operation are the main key factors
in the next few years. The human factors again got lower
scores. Surprisingly, the topic of big data in road transport
achieved a high score which was unexpected as it rather
means transport operation and management issues than CAV
development. The low scores of laboratory and simulation
testing as well as validation were also unexpected. Probably,
the target group balanced the difference between the different
testing levels and from this aspect public road testing really
have a stronger effect on road safety. It is also an interesting
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C2, Vehicle validation

C1, In-vehicle enablers

C6, Physical and digital infrastructure and..
C3, Shared, connected and automated..

C5, Human factors

|
]

C7, Big data, artificial intelligence || NG
]
I
I
I

C4, Socio-economic impacts,..

(2)

Vehicle validation
0.23

In-vehicle enablers
0.2

0.25

Socio-economic impacts,
user/public acceptance
0.08

Human factors
0.09

Shared, connected and
automated mobility
services for people and
goods
0.11

Physical and digital
infrastructure and secure
connectivity
0.13

Big data, artificial intelligence

0.16

(b)

FIGURE 2. (a) Comparison of the results on the strategic level. (b) Comparison of the results on the strategic level represented by pie chart.

result that the target group regarded research itself more
important than education, although most of the participants
(beside their research and development activities) teach in
university programs.

The results on the tactical level are shown in Fig. 3.

On the operational level there are also similar areas
as on the higher level and there are also new areas in
the list of key elements. The target group selected the

VOLUME 9, 2021

following fields as the most important topics for CAV
research and development: Road traffic control for mixed traf-
fic (autonomous and conventional cars) (C312), Traffic man-
agement for fully autonomous transport (C313), GPS/DGPS
technologies (C634) and the Data privacy (C714). There
are also significant elements with higher scores that are
related to the control system of automated vehicles for
instance, with sensor architectures, with trajectory making
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TABLE 12. The Consistent Approximation of the Calculated Eigenvector.

1| 0.8724| 1.8863| 2.3889| 2.1561| 1.4729| 1.2699

W 1.1462 1| 2.1621| 2.7382| 2.4712| 1.6883| 1.4556
— = 0.5301| 0.4625 1| 1.2665| 1.1431| 0.7809| 0.6733
Wi 0.4186| 0.3652| 0.7896 1| 0.9024| 0.6165| 0.5316
0.4638| 0.4046| 0.8748| 1.1082 1| 0.6831| 0.5890

0.6789| 0.5923| 1.2806| 1.6221| 1.4639 1| 0.8621

0.7874| 0.6870| 1.4852| 1.8811| 1.6977| 1.1599 1

C26, Public road testing and validation

C72, Big data for efficient transport planning..

C14, Automotive functional safety and cyber..
C31, Traffic management

C13, Environment sensing of autonomous..
C12, Control of autonomous vehicles

C63, Vehicle localization
C25, Limited public road testing and validation
C24, Proving ground testing and validation
C71, Data management

C64, Communication systems within and..
C42, Research

C11, Development of autonomous vehicle test..
C21, Homologation

C32, Shared and automated mobility services..
C43 Legislation

C53, Anomaly detection and prediction using..
C62, ICT infrastructure

C52, Interaction of human and autonomous..
C41, Education

C33, Innovative technologies for social well-..
C61, Smart road infrastructure

C54, Automation possibilities of information..
C23, Laboratory testing and validation

C22, Simulation based..

C55, Traveller behavior in autonomous public..
C51, Human factors and dynamic characteristics

0 0.02 0.04 0.06 0.08
Score
FIGURE 3. Comparison of the results on the tactical level.
or with decision making processes. On the opposite side, management (C331), Autonomous freight fleets (C324) and

WIFI based communication (C623), Urban parking space Data storage (C711) got the lowest scores. Typically the
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C312, Road traffic control for mixed traffic..
C313, Traffic management for fully..
C634, GPS/DGPS technologies
C714, Privacy
C633, Semi dynamic, dynamic maps
C131, Environment sensing based on..
C123, Optimal trajectory planning and driving..
C132, Optimal sensor architecture and..
C111, System architecture for testing of ADAS..
C125, Decision-making and action modeling in..
C645, Cyber secure communication of..
C135, Handling disturbances in environment..
C631, HD maps
C713, Analytics
C641, Communication of connected and..
C321, Autonomous public transportation
C133, Signal processing of environment..
C333, Smart city developments with..
C112, Autonomous vehicle prototype..
C311, Fleet management for autonomous..
C113, Complex simulation environment for..
C332, Energy consumption optimization
C322, Shared autonomous transport
C122, Cooperative and distributed vehicle..
C121, Cooperative navigation based on..
C712, Access
C134, High-definition mapping for autonomous..
C621, V2X technologies
C642, Automotive testing of communication..
C124, Model-driven design tools and..
C632, Static, semi static maps
C624, Smart city ICT technologies
C643, Cyber-physical systems in autonomous..
C126, Intelligent (by-wire) in-vehicle actuators
C622, Cellular (4G/5G) communication..
C323, Autonomous delivery service
C625, C-ITS technologies
C324, Autonomous freight fleets
C331, Urban parking space management
C623, WIFI based communication

o

FIGURE 4. Comparison of the results on the operational level.

different communication systems and technologies, as well
as the autonomous services reached here consequently low
scores.

An interesting result of the operational level that it repeats
one result of the tactical level: the high score for road traffic
management and control. Behind the results, the importance
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0.005 0.01 0.015

Score

0.02 0.025 0.03

of urban traffic issues can be found. Urban traffic manage-
ment needs vehicle localization and communication between
them. The elements which are related to localization (and also
to vehicle control or environment sensing) obtained higher
scores, in contrast to the lower scores of the connected tech-
nologies (that was unexpected).
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TABLE 13. The Results of the Sensitivity Analysis.

51226

Strategic level Operational level Tactical level
Criteria Scores | Criteria Scores | Criteria Scores
System architecture for testing of ADAS 0.0135
and autonomous vehicle functions, C111 )
Development of autonomous vehicle Autonomous vehicle prototype 0.0096
0.0319 | development, C112
test platform, C11 - - -
Complex simulation environment for
Vehicle-in-the-Loop (ViL) testing, i.e. real | 0.0088
car in virtual environment, C113
Cooperative navigation based on 0.0081
environmental and vehicle sensors, C121 }
Coopel:ahve and distributed vehicle control 0.0082
strategies, C122
Optimal trajectory planning and driving
control considering static and dynamic 0.0149
Control of autonomous vehicles, C12 | 0.0566 | obstacles, C123
Model-driven design tools and techniques
. 0.0064
. for autonomous vehicles, C124
In-vehicle enablers, C1 | 0.2090 — - - —
Decision-making and action modeling in 0.0135
different traffic situations, C125 :
Intelligent (by-wire) in-vehicle actuators, 0.0055
C126
Enylronment sensing based on multisensor 0.0155
fusion, C131
Optimal sensor architecture and localization 0.0137
for autonomous vehicles, C132 .
Environment sensing of autonomous Signal processing of environment sensing
vehicles, C13 0.0586 and visualization, C133 0.0097
High-definition mapping for autonomous
vehicles, C134 0.0077
Hanfilmg disturbances in environment 0.0121
sensing, C135
Automotive functional safety and 0.0619
cyber secure control, C14 )
Homologation, C21 0.0288
Simulation based testing and
validation, C22 0.0147
]éz‘tgoratory testing and validation, 0.0163
Vehicle validation, C2 | 0.2181 [proving ground testing and validation,
0.0393
C24
Limited public road testing and
validation, C25 0-0480
Public road testing and validation, 0.0709
C26
Fleet management for autonomous vehicles, 0.0091
C311
Traffic management, C31 0.0572 Road traffic control for ml.xed traffic 0.0257
(autonomous and conventional cars), C312
Traffic management for fully autonomous 0.0223
transport, C313
Shared, connected and Autonomous public transportation, C321 0.0099
automated mobility 0.1055 | Shared and automated mobility Shared autonomous transport, C322 0.0079
services for people and ices fi ) d ds. C32 0.0270
goods, C3 services for travelers and goods, Autonomous delivery service, C323 0.0047
Autonomous freight fleets, C324 0.0045
Urban parking space management, C331 0.0040
Innovative technologies for social 0.0213 | Energy consumption optimization, C332 0.0080
well-being, C33 . - -
Smart city developments with autonomous 0.0093
vehicles, C333 )
. . Education, C41 0.0238
Socio-economic
impacts, user/public 0.0833 | Research, C42 0.0330
t 4
acceptance, C Legislation, C43 0.0265
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TABLE 13. (Continued.) The Results of the Sensitivity Analysis.

Human factors and dynamic
characteristics, C51 0.0108
Interaction of human and autonomous
vehicles for safe transport (inside and | 0.0239
outside of the car), C52
Human factors, C5 | 0.0923 | Anomaly detection and prediction 1 55,
using smart devices, C53
Automation possibilities of
information management a decision- | 0.0207
making, C54
Traveller behaviour in autonomous 00117
public transport, C55 )
Smart road infrastructure, C61 0.0212
V2X technologies, C621 0.0070
Cellular (4G/5G) communication
technologies, C622 0.0050
ICT infrastructure, C62 0.0251 | WIFI based communication, C623 0.0030
Smart city ICT technologies, C624 0.0055
c-for general use of technologies, | ¢ o046
C625
HD maps, C631 0.0113
Rh);lcat:uartld dlgltgl 0.1351 Static, semi static maps, C632 0.0061
Inirastructure an - Vehicle localization, C63 0.0502
secure connectivity, C6 Semi dynamic, dynamic maps, C633 0.0156
GPS/DGPS technologies, C634 0.0171
Communication of connected and
0.0101
autonomous cars, C641
Automotive testing of communication
networks, C642 0.0064
Communication systems within and 0.0387 Cyber-physical systems in autonomous 0.0054
among vehicles, C64 . vehicle environment, C643 :
Dlstrlbqted measurement and information 0.0044
processing, C644
Cyber secure communication of 0.0124
autonomous vehicles, C645 i
Storage, C711 0.0045
Access, C712 0.0076
Data management, C71 0.0392
Analytics, C713 0.0103
Big data, artificial | 56 Privacy, C714 0.0167
intelligence, C7 - -
Big data for efficient transport
planning and traffic management, 0.0636
C72
Artificial intelligence for optimized 0.0538
autonomous transport, C73 }

The higher score of control systems and the lower score of
the autonomous delivery services or the autonomous freight
fleets show similarity as in higher levels. Probably, the back-
ground of that target group opinion is that the development
of the basic functions is more important than the features that
will be able to realize by them.

The results on the operational level can be seen in Fig. 4.

The sensitivity analysis proved the stability of the gained
ranking results. We have conducted numerous versions of
the analysis and selected decision elements from the first
level of the decision hierarchy to examine the impact of the
modifications on the lower levels and find out if the originally
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obtained priority is sensitive. The most obvious selection
from the testing point of view was to pick the closest two
first level items, the Vehicle validation (C2) and In-vehicle
enablers (C1) and subscribing some points from C2 and
adding to C1. We have reached the limit of the change of 0.01
(this can be considered as a significant change for a PAHP
test) for which the ranking for all levels still remained stable.
As demonstrated in Table 13, the position of the first five most
significant elements did not change, neither on the second,
nor on the third level of the decision hierarchy. In Table 13,
the affected elements and their new scores are highlighted in
bold.
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Strategic level Tactical level Operational level

System architecture for testing of ADAS and autonomous vehicle functio
Autonomous vehicle prototype development

Complex simulation environment for Vehicle-in-the-Loop (ViL) testing, . real car in virtual
environment

Cooperative navigation based on environmental and vehicle sensors
Cooperative and distributed vehicle control strategies
) Optimal trajectory planning and driving control considering static and dynamic obstacles
Control of autonomous vehicles
. Model-driven design tools and techniques for autonomous vehicles
In-vehicle
Decision-making and action modeling in different traffic situations
enablers :
Intelligent (by-wire) in-vehicle actuators.

Development of autonomous vehicle test platform

Environment sensing based on multisensor fusion

Environment sensing of autonomous vehicles Signal processing of environment sensing and visualization
High-definition mapping for autonomous vehicles
Automotive functional safety and cyber secure
] Handling disturbances in environment sensing

Homologation

Simulation based testing and validation

Optimal sensor architecture and localization for autonomous vehicles

Laboratory testing and validation

Vehicle
validation

Proving ground testing and validation
Limited public road testing and validation

Public road testing and validation

Fleet management for autonomous vehicles
Traffic management Road traffic control for mixed traffic

ic management for fully autonomous transport

Shared,
connected an:

Autonomous public transportation
automated .
mobility Shared and automated mobility services for
" travelers and goods Autonomous delivery service
services for
Autonomous freight fleets
people and
Urban parking space management
R h and goods e s
esearch an Innovative technoloie for socis well-being

development
topics of

elopments with autonomous vehicle:

economic

impacts, Research
user/public
acceptance Legislation

driving an
related
technologies on
automotive
proving ground

SeEle-
autonomous

Human factors and dynamic characteristics

Interaction of human and autonomous vehicles for
safe transport (inside and outside of the car)

Anomaly detection and prediction using smart
devices
Automation possibilities of information
management a decision-making

r behaviour in autonomous public tran

RbY=icalland
digital
infrastructure
and secure

connectivity

Static, semi static maps
Semi dynamic, dynamic maps
GPS/DGPS technologies

ed and autonomous cars
ation networks
Communication systems within and among vehicles
Distributed measurement and information processing
Cyber secure communication of autonomous vehicles
Storage

Access
Data management

. Analyti
Big data, p—

- Big data for efficient transport planning and traffic Privacy
artIfICIal
intelligence
Artificial intelligence for optimized autonomous
transport

FIGURE 5. Hierarchy tree for research and development topics of autonomous driving and related technologies on
automotive proving ground.
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V. CONCLUSION

As a main output of the conducted research a hierarchical
decision model has been created for testing and proving
processes of CAVs and related technologies. The applied
methodology has confirmed the robustness of the results
twofold. Sensitivity analysis revealed the stability for minor
changes in the hierarchical structure weight scores while
Pareto test approved that the gained weights are the best
possible to reflect the experts’ intention. In the case of expert
surveys where the calculated weight scores have high sig-
nificance (e.g. in investment decisions), it is highly recom-
mended to apply not only the conventional tools of AHP
(including sensitivity analysis) but also Pareto optimality test
to gain robust results. Accordingly, a Pareto AHP model
was carried out and successfully applied for the problem
of autonomous proving ground development. Although it is
not obvious that the outcome of the recent research in terms
of ranking the decision elements of autonomous testing can
be generalized due to the specific features of the given test
track (size, geographic location. etc.), the proposed hierar-
chical decision model and the created PAHP procedure is a
proper base for similar problem to assist decision making.
Even though the examined case study did not contain non-
Pareto optimal weight vectors, it is highly suggested for other
applications conducting the Pareto test to avoid the risk of
rank reversal and thus, to avoid biased final decisions. Future
work consists of the extension of the current model by adding
possible interrelations of the decision elements. However,
it has to be emphasized that the linkages of the elements
are basically hierarchical, thus AHP can be considered as
a good approximation of the problem. Analytic Network
Process (ANP) would examine all possible connections of
the attributes and for this enormous number of criteria would
probably be difficult to apply. A more realistic methodology
might be such model which keeps the PAHP results and
amends it with the non-hierarchical linkages such as the com-
bination of AHP and Interpretive Structural Modelling [34].

APPENDIX
See Fig. 5.
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