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Abstract: The automated vehicle (AV) industry is a new growing industry of great interest. The
environmental friendliness of AVs represents a core characteristic of their leap-forward development.
The environmental effect of AVs, including its evaluation framework and algorithm, is a leading
research area for continued technological innovation and market development in this field. This study
focuses on three environmental aspects: the energy effect of AVs, the traffic effect of AVs on ground
space, and the air effect of AVs on three-dimensional atmospheric space. First, an environmental
effect evaluation indicator system that includes nine indices for AVs is constructed to be the basis
for management decision making. Second, the interval-valued intuitionistic uncertain fuzzy (IVIUF)
evaluation variable is used to solve the problem of data features that incorporate “crisp numbers”
and “fuzzy numbers”. Moreover, geometric weights are added based on the generalized correlation
aggregation operator. Then, the IVIUL-weighted geometric (IVIULWG) operator is developed, which
includes the objective and subjective information of “crisp numbers” and “fuzzy numbers” and
makes the mathematical characteristics more scientific and accurate. Finally, an evaluation example
is used to validate the effectiveness and practicability of the algorithm.

Keywords: automated vehicles; environmental effect; interval-valued intuitionistic uncertain linguistic-
weighted geometric (IVIULWG); multi-criteria evaluation

1. Introduction

With the acceleration of intelligence in human society in the context of new energy in
recent years, the development and deployment of automated vehicles (AVs) have become a
new focus of investment, both by governments and enterprises. Currently, major vehicle
manufacturers and technology giants are developing and testing AVs [1]. Traditional
vehicle enterprises, such as Audi, BMW, Ford, Volkswagen, General Motors, and Toyota,
have gradually experienced an evolutionary development path, from Level 0 (No Driving
Automation) to Level 2 (Partial Driving Automation) and then to Levels 4 and 5 (High-Level
Automation and Full Automation, respectively) [2]. However, some technology giants,
such as Apple, Google, and Baidu, have adopted a revolutionary approach, in which they
make full use of their technological advantages to directly develop Level 4 and 5 AVs. Some
scholars have predicted that Level 4 and 5 AVs will see commercial use on a large scale
in the next 10 to 30 years [3] and will contribute to 50% of total vehicle sales in 2040 [4].
Simultaneously, with the rapid development of artificial intelligence and navigation and
communication technologies, the AV industry has become a new growing industry of great
interest around the world, and the number of related studies has grown exponentially [5]. In
terms of research content and methods, there is a trend of pluri-disciplinary cross-sectional
studies, for example, on traffic safety, energy structure, environmental protection, and
economic growth [6].

The latest research report issued by Securing America’s Future Energy (SAFE) revealed
the effect of autonomous driving on the future economy and labor market. The academic
community has also engaged in an increasing number of in-depth discussions on the
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environmental friendliness of AVs from the perspectives of technology and management.
The environmental friendliness of AVs is claimed and expected to be a core characteristic of
their leap-forward development over conventional vehicles (CVs). From the perspective
of management decision research, the evaluation framework of the environmental effect
of AVs and its evaluation algorithm are a pilot study to regulate technological innovation
and market development in this field. Scholars have studied the environmental effect
of AVs based on different disciplines, research purposes, and dimensions. A great deal
of research has emerged from independent and discrete perspectives and differs in its
conclusions. With respect to the effect of AVs on traffic conditions, many scholars agree that
the widespread deployment of AVs can reduce the incidence of traffic accidents and jams.
For example, Bagloee et al. (2016) indicated that without inducing additional demand, AVs
can reduce traffic congestion and improve traffic efficiency by reducing traffic accidents
and through intelligent planning and high-speed cruising [7]. However, some researchers
have drawn opposite conclusions; for example, AVs can improve the mobility of the elderly,
unlicensed, and disabled people in addition to adolescents who are not able to drive CVs [8].
This may lead to an increase in the demand for AVs or in vehicle miles traveled (VMT) [9]
and a further increase in the number of vehicles running on the road system, with no
significant improvements in easing traffic congestion.

Regarding the other dimensions of the environmental effect of AVs, such as fuel saving
and air pollution, scholars have highlighted air quality improvement indicators on which
AVs directly act. Some scholars have indicated that AVs act on greenhouse gases (GHGs),
which can be cut by 40 to 60% [10]. Other scholars have indicated that AVs act on CO2
emissions and have obtained predicted results of CO2 emissions being cut by 7 to 20% in
one study [11] or by 87 to 94% in another study [12]. It seems that the conclusions drawn
by different researchers vary a great deal and are somewhat arbitrary. Overall, the status
of these studies indicates that an evaluation system to determine the environmental effect
of AVs has not yet been formed. Thus, the basis of this study is to establish a scientific
evaluation system that incorporates the results of multiple disciplines and that reflects the
structural scientificity of environmental effect evaluation.

There is a small number of studies in which evaluation algorithms have been used to
assess the effect of AVs. For example, Dogan et al. (2020) adopted a fuzzy decision-making
model that combines AHP and TOPSIS with intuitionistic fuzzy sets (IFS) to solve the corri-
dor selection problem that occurs when AVs are used as a means of transport [13]. Bakioglu
and Atahan (2021) proposed a new hybrid multi-criteria decision-making (MCDM) method
based on a combination of AHP and TOPSIS in a Pythagorean fuzzy environment to ad-
dress the AV-related risk priority problem [14]. Regarding the difficulty of the current
research, the road testing of AVs has not been extensively conducted, and there is a lack
of simulation data on AVs. There has been a lack of academic attention and algorithms
to evaluate the environmental effect of AVs comprehensively. Moreover, in addition to
some quantifiable “crisp numbers” (e.g., CO2 emissions), there is a large number of “fuzzy
numbers” with irregular semantics (e.g., traffic congestion alleviation). The development
of algorithms and technologies that can simultaneously retain and maximize the retention
of the two original types of information is urgently required. Simultaneously, AVs are still
undergoing simulation experiments, and the information on industrial technologies and
development platforms is ever changing. Their elastic and scalable application should be
taken into account in algorithm research.

In this study, to address the above-mentioned issues, an evaluation indicator system
to determine the environmental effects of autonomous vehicles is constructed. Based on
this, interval-valued intuitionistic uncertain linguistic fuzzy (IVIUF) numbers are used to
study the evaluation. The main contributions of this study are as follows: methods are
developed to combine crisp numbers and fuzzy numbers as well as two-level status data
and intermediate state data in the evaluation. Ordered weighted averaging aggregation
operators are introduced to multi-criteria decision making, and the interval-valued intu-
itionistic uncertain linguistic-weighted geometric (IVIULWG) operator is developed to
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ensure the fuzzy attribute of crisp numbers in IVIUF research; otherwise, the weighted
arithmetic average would become a simple arithmetic average of the S values. Hence, the
expected values of the calculation results have more comprehensive attributes.

This study is structured as follows: First, research on the environmental effect of AVs
is introduced. In Section 2, the environmental effect and evaluation criteria of AVs are
provided, and an evaluation indicator system is built to improve the basis for management
decision making and industrial development. Section 3 relates to evaluation algorithm
development. In this paper, the interval-valued intuitionistic uncertain linguistic (IVIUL)
information (IVIUL semantics) form is used to solve the problem of data features that
describe the coexistence of “crisp numbers” and “fuzzy numbers” based on correlation
transformation. Geometric weights are added to maximize the retention of the objective
and subjective evaluation interval information of “crisp numbers” and “fuzzy numbers.
Additionally, the IVIUL-weighted geometric (IVIULWG) operator is developed. Based on
an example of the IVIULWG operator, in Section 4, the effectiveness and practicability of the
algorithm are validated. Finally, the conclusions and future work are presented in the last
section. The research in this paper on the comprehensive evaluation of the environmental
effects of AVs provides a practical reference that will enable the government (policy makers)
to predict and pre-evaluate the environmental effects of AVs through the formulation of a
related indicator system and the establishment of an algorithm in the context of the rapid
development and upcoming arrangement of AVs to help the implementation of market
access and emission regulation. Additionally, this research can be extended to include
uncertainties about the environmental effects of future AVs [15].

2. Construction of the Environmental Effect Evaluation Indicator System for AVs

Environmental effects refer to changes in the structures and functions of environmen-
tal systems caused by human activity or natural processes. According to the nature of
environmental changes, environmental effects can be divided into environmental biological
effects, environmental chemical effects, and environmental physical effects. This study
focuses on the environmental physical effects of AVs. A review of relevant literature is
conducted. Additionally, the sources of interaction for AVs and their environmental physi-
cal effects as well as the spatial stratification of the environment are taken into account to
construct an environmental effect evaluation indicator system for AVs from the perspectives
of the environmental effects (or energy effects) of AVs, the environmental effects of AVs on
ground space (or traffic effects), and the environmental effects of AVs on three-dimensional
atmospheric space (or air effects). Meanwhile, when indicators are selected, there is full
consideration of the development direction of science and technology for AVs based on the
industrial technology service platform as well as on policy regulation tendencies.

2.1. Traffic Environment

(1) Safety and crashes

Currently, there are approximately 1.35 million deaths caused by road traffic accidents
around the world each year. Traffic accidents are mainly considered to be caused by the
human error of drivers. In the United States alone, if road traffic accidents were cut by
1%, USD 800 million could be saved each year [16]. Research by the Federal Highway
Administration showed that 25% of traffic congestion arises from traffic accidents, and
the share of collision accidents is close to 50% [17]. Researchers have reported that by
eliminating the human error of drivers, AVs can lower the incidence of traffic accidents by
over 33% or even 90%. For AVs, although opinions differ on the potential improvement for
traffic accidents under existing regulations, securing on-board passengers and other road
users who interact with AVs is a precondition for improving the environmental friendliness
of AVs.
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(2) Traffic efficiency

The research roadmap for the improvement of traffic efficiency by AVs is mainly
sourced from two perspectives: first, reducing traffic accident-related congestion and
stop-and-go behavior. When AVs are widely used, communication tools such as vehicle-to-
vehicle technology (V2V) can be used to improve the perception of road conditions and
the stability of traffic flow at higher cruising speeds and shorter time headway. Second,
the mobility of AVs will contribute to increased accessibility. After people who cannot
drive CVs choose autonomous driving, VMTs will increase by 14% [18]. The synergy and
hedging between the two perspectives above can influence traffic efficiency simultaneously.

(3) Road capacity

Simulation studies on synchronous acceleration/deceleration have shown that AVs
can form a platoon through inter-vehicle communication. AVs can continuously scan and
monitor the surrounding traffic and can perform refined braking or acceleration operations.
For this reason, vehicles that are ahead and behind in a platoon can maintain a shorter
distance, thus increasing the number of vehicles on the road. On the existing road system,
low-level Avs that are capable of adaptive cruising have demonstrated the potential and
feasibility of this application [19]. Connected AVs can increase the throughput and capacity
of roads by a factor of four [20].

(4) Parking space

The breakthrough of AVs being able to park in a wider variety of parking spaces
is an important indicator that reflects their environmental effect. According to statistics,
traditional vehicles are idle 96% of the time during their design life cycle. In particular,
shared AVs (SAVs) can reduce traffic density and increase the utilization rate of vehicles by
75% [6]. Through simulation research, Martinez and Viegas (2017) indicated that the use of
SAVs can reduce 90% of the traffic flow on the road [21]. Second, AVs can reduce the need
for parking in urban spaces due to their limitless fluidity, as they can park themselves in
remote areas. Based on this, simulation research conducted by Zhang and Guhathakurta
(2017) demonstrated that an AV can increase the number of parking spaces by 20% and
reduce vehicle ownership by 5% [22]. Thus, AVs, if taken as moving platforms rather than
cars only, can trigger novel urban design, that is, the contemporary car is not only a driving
machine, but a parking machine as well.

2.2. Energy Consumption

Generally, traditional vehicles use fossil fuels as their power source, resulting in
increasingly serious problems, such as increased carbon emissions, air pollution, and
global warming. Because of the differences in the design of AVs in terms of, for example,
electrification and the use of hybrid power sources, energy consumption should be taken
into full account in the evaluation of energy consumption reduction in the context of AV
penetration into the market.

(1) Fuel saving

Energy consumption reductions are derived from several considerations, including
lightweight design, path optimization for intelligent hazard and obstacle avoidance, and
eco-driving. First, in traditional vehicle design, safety-related facilities occupy more than
20% of the body weight, and a 10% reduction in body weight means energy saves of
6 to 7% [23]. Extra facilities can be removed from AVs because of their effective guarantee
of safety, thus contributing to lightweight design. Second, with the aid of V2V and V2I
technologies, AVs can perceive the surrounding traffic environment and the operating status
of other AVs in a real-time, dynamic manner; intelligently avoid hazards and obstacles;
and optimize the path, thus reducing energy consumption. Third, the refined control
of eco-driving can improve the smoothness and stability of road traffic by eliminating
stop-and-go driving behavior and is expected to reduce energy consumption by 15 to
30% [24,25]. The platooning of AVs is also believed to have the capacity to reduce air
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assistance and to thus reduce fuel consumption by 3 to 25% [26]. Additionally, cooperative
adaptive cruise control (CACC) technology has been reported to achieve 98%, 93%, and
33% reductions in time headway deviation, unsafe conditions, and instantaneous fuel
consumption, respectively [27].

(2) Alternative fuel

Currently, electrification mainly contributes to increasing the fuel efficiency of vehi-
cles [28]. The low efficiency of electric vehicles (EVs) is mainly caused by the frequent use
of EVs for short-distance transportation because of the limitation of battery capacity and
the mismatch between the distribution of charging stations and the intended parking loca-
tion [29]. A fleet of SAVs can make up for these shortcomings of EVs. AVs consume energy
during both production and charging, and most of the energy comes from traditional fossil
fuels. However, because the enhanced sensor and computing power requirements of AVs
increase the electric power consumption of AVs by 8% [30], the total energy consumption
of AVs during their entire life cycle still needs to be considered during evaluation.

(3) Fuel efficiency

The fuel efficiency of traditional vehicles is determined by their engine parameters, air
resistance, weight, and the characteristics of their fuels. Researchers have found that the
average energy conversion rate of EVs is three times that of traditional vehicles with internal
combustion engines [13]. An important reference indicator for optimizing the environment
of AVs is the improvement of fuel efficiency. The main indicators under consideration
include the lightweight body design of AVs and the reduction of air resistance with the
help of intelligent platooning. Additionally, Lee and Choi (2018) indicated that the fuel
status of EVs clearly has different effects on the ground environment when they run at low
speeds and under different road conditions [31]. For vehicles with SAE automation Levels
1 to 3, which have features such as cruise control and smooth braking, fuel efficiency can be
increased by as much as 39% [10].

2.3. Air Environment

Important evaluation indicators for environmental monitoring under the current indus-
trial system include urban air conditions. The environmental issues and urban air pollution
caused by the greenhouse effect have increasingly become the focus of public concern. The
GHG emissions and nitrogen oxide (NOx) content in the air are indicators for measuring
air quality that have been universally adopted by the current research community.

(1) Greenhouse gases

The NASA Environmental Institute has proposed four major GHGs: carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), and fluorinated gases. The capacity of AVs to
reduce GHGs is mainly determined by several factors: First, the updated energy power
system. It has been reported that the GHGs generated by battery-powered EVs during
the entire life cycle of the car are approximately half of those generated by traditional
vehicles. Second, the continued intelligent improvement of autonomous decision-making
and automatic control functions has objectively promoted low-carbon mobility (LCM). For
example, green light-optimized speed advisory (GLOSA) technology has been reported to
be capable of CO2 emission reductions in addition to traffic flow improvements through
V2X communication [27].

Third, AVs have also updated the mobility concept to include on-demand mobility,
car-sharing, and other LCM methods. Greenblatt and Shaheen (2015) indicated that the use
of shared vehicles in forms such as car-sharing, ride-sharing/carpooling, transportation
networks, and e-hail services based on actual need has objectively reduced VMT [32].

(2) NOx levels

The effect of traditional road traffic on air pollution is reflected in the continued rise in
vehicle exhaust emissions and in NOx levels in particular. Avs mainly affect air pollution as
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a result of the following factors: the eco-driving technology of AVs, whether the use of AVs
can increase VMT, the dependence of AVs on fossil fuels (vehicles with internal combustion
engines are more likely to cause pollution than EVs), and the degree of integration of AVs
with public transport [33]. Stern (2019) demonstrated that V2V communication between
AVs and eco-driving can reduce traffic flow fluctuations and can shorten acceleration and
deceleration cycles and are expected to reduce CO2 emissions by 15% and NOx emissions
by 73% [34]. Through a numerical simulation, Rafael et al. (2020) compared the differences
in urban air quality under three conditions: no AVs, 30% AV penetration, and 30% AVs
powered by electric power. The results indicated that 30% AV penetration results in a slight
increase (<1%) in NOx emissions, whereas AVs powered by electric power can reduce NOx
emissions by 4% [35].

Based on the above analysis, an environmental effect evaluation indicator system for
AVs is constructed in this study, as shown in Table 1.

Table 1. Environmental effect evaluation indicator system for AVs.

First-Level Indicator Second-Level Indicator

Energy environmental effect A1: Fuel saving
A2: Alternative fuel
A3: Fuel efficiency

Traffic environmental effect A4: Safety and crashes
A5: Traffic efficiency
A6: Road capacity
A7: Parking space

Atmosphere environmental effect A8: Greenhouse gases
A9: NOx levels

3. IVIULWG Operator: Evaluation Methodology for the Environmental Effect of AVs

There are two types of data sources that can be used to create environmental evaluation
indicators for AVs. The first type generally consists of standard monitoring data, statis-
tical data, and experimental data, such as data on fuel consumption, the fuel utilization
rate, exhaust emissions, and NOx levels, which are “crisp data.” Regarding the common
characteristics of such data, although the data are divided into, for example, absolute
numbers, relative numbers, and proportional numbers, they have clear numerical values
and quantitative representations, which can be used to determine the level of their effect.
The other data source is a combination of subjective and objective evaluation indicators,
such as traffic safety and traffic efficiency. Because AVs are undergoing industrial growth,
the industry access and measurement standards for such indicators are fuzzy, but possible
interval values of their data are still clear.

3.1. IVIUF Evaluation Number

After the full consideration of the data features, IVIUF semantics were selected as
the environmental effect evaluation algorithm for Avs in this study. The reason for this
is that, through conversion, IVIUF semantics can improve the description of the complex
coexistence of crisp and fuzzy numbers in evaluation indicators. Regarding the IVIULWG
operator formed when considering geometric weights, it not only accurately conveys the
subjective hesitancy of the evaluator in the initial evaluation information but also objectively
forms all initial information into comprehensive and applicable evaluation results. The
intuitionistic confirmation and non-confirmation of IVIUF semantics are excellent for
adaptability and can be automatically adjusted with the classification of industrial norms,
the extensive improvement of AV road tests, and the gradual improvement of quantitative
criteria; that is, the algorithm is highly sustainable.
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3.1.1. Definition of IVIUF

IVIUF semantic information and its operator belong to the fuzzy MCDM method,
which corresponds to a decision-making method with uncertain and fuzzy information.
This study belongs to Intuitionistic Fuzzy Sets (IFS) research, which was formed by Zadeh,
Atanassov, and Gargov (1996) [36]. In this paper, the IVIUF semantic expression method
is selected, the judgment results are formed, and the affirmation and hesitation of the
judgment results [36] are presented. The reasons for adopting IVIUF semantics in this
study are as follows: First, this algorithm can describe the coexistence of “crisp numbers”
and “fuzzy numbers” in the evaluation of the environmental effects of AVs. Second,
IVIUF not only maximizes the retention of the objective evaluation interval information of
“crisp” and “fuzzy” numbers, but also highlights the intuition of a subjective evaluation in
environmental effect evaluation, thereby forming sufficient state information and stronger
mathematical characteristics. In this study, relevant research results were collected to form
the following definition of IVIUF:

Definition 1. Uncertain linguistic evaluation interval variable S̃ =
[
Sθ(ãj)

, Sτ(ãj)

]
.

Let S = {s1, s2 . . . sn} be a linguistic term set with odd cardinality. In any label, Si
represents a possible value of a linguistic variable. For instance, S = {S1, S2, S3, S4, S5},
where S1 = extremely poor, S2 = poor, S3 = medium, S4 = good, S5 = extremely good. S has
an arbitrary subset interval of S, S̃ =

[
Sθ(ãj)

, Sτ(ãj)

]
, where Sθ(ãj)

and Sτ(ãj)
∈ S are in an

ascending state; Sθ(ãj)
represents a low-level evaluation in the ascending state; and Sτ(ãj)

represents a high-level evaluation.

Definition 2. Membership degree interval value ũ =
[
uL(ãj

)
, uU(ãj

)]
.

The state of intuitionistic perception and confirmation for the establishment of an
uncertain linguistic variable S̃ is called the membership degree interval value. The fuzzy
evaluation values of the membership degree interval or certainty, ũ =

[
uL(ãj

)
, uU(ãj

)]
, are

arranged in ascending order (j denotes the evaluation dimension).

Definition 3. Non-membership degree intervalṽ =
[
vL(ãj

)
, vU(ãj

)]
.

The non-membership degree interval, ṽ =
[
vL(ãj

)
, vU(ãj

)]
, is an unconfirmed state

of intuitionistic perception established for an uncertain linguistic variable S̃ and is also
sorted in ascending order, with uncertainty vL(ãj

)
< vU(ãj

)
. Because the hesitancy factor

is allowed, 0 ≤ uL(ãj
)
+ vL(ãj

)
≤ 1 and 0 ≤ uU(ãj

)
+ vU(ãj

)
≤ 1.

Definition 4. IVIUF evaluation indicator ãj =
{[

Sθ(ãj)
, Sτ(ãj)

]
,
[
uL(ãj

)
, uU(ãj

)]
,
[
vL(ãj

)
, vU(ãj

)]}
.

In this paper, the IVIUF number is an evaluation indicator that describes the eval-
uated object. The IVIUF evaluation indicator is described in the following form: ãj ={[

Sθ(ãj)
, Sτ(ãj)

]
,
[
uL(ãj

)
, uU(ãj

)]
,
[
vL(ãj

)
, vU(ãj

)]}
. The variable matrix that considers mul-

tiple objects and attributes can be simply described as Ãj =
([

Sαj , Sβ j

]
,
([

aj, bj
]
,
[
cj, dj

]))
,

where j denotes the number of evaluation objects.

3.1.2. IVIUF Semantics for Environmental Effect Evaluation Indicators

(1) “Crisp” data in the evaluation indicator system

Established national grading standards exist in the AV industry. Alternatively, industry
experts can develop authoritative grading standards. This type of “crisp” data can be
divided into an odd number of intervals according to their grades, from poor to excellent.
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The smaller the interval label, the lower the rating. “Crisp” data are only within one
evaluation interval. For the interval value that corresponds to “crisp” data, the membership
degree interval and non-membership degree are highly objective because the interval value
is formed based on accurate data.

For example, for A9 NOx levels in the indicator system, “its nitrogen oxides emissions are
lower than 0.05 g” according to the standards of the AV industry that correspond to the interval
value in IVIUF semantics, thus forming a value interval of [0, 0.05]. Consider the classification
of nitrogen oxide emissions into five intervals as an example: [0.05–0.04) corresponds to
Level 1, the interval value [0.04–0.03) corresponds to Level 2, and the interval value [0.03–0.02)
corresponds to Level 3. Similarly, different NOx emission intervals corresponding to Levels 1
to 5 can be obtained, which represent the intervals “S1-S2-S3-S4-S5” and the five interval
characteristics of “very poor-poor-qualified-good-excellent.” If the NOx value of a certain
AV brand is 0.033–0.025, its interval value can be determined as [s2, s3]. If the objective
accuracy of the data is evaluated, its membership degree and non-membership degree can
be expressed as (1, 1) and (0, 0) in the case of extreme accuracy. If there is high doubt about
the detection environment, it can be expressed as (0.2, 0.4) and (0.5, 0.6), for example.

(2) “Fuzzy” data in the evaluation indicator system

At present, there are increasing doubts about the contributions of AVs to the improve-
ment of traffic efficiency. Thus, there have been a large number of evaluations based on
“fuzzy” information. Because empirical testing and road testing of AVs have not been
conducted on a large scale, it is impossible to make judgments and to divide intervals based
on data. Therefore, it is still necessary to rely on the subjective experience of experts for
judgment. It is believed that even if experts have diverse evaluation ideas, by combining
the evaluations of multiple experts and taking the average of their evaluation results, the
industry’s overall judgments on the type of AVs can be obtained.

For instance, for A5, the traffic efficiency indicator in the indicator system, the upper
and lower limits of the evaluation values can be divided into an odd number of evaluation
intervals, from poor to excellent, based on experts’ comprehensive evaluations. If the
evaluation value is obtained based on the data acquired by stratification, sampling, or
comparative inference, it is necessary to assess whether the interval is evenly distributed.
Experts can be invited to subjectively judge the membership and non-membership degrees
of intuitionistic intervals based on their professional experience and judgments.

3.2. IVIULWG Operator Development

The evaluation matrix Ãj can be obtained according to IVIUF Definitions 1 to 3 in
Section 3.1 and to the environmental effect evaluation indicator system for AVs formed in
this paper. Considering the coexistence of “crisp” data and “fuzzy” data in the evaluation
matrix, the volume of “crisp” data information in the initial evaluation is retained as
practically as possible.

In the case of an ample sample size, because of the uncertainty regarding intuition
about the evaluation objects, the evaluation data are relatively concentrated, but a small
number of data are distributed at the top and bottom of the evaluation set. Clearly, the two
types of data should not be treated equally. The data at both extremes of the evaluation set
should be assigned higher weights.

In the algorithm development process, geometric weights are added to the evaluation
matrix, and the IVIULWG operator is developed.

Step 1: Prepare the IVIUF evaluation data:
Relying on the evaluation indicator system and related information, the experts can form

an IVIUF evaluation matrix of the evaluation objects. If Ãj =
{[

sαj , sβ j

]
,
[
aj, bj

]
,
[
cj, dj

]}
(j = 1, 2, . . . , n) is a group of IVIUF variables and Ã1 =

{[
sα1 , sβ1

]
, [a1, b1], [c1, d1]

}
,

Ã2 =
{[

sα2 , sβ2

]
, [a2, b2], [c2, d2]

}
, then the basic algorithm is as shown in Equations (1)

and (2). Equations (1) and (2) are the results derived from the achievements made in
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mathematics. They are the calculation rules for any two IVIUF numbers and correspond to
the addition and multiplication rules, respectively

Ã1 + Ã2 =
{[

sα1+α2 , sβ1+β2

]
, [1− (1− a1)(1− a2), 1− (1− b1)(1− b2)] , [c1c2, d1d2]

}
(1)

Ã1 ⊗ Ã2 =
{[

sα1α2 , sβ1β2

]
, [a1a2, b1b2], [1− (1− c1)(1− c2), 1− (1− d1)(1− d2) ]

}
(2)

Step 2: Introduce the position weight:
First, the IVIULWG operator needs to determine the interval distribution of the evalua-

tion numbers by sorting the IVF numbers in the evaluation interval, sorting the membership
and non-membership degree intervals from low to high, and assigning different weights to
the evaluation numbers in different locations of the distribution.

Assuming ω = (ω1, ω2, . . . , ωn) is a weighted vector of Ãj (j = 1, 2, . . . , n) and
ωj ∈ [0, 1], ∑n

j=1 ωj = 1, the following factors that consider the use of geometric weights are
added based on the generalized correlation aggregation operator of the IVIUF information.
With reference to the research results of Wang and Yager [37,38], the method of assigning
location weights is shown in Equation (3). Equations (4) and (5) are the calculation rules of
the IVIUF numbers after the position weight ωj is introduced:

ωj =
Cj

n−1

2n−1 , where j = 0, 1, . . . , n− 1 and
n

∑
j=1

ωj = 1 (3)

Ãλ
1 =

{[
sα1

λ ,sα2
λ

]
,
[
(a1)

λ, (b1)
λ
]
,
[
1− (1− c1)

λ, 1− (1− d1)
λ
]}

(4)

Ãλ1
1 ⊗ Ãλ2

1 =
(

Ã1

)λ1+λ2
(5)

Step 3: Introduce the indicator importance weight:
The MCDM algorithm is designed to evaluate the comprehensive attributes of multi-

attribute objects. It requires the determination of the importance of different indicators
(or an indicator layer that is composed of several sub-indicators) in the comprehensive
evaluation, that is, the subjective weight. If the subjective weight of the evaluation number
Ã1 is λ, then the calculation rule is

λÃ1 =
{[

sλα1 , sλα2

][
1− (1− a1)

λ, 1− (1− b1)
λ
]
,
[
(c1)

λ, (d1)
λ
]}

(6)

Ãj mix of two weights is used for the IVIULWG operator in this study. One of the
weights is the location weight of the indicator (or indicator layer) data, that is, an objective
weight, which can be assigned because of its different relative position in the evaluation
interval. The other weight is the importance weight of different indicators (or indicator
layers), that is, a subjective weight, which can be assigned according to the importance of the
evaluation indicators of the environmental effects of AVs. The IVIULWG operator, which is
formed through a mix of the above weights, makes the data-use process more scientific.

Step 4: Develop the IVIULWG aggregation operator: A generalized correlation aggrega-
tion factor is adopted based on related results obtained in IFS research. Equations (7) and (8)
provide the aggregation rule of the IVIULWG operator, and Equation (9) calculates the com-
prehensive evaluation attribute value of the IVIULWG operator, or the expected value:

IVIULWG
(∼

A1,
∼
A2 . . . . . .

∼
An

)
=

[
j = 1 j = 1
⊗s(αj

)
ω, ⊗s(βj)

ωj

]
,

[
n

∏
j=1

(
aj
)ωj ,

n

∏
j=1

(
bj
)ωj

]
,

[
1⊗

n

∏
j=1

(
1⊗ cj

)ωj , 1⊗
n

∏
j=1

(
1⊗ dj

)ωj

]
(7)

Λ
(

Ã1, Ã2 . . . . . . Ãn

)
= ∑n

j=1 ωj Ãj =
{[

sxn , syn

]
,
[
1−∏n

j=1

(
1− aj

)ωj
, 1−∏n

j=1

(
1− bj

)ωj
]
,
[
∏n

j=1

(
cj

)ωj
, ∏n

j=1

(
dj

)ωj
]}

,

where xn = ∑n
j=1 ωjaj, yn = ∑n

j=1 ωjbj
(8)
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E(ã) = [1 + (a + b)/2− (c + d)/2]/2× S(α+β)/2 = S[(α+β)×(a+b+2−c−d)]/8 (9)

Based on the IVIULWG operator, the expected value can be formed after the operation
of the multi-dimensional and multi-objective IVIUF evaluation matrix [39], which is an
MCDM operator. The expected value exhibits the characteristics of “crisp numbers.”
The operator’s value can be directly used for comparison, although it does not have the
connotation of evaluation. Considering the ascending order of the definition domain of the
IVIUL evaluation information of the indicator, the larger the expected value, the better the
evaluation result.

3.3. Application of the IVIULWG Operator

Based on the correlation transformation, selecting the IVIUL semantics form can solve
the problem of data features that describe the coexistence of “crisp numbers” and “fuzzy
numbers” in the environmental effect evaluation of AVs. Additionally, geometric weights
are added based on the generalized correlation aggregation operator of IVIUL information.
The developed IVIULWG operator improves the retention of the respective objective and
subjective information of “crisp” numbers and “fuzzy” numbers. The methods for combin-
ing crisp numbers and fuzzy numbers as well as two-level status data and intermediate
state data in the evaluation are determined. The credibility of the fuzzy attributes of IVF
research is improved; otherwise, the weighted arithmetic average would become a simple
arithmetic average on the S values. Furthermore, the expected values of the calculation
results are more comprehensive in terms of their attributes. The IVIULWG operator can be
directly applied to, for example, the numerical comparison, ranking, and classification of
multiple subjects and serves different management decision-making purposes.

4. Numerical Example: Optimization Problem Based on the IVIULWG Operator

The optimal selection of environmental effects for s is a typical MCDM problem. In the
following section, an illustrative example of based on the IVIULWG operator is presented.
Assume that there is a panel with four possible AVs, that is, Ti (i = 1, 2, 3, 4). The best AV is
chosen as the “Star of the Year”.

According to the requirements of the evaluation indicator system in Table 1, relevant
data or information about the four AV brands was provided to the knowledgeable experts.
All of the data came from an industry platform, the official websites of the brands, simu-
lations, and actual measurements. Relevant information (e.g., industry regulations and
existing industrial standards) was also submitted to three experts as supporting materials
for the evaluation.

Step 1: Prepare the IVIUF evaluation data
The three experts were invited to provide their evaluations based on the IVIUF num-

bers. The uncertain linguistic evaluation set adopted comprised a five-level interval in
ascending order and had the following corresponding meanings: {S1 = extremely poor,
S2 = poor, S3 = medium, S4 = good, S5 = extremely good}.

During the expert evaluation, the indicators with “crisp” characteristics in the indicator
system were classified into five interval values based on the normative standards of industry
data. The three experts determined the interval value based on the actual data of each AV
brand, with the corresponding membership and non-membership intervals showing great
objectivity. For indicators with “fuzzy” characteristics, the experts were asked to evaluate
the interval value of the indicators directly based on their professional experience and
accomplishments and to assign membership and non-membership information using their
intuition. The comprehensive evaluation results of the three experts are the comprehensive
evaluation values of the four brands. In this example, the evaluation weights randomly
assigned by the three experts were 0.35, 0.29, and 0.36, respectively.

Through sorting, a 3 × 9 evaluation matrix of the environmental effect evaluation
indicator system assigned by the three experts (K1, K2, K3) to the four brands could be
obtained, as shown in Table 2.
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Table 2. Initial IVIUF evaluation values assigned by three experts to four vehicle brands.

Knowledge
Expert Indicator T1 T2 T3 T4

K1

A1 <[S3,S3], [0.8,0.9], [0.1,0.1]> <[S2,S2], [0.8,0.9], [0.1,0.1]> <[S4,S4], [0.7,0.8], [0.1,0.2]> <[S3,S3], [0.8,0.9], [0.1,0.1]>
A2 <[S2,S3], [0.7,0.8], [0.2,0.3]> <[S1,S2], [0.6,0.7], [0.2,0.3]> <[S4,S5], [0.6,0.8], [0.1,0.2]> <[S3,S4], [0.7,0.8], [0.1,0.2]>
A3 <[S4,S5], [0.8,0.8], [0.1,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.2]> <[S3,S4], [0.6,0.7], [0.1,0.2]>
A4 <[S3,S4], [0.7,0.7], [0.2,0.3]> <[S1,S2], [0.7,0.8], [0.1,0.1]> <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S4,S5], [0.7,0.8], [0.1,0.1]>
A5 <[S2,S4], [0.5,0.6], [0.2,0.3]> <[S2,S4], [0.4,0.5], [0.3,0.4]> <[S3,S5], [0.5,0.6], [0.3,0.4]> <[S1,S3], [0.5,0.6], [0.2,0.3]>
A6 <[S3,S5], [0.6,0.6], [0.2,0.3]> <[S1,S3], [0.5,0.6], [0.2,0.3]> <[S2,S4], [0.5,0.7], [0.1,0.2]> <[S3,S5], [0.5,0.6], [0.2,0.3]>
A7 <[S1,S3], [0.5,0.7], [0.3,0.4]> <[S2,S4], [0.5,0.6], [0.3,0.3]> <[S3,S5], [0.5,0.6], [0.2,0.3]> <[S2,S4], [0.4,0.5], [0.2,0.3]>
A8 <[S3,S4], [0.6,0.6], [0.1,0.2]> <[S1,S2], [0.6,0.8], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.2]> <[S2,S3], [0.7,0.8], [0.1,0.1]>
A9 <[S2,S3], [0.7,0.8], [0.1,0.1]> <[S1,S2], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S3,S4], [0.7,0.7], [0.2,0.2]>

K2

A1 <[S2,S2], [0.8,0.8], [0.1,0.2]> <[S3,S3], [0.8,0.9], [0.1,0.1]> <[S3,S3], [0.8,0.9], [0.1,0.1]> <[S4,S4], [0.8,0.8], [0.1,0.2]>
A2 <[S1,S2], [0.7,0.8], [0.1,0.1]> <[S3,S4], [0.6,0.7], [0.2,0.3]> <[S2,S3], [0.6,0.8], [0.2,0.2]> <[S4,S5], [0.6,0.7], [0.3,0.3]>
A3 <[S4,S5], [0.6,0.7], [0.3,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S3,S4], [0.6,0.7], [0.2,0.2]>
A4 <[S2,S3], [0.6,0.7], [0.2,0.3]> <[S1,S2], [0.7,0.8], [0.2,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.2,0.2]>
A5 <[S3,S5], [0.4,0.5], [0.3,0.4]> <[S2,S4], [0.5,0.6], [0.2,0.3]> <[S2,S4], [0.5,0.7], [0.2,0.3]> <[S2,S4], [0.4,0.6], [0.2,0.3]>
A6 <[S2,S4], [0.5,0.6], [0.2,0.3]> <[S2,S4], [0.4,0.5], [0.2,0.2]> <[S3,S5], [0.5,0.6], [0.2,0.3]> <[S3,S5], [0.6,0.7], [0.2,0.3]>
A7 <[S1,S3], [0.4,0.6], [0.1,0.2]> <[S1,S3], [0.5,0.6], [0.2,0.3]> <[S3,S5], [0.4,0.5], [0.3,0.4]> <[S2,S4], [0.4,0.5], [0.2,0.3]>
A8 <[S3,S4], [0.7,0.8], [0.1,0.2]> <[S1,S2], [0.6,0.7], [0.1,0.2]> <[S3,S4], [0.7,0.7], [0.2,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.3]>
A9 <[S1,S2], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S2,S3], [0.7,0.8], [0.1,0.1]> <[S4,S5], [0.7,0.7], [0.2,0.2]>

K3

A1 <[S3,S3], [0.8,0.9], [0.1,0.1]> <[S2,S2], [0.7,0.8], [0.1,0.2]> <[S4,S4], [0.8,0.9], [0.1,0.1]> <[S4,S4], [0.8,0.8], [0.1,0.1]>
A2 <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S3,S4], [0.7,0.7], [0.2,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S3,S4], [0.7,0.8], [0.1,0.1]>
A3 <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S4,S5], [0.7,0.8], [0.1,0.2]> <[S2,S3], [0.7,0.8], [0.1,0.1]>
A4 <[S3,S4], [0.6,0.7], [0.2,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S2,S3], [0.5,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]>
A5 <[S2,S4], [0.5,0.6], [0.2,0.3]> <[S3,S5], [0.4,0.5], [0.2,0.2]> <[S2,S4], [0.5,0.6], [0.1,0.2]> <[S1,S3], [0.4,0.6], [0.1,0.2]>
A6 <[S3,S5], [0.4,0.5], [0.2,0.3]> <[S1,S3], [0.5,0.6], [0.2,0.3]> <[S3,S5], [0.5,0.7], [0.2,0.3]> <[S2,S4], [0.5,0.6], [0.3,0.4]>
A7 <[S2,S4], [0.5,0.6], [0.1,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]> <[S3,S5], [0.5,0.6], [0.2,0.3]>
A8 <[S2,S3], [0.7,0.8], [0.2,0.2]> <[S3,S4], [0.7,0.7], [0.2,0.3]> <[S2,S3], [0.6,0.7], [0.2,0.3]> <[S3,S4], [0.7,0.8], [0.1,0.1]>
A9 <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S3,S4], [0.7,0.8], [0.1,0.2]> <[S2,S3], [0.6,0.7], [0.2,0.2]> <[S3,S4], [0.7,0.7], [0.1,0.1]>

Step 2: Introduce the position weight and importance weight
Considering that three experts were involved in this case, from Equation (4), the posi-

tion weight could be derived as ω = (1/4, 1/2, 1/4). Subjective weights
(λ = 0.06, 0.12, 0.12, 0.12, 0.08, 0.04, 0.16, 0.09, 0.21) were assigned to the primary indicators
Aj (j = 1, 2, 3, . . . , 9). According to the IVIULWG operator algorithm, the comprehensive
attribute values of the expert evaluations of each vehicle brand, Ẽk

Ti, or the results of the
IVIUF evaluations for each vehicle brand by different experts (as shown in Table 3) can be
calculated, where E denotes the expected value, k denotes each expert’s serial number (K1,
K2, K3), and Ti denotes the serial numbers of the different vehicle brands (T1, T2, T3, T4).

Table 3. IVIULWG evaluation of four vehicle brands by three experts.

Knowledge Expert 1 (K1) Knowledge Expert 2 (K2) Knowledge Expert 3 (K3)_

Ẽk
T1 <[S2.39,S3.61], [0.66,0.74], [0.15,0.21]> <[S1.92,S3.14], [0.58,0.69], [0.16,0.24]> <[S2.34,S3.56], [0.60,0.71], [0.20,0.24]>

Ẽk
T2 <[S1.42,S2.64], [0.60,0.71], [0.19,0.25]> <[S2.14,S3.36], [0.63,0.74], [0.14,0.18]> <[S2.46,S3.52], [0.63,0.71], [0.17,0.22]>

Ẽk
T3 <[S3.02,S4.24], [0.62,0.73], [0.13,0.20]> <[S2.47,S3.69], [0.61,0.72], [0.18,0.21]> <[S2.56,S3.62], [0.62,0.74], [0.15,0.19]>

Ẽk
T4 <[S2.71,S3.93], [0.63,0.71], [0.17,0.22]> <[S3.06,S4.28], [0.61,0.69], [0.23,0.28]> <[S2.74,S3.96], [0.64,0.73], [0.12,0.13]>

Step 3: Obtain the comprehensive performance of an AV based on the operator
The group’s comprehensive attribute value ẼTi for different vehicle brands can be ob-

tained by integrating the above comprehensive attribute value, Ẽk
Ti, based on the IVIULWG

operator. The results of the comprehensive IVIUF evaluation conducted by the experts for
each brand, ÃTi, are as follows:

ÃT1 = <[S2.25,S3.61], [0.78,0.65], [0.48,0.59]>
ÃT2 = <[S2.32,S3.56], [0.77,0.66], [0.48,0.58]>
ÃT3 = <[S2.43,S3.57], [0.79,0.66], [0.49,0.62]>
ÃT4 = <[S2.03,S3.39], [0.79,0.68], [0.43,0.58]>
The total expected value of the environmental effects of T1, T2, T3, and T4 are calculated

according to Equation (9):
E(ÃT1) = S2.181, E(ÃT2) = S1.875, E(ÃT3) = S2.499, E(ÃT4) = S2.578.
Step 4: Select the “Star of the Year”
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Based on the expected value of the environmental effect evaluation obtained based
on the IVIULWG operator, according to the ranking of the judgment intervals from low to
high, the authors were aware that, after the evaluation, the larger the expected value of a
brand, the better the environmental benefits of that brand’s AVs. The brand expectation
values were sorted in descending order as needed, E(ÃT4) > E(ÃT3) > E(ÃT1) > E(ÃT2),
which means that the comprehensive performance of the environmental effect of brand T4
was the highest and can be evaluated as the “Star of the Year”.

5. Conclusions

From the perspective of government management decision making, in this paper, an
environmental effect evaluation indicator system for AVs was constructed, and the data
features that describe the coexistence of “crisp numbers” and “fuzzy numbers” in the indi-
cator system were considered. The IVIULWG operator was developed in combination with
the fuzzy interval value feature of IVIUF semantic information. Additionally, AV selection
by three experts from three evaluation dimensions and based on nine evaluation indicators
was demonstrated using an example, which proved the practicability and effectiveness of
the evaluation method.

The IVIULWG operator was used for the environmental effect evaluation of AVs and
the evaluation method formed in this study. The scope of application and algorithms have
great room for expansion. It is possible to the sort AVs of different brands and models
directly and to then determine the evaluation level for market access selection according to
the requirements of management decision making. For example, policy-makers can apply
the evaluation results as the market access conditions for AVs, that is, in combination with
the actual minimum expected value of brands obtained on the market, the highest and
lowest expected values of environmental effect evaluation can be divided into several levels.
If a vehicle reaches a certain level or above, then the government can issue a marketing
license to that vehicle. Meanwhile, the realization of an environmental effect evaluation for
AVs can encourage different AV manufacturers to track the reasons for their low evaluation
results retrospectively and can, conversely, urge manufacturers to enhance technical follow-
up, thus achieving the optimal environmental effect of AV industry resources.

Currently, although certain experimental data for some AVs have been obtained in
a simulated environment or closed road environment, the rationality of data use is still
limited because of the difficulty of accessing AV-related data and because there is little
existing data, with existing data not being included in national regulations. Empirical
research can be taken into account in a follow-up study to further verify and optimize the
evaluation indicator system and data aggregation algorithm proposed in this paper.
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