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Abstract: Improving people’s willingness to ride bicycles has become the main green transportation
policy of the government in the world. Bikeability is an important factor affecting the willingness to
ride. Since the urban riding environment is more complex than the suburbs, it is necessary to establish
a complete urban bikeability evaluation framework. This study applies Bayesian BWM (Best Worst
Method) and modified VIKOR to develop an urban bikeability evaluation framework. First, this
study collects criteria affecting urban bikeability through literature review and experts’ surveys to
develop a novel evaluation framework. Second, the Bayesian BWM was used to evaluate the relative
weights of criteria and dimensions. Finally, the modified VIKOR was used to evaluate the riding
environment of urban bicycle systems. The modified VIKOR replaces the relatively good concept
as the aspiration level, which can effectively reflect the real situation. This study used two cities of
Taiwan as case studies to demonstrate the usefulness and effectiveness of the proposed model. The
results show that “completeness of facilities” is the most important dimension and “maintenance
of bicycle pavements”, “width of bicycle lanes”, and “separation of bicycle lanes and car lanes” are
the critical criteria. Based on the findings, some management implications and improving strategies
are provided.
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1. Introduction

The demand for private vehicles is rapidly increasing as population and economic
size grow, and the total number of registered vehicles worldwide has rapidly increased
from 200 million in 1960 to 1.431 billion in 2018 [1]. This rapid growth in the number of
vehicles has resulted in massive traffic volumes on the roads, serious traffic congestion,
and consequential environmental pollution. In the face of this serious challenge, the core of
modern transportation planning has shifted from traditional supply orientation to enabling
people to commute more easily to their daily activities, making freight more energy efficient,
and mitigating the negative impacts of transportation on climate, environment, and human
health [2]. Such thinking, also known as sustainable transportation, is defined as meeting
current needs without compromising future needs [3].

Based on the premise of a sustainable environment, all transportation systems with
greenhouse gas reduction effects, low energy use intensity, and low pollution intensity are
classified as green transportation. By promoting the use of low-polluting, energy-efficient,
and intelligent vehicles, green transportation provides a safe, comfortable, environmentally
friendly, and co-prosperous sustainable transportation environment. At the United Nations
Climate Summit in 2021, all major cities around the world pledged to continue to actively
promote green transportation, and companies from all over the world have also put forward
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various carbon reduction plans, whether it is developing a market for zero-carbon emission
vehicles or increasing fuel fee rates. In particular, the promotion of bicycle riding can not
only moderately mitigate traffic congestion, reduce accident rates, and alleviate problems
such as fuel shortage and air pollution, but also promote the health of citizens and clean up
the environment [4,5].

Studies have shown that among the many factors that influence people’s use of
bicycles, the most important factor that affects the willingness to ride is whether the road
environment is suitable for ride [6]. According to the National Highway Traffic Safety
Administration (NHTSA), the number of bicycle accident deaths and injuries will increase
by 5% in 2021 compared to 2020, and most of the accidents occur in an environment where
bicycles and motorcycles share the same road. Therefore, it is necessary to establish a
complete evaluation framework to review the state of the bicycle riding environment.
Previous literature on bicycle environmental evaluation framework mostly focuses on one
aspect, such as safety [7], environmental amenities [8], completeness of facilities [9], law
enforcement policies, and education [6]. However, studies point out that the traditional
evaluation method of measuring the bikeability in only one dimension is no longer in line
with the demand. The concept of overall bikeability should be analyzed to meet the multi-
dimensional considerations including completeness of facilities, safety, environmental
comfort, enforcement policies and education, street connectivity [5,7]. The objective of
this study is to establish a bikeability evaluation system that can be used to evaluate and
improve urban green transportation systems to achieve the goal of sustainable cities.

First, this study reviewed the literature related to bikeability, collected all possible
factors affecting bikeability, and extracted the essential criteria through the experts’ survey
to establish a novel evaluation framework. Then, the Bayesian BWM method was used to
explore the weight of each criterion. Since most of the traditional weighting evaluation
methods have shortcomings, such as being time-consuming to fill in the answers and
having low consistency of results and difficulty integrating various opinions [10,11], the
Bayesian Best-Worst Method (Bayesian BWM), which yields consistent results, was used
in this study. This method significantly reduces the number of pairwise comparisons
compared to the traditional Analytic Hierarchy Process (AHP), and finds the optimal com-
bination of weights by taking into account the inconsistency of expert opinions through
a probability distribution. It can effectively integrate various judgements. The method
has been successfully applied to various fields, such as modeling mobility choice [12],
bicycle lane de-sign [13], logistics and distribution [14], finance [15], sports tourism [16],
and risk evaluation [17]. After obtaining the criteria weights, this study investigated the
improvement order of urban bicycle bikeability criteria by the modified VlseKriterijumska
Optimizacija I Kompromisno Resenje (modified VIKOR). The traditional VIKOR is an effec-
tive alternative ranking method and has been successfully applied in many fields, such as
transportation service evaluation [18], marketing planning [19], and medical evaluation [20].
However, because it uses the concept of relatively good as the evaluation benchmark, it
may cause the phenomenon of picking a less rotten apple from a basket of rotten ones [21].
This study uses the concept of aspiration level as the benchmark, which can effectively
explore the gap between the current performance and the aspiration level. It combines two
different concepts of distances and is especially useful while the number of alternatives is
few. Finally, this study applied the proposed bikeability evaluation framework to evaluate
the bicycle road environment in Taipei City and New Taipei City in Taiwan, analyzed the
gaps between the current levels and the aspiration levels, and then developed strategies to
improve the bicycle riding environment. In sum, the contributions of the paper include:
(1) establishing a novel evaluating framework for the bikeability of urban bicycle systems;
(2) developing a hybrid model to evaluate the urban bikeability, which can effectively
integrate various opinions and explore the gaps to aspiration levels; (3) providing practical
strategies to improve the bikeability of urban bicycle systems.

The follow-up is explained in four sections in sequence. Section 2 reviews the literature
related to bikeability; Section 3 explains the model formulas of the Bayesian best-worst
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method, and the modified VIKOR; Section 4 presents the screening results of important
criteria for bikeability, the relative importance and weight of each dimension and criterion,
and the evaluation results of the bicycle road environment in Taipei City and New Taipei
City; Section 5 consolidates the results, and puts forward suggestions for improving the
bicycle riding environment.

2. Proposed Bikeability Evaluation Framework

This section first explains the concept of bikeability, then explains the principles for the
establishment of the evaluation framework, and finally organizes and reviews the methods
traditionally used to evaluate bikeability, and explains the reasons for the evaluation
methods used in this study.

2.1. The Concept of Bikeability

The concept of bikeability first originated from pedestrian walkability. Winters et al. [6]
first proposed a framework of bikeability in 2013. The so-called walkability means that the
environment is attractive, clean, and pleasant, and there are good pedestrian facilities, such
as sidewalks and lighting facilities, so that pedestrians are energetic and willing to go out
in this environment [22]. Later, this concept has been applied to bicycles in several studies,
which led to the emergence of the concept of bikeability. The number of studies related to
bikeability gradually increased between 2009 and 2019, which shows that this concept has
gradually received the attention of researchers [23].

The Bicycle Compatibility Index (BCI) was developed by the U.S. Department of
Transportation (DOT) in 1998 to examine the effects of roadway geometry designs and road
traffic conditions on riding comfort, such as the width of bicycle lanes, traffic flow, and
speed [24]. With the increase in bicycle accident rate at intersections, ref. [25] developed
the Bicycle Intersection Safety Index (Bike ISI), modeled by variables such as the presence
or absence of bicycle lanes, presence or absence of on-street parking, road speed limit and
traffic flow, and calculated the bicycle safety scores of straight ahead, right turn, and left
turn for intersections. The bicycle safety scores for straight ahead, right turn and left turn
are calculated for the planners to understand the imperfections of bicycle-related facilities
at the intersection. However, it is easy to ignore the influence of other important factors
and cannot propose comprehensive improvement strategies by only focusing on a single
aspect of the bicycle usage environment.

Many later studies have attempted to develop various evaluation models from differ-
ent perspectives. The Bicycle Level of Service (BLOS) model uses variables such as lane
width, traffic flow, vehicle speed, and pavement condition for regression modeling, and
interprets them in three dimensions: suitability, accessibility, and friendliness. The Area-
wide Bikeability Evaluation Model (ABAM) collected 25 bikeability evaluation criteria and
analyzed them with a multi-criteria decision-making approach [6]. The Perceived Bicycling
Intersection Safety (PBIS) model uses a five-point Likert scale to assess bicyclists’ percep-
tions of safety in bicycle road environment projects [7]. In addition, Fancello et al. [26]
pointed out that with limited resources, it is also important to invest resources effectively
in bicycle environment improvement projects.

2.2. Framework of Bikeability Evaluation

There have been a large number of criteria used in previous studies on bikeability, but
to explore bikeability more comprehensively, this study compiles the criteria and definitions
used in previous studies and collects a total of 23 bikeability factors (Table 1). Based on
the literature related to bikeability, this study proposes the definition of bikeability as “the
degree of suitability of the overall environment for bicycle users to ride;”, and adopts the
four dimensions of completeness of facilities, environmental safety and amenity, accessibil-
ity (connectivity), and institutional promotion and education, to construct the subsequent
evaluation framework. The definitions of the dimensions are described as follows.
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• Completeness of facilities: consists of two parts, which are the completeness of traffic
engineering facilities and the safety level around the bicycle riding environment [5];

• Environmental safety and amenity: regarding riding comfort, safety, and environmen-
tal tranquility [7];

• Accessibility (connectivity): connectivity between street networks to allow bicyclists
to easily reach their destinations [6];

• Institutional promotion and education: legal protection for safe riding, policies and
safety education to encourage bicycle riding [7].

Table 1. Proposed dimensions and criteria for bikeability evaluation.

Dimension Criterion Description References

Completeness
of facilities

Length of bicycle lanes
The length of dedicated bicycle lanes in the urban area (bicycle
lanes include bicycle lanes for both pedestrians and bicycles, and
dedicated bicycle lanes).

[4,6,7]

Width of bicycle lanes
The width of dedicated bicycle lanes in the urban area (bicycle
lanes include bicycle lanes for both pedestrians and bicycles, and
dedicated bicycle lanes).

[24,27]

Degree of separation
between the bicycle
lanes and the “car lanes”

The degree to which bicycle lanes and car lanes are separated in the
urban area (bicycle lanes include bicycle lanes for both pedestrians
and bicycles, and dedicated bicycle lanes).

[5,28]

Bicycle lane pavement
material, leveling, and
maintenance

The pavement material, leveling, and maintenance level of the
bicycle lanes designated by the government in the urban area
(bicycle lanes include bicycle lanes for both pedestrians and
bicycles, and dedicated bicycle lanes).

[6,28]

Density of bicycle
parking racks Percentage of bicycle racks in the urban area. [4,26,29]

Sidewalk width
The width of the sidewalk in the urban area (bicycles are allowed to
ride on sidewalks in Taiwan, but priority must be given
to pedestrians).

[6,7]

Sidewalk pavement
material, leveling, and
maintenance

The pavement material, leveling, and maintenance of the sidewalks
designated by the government in the urban area. [7]

Degree of street lighting
(at night) The level of street lighting in the urban area (at night). [30]

Installation density of
public bicycles

The installation density of public bicycles (Youbike) in the
urban area. [4,5]

Environmental
safety and
amenity

Degree of greenery The degree of greenery in the urban area. [29]
Perception of air quality The perception of air quality in the urban area. [29,30]

Traffic flow
The number of vehicles on the roads in the urban area (when the
space for bicycle riding is “non-dedicated bicycle lanes”, the
number of vehicles on the roads will affect the riding perception).

[31]

Proportion of buses on
the road

The ratio of buses to the total traffic flow on roads in the urban area
(when buses stop at stops, there is a possibility of oppressing
bicyclists).

[26]

Perception of the speed
of surrounding vehicles

The perception of the speed of the surrounding traffic when riding
a bicycle. [27,30]

Perception of mixed
traffic conflicts at
intersections

The perception of conflict felt by bicyclists due to mixed traffic at
intersections. [6]

Degree of parking on
curbs and sidewalks

The number of illegal parking on curbs and sidewalks in the
urban area. [5,30]
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Table 1. Cont.

Dimension Criterion Description References

Accessibility
(connectivity)

Degree of mixed use
of land

The greater the mixed use of land in the urban area, the more
diverse the services and facilities in the area, which can increase the
desire to ride a bicycle.

[5,30,31]

Number of intersections
(connectivity of
transportation network)

More intersections mean better road connectivity, allowing
bicyclists to reach their desired destinations easily. [29]

Bicycle lane connectivity
The length of bicycle lanes per square kilometer in the urban area
(bicycle lanes include bicycle lanes for both pedestrians and
bicycles and dedicated bicycle lanes).

[6,9,30]

Institutional
promotion and
education

Degree of enforcement
The degree of traffic enforcement in the city (e.g., failure to yield to
pedestrians, running red lights, and driving in the
opposite direction).

[5,6,29]

Degree of promotion of
bicycle laws and
regulations

The government’s promotion of bicycle laws and regulations (e.g.,
no bicycle riding on pedestrian crossings). [5,6]

Degree of promotion
and dissemination of
bicycle policies

The government promotes and publicizes bicycle-related policies
(e.g., improvement of bicycle riding space, bicycle route inquiry,
and public bicycle monthly pass discount program).

[7]

Degree of promotion of
bicycle riding education

The government plans bicycle education for different age groups
(e.g., bicycle safety education and training, safety gear
education, etc.).

[5]

2.3. Evaluation Methods

Traditionally, the methods for constructing a bicycle bikeability evaluation framework
can be roughly divided into three categories, namely, scale measurement methods [32],
multi-criteria decision methods (MCDM) [6], and regression models [4,27,29]. Most of
the research uses regression models to measure bikeability; however, this method can
only capture the overall bikeability performance, but not the order and magnitude of
improvement of bikeability factors in each city. In addition, constructing an evaluation
framework in the form of a scale often presents the performance level of a single object
or criterion. On the contrary, the multi-criteria decision method can calculate the relative
weight of each criterion, and then use the performance evaluation method to measure the
difference between the performance of each criterion and the ideal value, so that we can
obtain the improvement priority. This study adopts the multi-criteria decision-making
method to establish the evaluation framework, and then uses the performance evaluation
method to actually measure the bikeability status.

MCDM is a method that helps decision-makers when they are faced with multiple
and complex alternatives that are difficult to choose from. There are many MCDM meth-
ods, such as Analytic Hierarchy Process (AHP), Simple Multi-Attribute Rating Technique
(SMART), Analytic Network Process (ANP), which can handle dependencies, Decision-
making and Trial Evaluation Laboratory (DEMATEL), DEMATEL-based Analytic Network
Process (DANP), etc. [33]. These methods require many pairwise comparisons, which
makes the questionnaires complicated and time-consuming to fill out, and thus are prone
to produce inconsistent results [34]. To address the problem of inconsistency, Rezaei de-
veloped the Best-Worst Method (BWM) in 2015 [35]. By comparing the remaining criteria
with the best and worst criteria, all criteria are compared on a consistent basis, which can
significantly reduce the number of pairwise comparisons to 2n − 3. However, conventional
BWM has the disadvantage that only one expert evaluation result can be calculated at
a time. To integrate all expert evaluation values, the arithmetic mean method must be
used, but it is also susceptible to outliers, which can cause errors in the weighting results.
To solve the disadvantage, Mohammadi and Rezaei developed the Bayesian Best-Worst
Method (Bayesian BWM) in 2020 [36], which uses the concept of probability to integrate
the opinions of experts. Since Bayesian BWM is an extension of BWM, it has all of the
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advantages of BWM, and at the same time, it can also produce visual graphics to clearly
present the result of importance ranking among the criteria. Therefore, Bayesian BWM is
used as the weight calculation method in this study.

In order to effectively invest resources in criteria that need improvement, most tradi-
tional studies use performance measurement to consider the priorities of improvement.
The widely used performance evaluation methods are Elimination et Choix Traduisant La
RÉalité (ELECTRE), Preference ranking organization method for enrichment evaluation
(PROMETHEE), Technique for Order Preference by Similarity to Ideal Solution (TOPSIS),
and VlseKriterijumska Optimizacija I Kompromisno Resenje, (VIKOR), complex propor-
tional assessment (COPRAS), combined compromise solution (CoCoSo), etc., but ELECTRE
cannot present the complete ranking of all alternatives [33,37–39]. The PROMETHEE needs
many pairwise comparisons for alternatives corresponding to each criterion. The problem
with TOPSIS is not easy to distinguish which alternative is closest to the ideal solution and
there may exist blind spots [10]. Compared with the aforementioned methods, the results of
VIKOR are acceptable to most decision-makers because it uses the concepts of maximizing
group benefits and minimizing individual regrets to determine the optimal alternative [40].

Traditional VIKOR uses the best alternative among all as the benchmark, and then
compares all alternatives with the best alternative. However, if all alternatives perform
poorly, the best alternative can only be selected from all the poor alternatives, so the
selected alternative is naturally not optimal. To solve this problem, Chang [41] developed
the modified VIKOR, which uses the ideal value as the benchmark and compares all
alternatives to the ideal value. Compared with the traditional VIKOR, the modified VIKOR
can help the decision-maker to understand how much more effort and improvement
should be made to achieve the desired target value, so the modified VIKOR is used as the
performance evaluation method in this study.

3. Proposed Novel MCDM Model

The evaluation model proposed in this study consists of three stages. The first stage
is to collect the opinions of experts by the questionnaires and establish the bikeability
evaluation framework. Then, the Bayesian BWM is used to analyze and calculate the
relative weights of the dimensions and criteria. Finally, the modified VIKOR is applied to
evaluate the bicycle road environment in the two cities. Compared with AHP or FUCOM,
the Bayesian BWM has advantages to obtain a consistent result and integrates various
opinions in one programming. The modified VIKOR considers two different definitions of
distances and the gaps to aspiration levels, which can reflect the real situations better than
other methods such as original VIKOR, MOORA, TOPSIS, or Gray relation.

3.1. Developing the Framework of Bikeability

Through literature review, this study initially collected 23 bikeability-related factors.
Then, a Likert 5-point scale survey was distributed to experts to determine the essential
factors. After collecting the questionnaire data, the mean, quartile deviation, median, and
standard deviation were obtained from the expert opinions to understand the frequency
distribution of questions, the consistency of the questions, and the dispersion of the overall
results. When the quartile deviation is less than or equal to 0.6, it means that the experts
have reached a high level of agreement on the question; between 0.6 and 1.0, it means that
the experts have reached a moderate level of agreement; and if the quartile deviation is
greater than 1.0, it means that the experts have not reached a consensus on the question.
Additionally, when the standard deviation is less than 1, it means that the dispersion of
opinions among experts is low. In addition, when the Coefficient of Variance (C.V.) is ≤0.3,
it means that the experts’ opinions are highly consistent; while 0.3 ≤ C.V. ≤ 0.5 means that
the experts’ opinions are within the acceptable range; and when C.V. ≤ 0.5, the reason must
be explained. To summarize the above criteria, the reference threshold values of mean
greater than 3, standard deviation less than 1, and quartile deviation less than 0.6 were
used as the basis for selecting critical evaluation criteria [42].
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3.2. Bayesian BWM

Mohammadia and Rezaeia [36] proposed the Bayesian BWM in 2020 to calculate the
optimal weights using the Bayesian probability concept and showed that it is feasible and
meaningful to apply the concept of probability to the weighting calculations.

• A typical weight vector is W =
{

Wj
∣∣j = 1, 2, . . . , n

}
, and each Wj is denoted as the

corresponding weight value of Cj. From the perspective of probability, the criterion
Cj can be considered as a random event, and the weight Wj is the probability of
occurrence of each event

• In a typical weight vector, ∑n
j=1 Wj = 1 and Wj ≥ 0; in terms of probability, the

probability of occurrence of each event Cj (probability value) must be greater than or
equal to 0 and sum up to 1.

The calculation steps of the Bayesian BWM are divided into five major steps, which
are described as follows.

Step 1. Determine the set of evaluation criteria for the decision system.

The decision-maker or decision team develops n evaluation criteria that match the
decision topic, C =

{
Cj
∣∣j = 1, 2, . . . , n

}
.

Step 2. Select the best and worst criteria.

Based on the n criteria developed in Step 1, each expert selects the best and worst
criteria. The best and worst criteria selected are the key factors affecting the analysis results.

Step 3: Generate the BO (Best-to-Others) vectors by the pairwise comparisons of the best
criteria with other criteria.

The decision-maker assesses the relative importance of the best criteria to other criteria.
The evaluation scale ranges from 1 to 9, with Scale 1 being equally important and Scale
9 being absolutely important, which is the highest scale. The resulting BO vectors are
as follows.

ABj = (αB1, αB2, . . . , αBn) (1)

where αBj indicates the importance of the best criterion B relative to the remaining criterion
j, and the comparison of the best criterion with itself must be 1, i.e., αBB = 1.

Step 4. Generate the OW (Others-to-Worst) vectors by the pairwise comparisons of the
other criteria with the worst criterion.

The decision-maker assesses the relative importance of the other criteria to the worst
criteria. The evaluation scale ranges from 1 to 9, with Scale 1 being equally important and
Scale 9 being absolutely important, which is the highest scale. The resulting OW vectors
are as follows.

AjW = (α1W , α2W , . . . , αnW)T (2)

where αjW indicates the importance of the other criterion j relative to the worst criterion W,
and the comparison of the worst criterion with itself must be 1, i.e., αww = 1.

Step 5. Calculate the best weight of criteria for the group.

Step 5.1. Construct the joint probability distribution of group decisions.

Suppose there are k decision-makers, k = 1,2, . . . , K; evaluation criterion{
Cj
∣∣j = 1, 2, . . . , n

}
; the optimal weight of each decision-maker after the evaluation is

W1:k; the optimal group weight after aggregation is Wagg; A1:k
B represents the vector of the

experts evaluating the best criterion compared with other criteria; similarly, A1:k
w represents

the vector of the experts evaluating other criteria compared to the worst criterion. The joint
probability distribution function of group decision-making is as follows:

P(Wagg, W1:k
∣∣∣A1:k

B , A1:k
w ) (3)
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Step 5.2. Develop and compute the Bayesian network hierarchy model.

The optimal weight W1:k of each expert depends on the two sets of vectors A1:k
B and

A1:k
w , and the optimal group weight Wagg depends on the optimal weight of each expert(
W1:k

)
. The operation logic of the Bayesian network-level model is an iterative operation,

which is carried out in the way of correcting the a priori probability by the posterior
probability, that is, the vector values A1:k

B and A1:k
w evaluated by each expert will correct the

probability value of W1:k, and W1:k will correct the probability value of Wagg.
According to the above concept, each variable is conditionally independent of the

other, and the mathematical equation for the joint probability of the Bayesian level model
is as follows.

P(Wagg, W1:k
∣∣∣A1:k

B , A1:k
w ) ∝ P(A1:k

B , A1:k
w

∣∣∣Wagg, W1:k)P
(

Wagg, W1:k
)

(4)

The optimal group weight wagg obeys the Dirichlet distribution and the parameter is
set to 1. The mathematical equation is as follows.

wagg ∼ Dir(α) (5)

After the probability distribution of all parameters is constructed, the posterior proba-
bility distribution is calculated using Markov-chain Monte Carlo (MCMC) technique [43].
Therefore, the optimal group weight wagg can be obtained according to the above calculation
process, which only requires each expert to provide BO and OW vectors.

Step 5.3. Confidence test of ranking

Suppose a group of criteria C =
{

Cj
∣∣j = 1, 2, . . . , n

}
is evaluated, where two criteria

are Ci and Cj. It is important to know whether the ranking results of the group weights are
consistent with the evaluation of all decision-makers, so the concept of Credal Ranking is
used to examine their confidence level, and the value of Credal Ranking is used to rank the
criteria. The mathematical equation for the probability of Ci outperforming Cj is as follows.

P
(
Ci > Cj

)
=
∫

I(wagg
i > wagg

j )P(wagg) (6)

where P(wagg) is the posterior probability of wagg and I is the conditional parameter that
is calculated when (wagg

i > wagg
j ) holds, otherwise, it is 0. The confidence level is then

calculated by the sample size Q obtained from MCMC, and its mathematical equations are
as follows.

P
(
Ci > Cj

)
=

1
Q

Q

∑
q=1

I(w
aggq
i > w

aggq
j ) (7)

P
(
Cj > Ci

)
=

1
Q

Q

∑
q=1

I(w
aggq
j > w

aggq
i ) (8)

where Waggq denotes the qth sample from MCMC. When P
(
Ci > Cj

)
> 0.5, it means that

criterion i is more important than criterion j, and the presented probability value is the
confidence level, and since the sum of probability is 1, P

(
Ci > Cj

)
+ P

(
Cj > Ci

)
= 1.

3.3. Modified VIKOR

The steps for the modified VIKOR are described as follows.

Step 1. Establish positive and negative ideal solutions.

f ∗i =

[(
max

j
fij|iεI1

)
,
(

min
j

fij|iεI2

)]
, ∀i (9)
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f−i =

[(
min

j
fij|iεI1

)
,
(

max
j

fij|iεI2

)]
, ∀i (10)

In the above equation, j is each alternative, i is each evaluation criterion; fij is the
performance evaluation value of criterion i of the alternative j, which is obtained through
the survey; I1 is the set of evaluation criteria for benefit, I2 is the set of evaluation criteria
for cost; and f ∗i is the positive ideal value, as in Equation (9), and the value 100 is used in
modified VIKOR as the aspiration level; f−i is the negative ideal value, and the value 0 is
used in modified VIKOR as the tolerable value, as in Equation (10).

Step 2. Establish the overall benefits and maximum individual regrets of the alternatives.

Sj = ∑n
i=1 Wi

(
f ∗i − fij

)
/
(

f ∗i − f−i
)

(11)

Rj = max
i

[
Wi
(

f ∗i − fij
)
/
(

f ∗i − f−i
)]

, j = 1, 2, . . . , n (12)

Equation (11) mainly solves the overall benefit of the program (Sj), while Equation (12)
solves the maximum individual regret (Rj), where Wi is the relative weight value among
the evaluation criteria, and in this study, Wi is the relative weight value of each criterion
derived from Bayesian BWM.

Step 3. Establish the comprehensive benefits of the alternatives.

Qj =
v
(
Sj − S∗

)
(S− − S∗)

+
(1− v)

(
Rj − R∗

)
(R− − R∗)

(13)

1. S∗ = min
j

Sj, S− = max
j

Sj; R∗ = min
j

Rj, R− = max
j

Rj.

2. min
j

Sj is the maximum group benefit; min
j

Rj is the minimum individual regret.

3. Qj is the ratio of benefits that can be generated by option j. The smaller the value of
Qj, the better the alternative is.

v is the decision mechanism coefficient. Usually, modified VIKOR will set v = 0.5 to
maximize group benefit and minimize individual regret at the same time. Additionally,
the S− and R− are set as 1 and S* and R* are set as 0. This change has advantage especially
when the alternatives are few. Otherwise, the obtained gap to ideal solution will become
0 for a relatively good alternative, which is not reasonable. In this study, the Matlab and
Microsoft Excel are used to analyze the bikeability of urban bicycle systems.

4. Empirical Research on Bikeability Evaluation

In this section, 23 preliminary criteria were firstly explored and compiled through
a literature review, and the criteria that experts in various fields consider to be more
important were selected. Then, the BBWM was used to find the weights of the dimensions
and criteria.

4.1. Establishment of the Bikeability Evaluation Framework

In this study, 23 evaluation criteria were initially drafted after reviewing literature.
According to [44], six to ten experts can have confident results for expert survey. To find the
key criteria that affect bikeability, 18 experts (Table 2) from industrial, governmental and
academic bicycle-related fields were invited to conduct the evaluation. We introduced the
procedures of the survey and meanings of the questionnaire to experts. Then, each expert
spent about one to one and a half hours answering the questions. The first survey was
conducted through a 5-point Likert scale, and the selection of key criteria was conducted
using the survey. In the two-stage selection process, experts’ opinions were first collected
to revise the criterion titles, add new criteria, and merge criteria with similar definitions,
and the revised criteria are as follows.
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1. The criterion of “bicycle lane connectivity” is revised to “density of bicycle lane network”.
2. The definitions of “length of bicycle lanes” and “density of bicycle lane network” are

similar, both are compared based on the same reference point (per square kilometer),
but the concept of density of bicycle lane network has a wider scope, so “density of
bicycle lane network” is left.

3. The new criterion “degree of separation between bicycle lanes and sidewalks” is added.
4. The criterion of “proportion of buses on the road” is revised to “perception of buses

stopping and leaving on the road”.
5. The criterion of “degree of parking on curbs and sidewalks” is revised to “degree of

illegal parking on curbs and sidewalks”.

Table 2. Backgrounds of experts.

Worksite Education Years of Experience in Related Fields Number of Experts

Government
Master Within 5 years (including 5 years) 2

PhD
More than 10 years 5
More than 10 years 2

Industry Bachelor More than 10 years 2
PhD More than 10 years 3

Academic PhD More than 10 years 4

In the second stage, conditions such as mean greater than 3, standard deviation less
than 1, and quartile deviation less than 0.6 were used as reference thresholds for extracting
essential criteria. A total of 6 criteria were deleted from the screening results (such as the
criteria in gray shading in Table 3). The only criterion left in the dimension of “Accessibility
and connectivity” was “Density of bicycle lane network”, so it was incorporated into
the dimension of “Completeness of facilities”. The 23 criteria in the original evaluation
framework of four dimensions were reduced to 17 criteria in three dimensions as shown in
Figure 1.
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Table 3. Criteria screening in bikeability evaluation.

Dimension/Criteria Mean SD QD

Completeness of facilities
Length of bicycle lanes 4.8 0.42 0.00
Width of bicycle lanes 4.5 0.55 0.25
Degree of separation between the bicycle lanes and the “car lanes” 3.8 0.73 0.25
Degree of separation between the bicycle lanes and the “sidewalks” 4.6 0.71 0.25
Bicycle lane pavement material, leveling, and maintenance 4.3 0.82 0.25
Density of bicycle parking racks 2.2 0.98 0.50
Degree of illegal parking on curbs and sidewalks 3.8 0.74 0.25
Sidewalk width 2.8 0.90 0.50
Sidewalk pavement material, leveling, and maintenance 2.7 0.89 0.50
Degree of street lighting (at night) 4.8 0.38 0.00
Installation density of public bicycles 3.8 0.78 0.25

Environmental safety and amenity
Degree of greenery 3.6 0.81 0.50
Perception of air quality 3.2 0.88 0.50
Traffic flow 3.8 0.71 0.25
Perception of buses stopping and leaving on the road 3.9 0.80 0.25
Degree of mixed use of land 4.1 0.69 0.25
Number of intersections (connectivity of transportation network) 4.3 0.77 0.25

Accessibility and connectivity
Degree of mixed use of land 2.6 0.99 0.50
Number of intersections (connectivity of transportation network) 2.5 0.94 0.50
Density of bicycle lane network 3.8 0.72 0.00

Institutional promotion and education
Degree of enforcement 2.6 0.98 0.50
Degree of promotion of bicycle laws and regulations 4.2 0.74 0.25
Degree of promotion and dissemination of bicycle policies 4.2 0.70 0.25
Degree of promotion of bicycle riding education 4.0 0.71 0.25

4.2. Calculating the Criteria Group Weights with Bayesian BWM

After establishing the evaluation framework, the Bayesian BWM was used for weight
analysis. In this study, experts were asked to select the best (most important) and worst
(least important) dimensions and criteria based on their experience (corresponding to Step
2 in Section 3.3). Then, the BO (Best-to-Others) and OW (Others-to-Worst) vectors were
generated by comparing the best and worst criteria with other criteria. Take Expert 1′s
response as an example (as shown in Table 4), Expert 1 considered that the best dimension
“Environmental safety and amenity” is about 2 times more important than the other
dimension “Completeness of facilities”, so it is 2. “Environmental safety and amenity”
is about 3 times more important than “Institutional promotion and education”, so it is 3
(corresponding to Steps 3 and 4 in Section 3.3). Similarly, taking Expert 1 as an example
(as shown in Table 5), Expert 1 considered that the importance of the other dimension
“Completeness of facilities” is about 2 times more important than the worst dimension
“Institutional promotion and education”, so it is 2. The importance of the other dimension
“Environmental safety and amenity” over the worst dimension “Institutional promotion
and education” should be the same as the scale of Table 5, so it is 3.

Then, to estimate the optimal group weights of the 18 experts, the experts’ question-
naire data were integrated into two vectors, AB and AW , by using Equations (3)–(8) in
Section 3.2 as inputs for the subsequent construction of the joint probability distribution
of the group decision and for solving the Bayesian BWM. In the same way, the pairwise
comparisons between the most important and other criteria and the pairwise comparisons
between the least important and other criteria were obtained.
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Table 4. BO vectors of the three dimensions.

Expert Best Dimension Completeness of
Facilities (D1)

Environmental
Safety and

Amenity (D2)

Institutional
Promotion and
Education (D3)

1 D2 2 1 3
2 D1 1 4 7
3 D1 1 5 8
4 D3 8 5 1
5 D1 1 6 8
6 D3 5 8 1
7 D2 3 1 4
8 D1 1 5 8
9 D2 2 1 3

10 D2 2 1 3
11 D1 1 2 5
12 D2 6 1 3
13 D3 6 2 1
14 D2 4 1 2
15 D3 3 2 1
16 D2 2 1 3
17 D1 1 3 5
18 D1 1 6 3

Table 5. OW vectors of the three dimensions.

Expert Worst Dimension Completeness of
Facilities (D1)

Environmental
Safety and

Amenity (D2)

Institutional
Promotion and
Education (D3)

1 D3 2 3 1
2 D3 7 2 1
3 D3 8 2 1
4 D1 1 3 8
5 D3 8 2 1
6 D2 2 1 8
7 D3 2 4 1
8 D3 8 2 1
9 D3 2 3 1

10 D3 2 3 1
11 D3 5 4 1
12 D1 1 5 3
13 D2 2 1 4
14 D3 5 4 1
15 D1 1 6 3
16 D1 1 4 2
17 D3 7 6 1
18 D2 3 1 5

The results of the analysis are shown in Table 6. From the perspective of weighting for
all the criteria, it can be found that among the 17 criteria evaluated on bikeability, the top
five criteria with the highest weights are “Bicycle lane pavement material, leveling, and
maintenance (C14)”, “Width of bicycle lanes (C11)”, “Degree of separation between bicycle
lanes and car lanes (C12)”, “Degree of separation between bicycle lanes and sidewalks
(C13)”, and “Perception of mixed traffic conflicts at intersections (C26)”, and most of these
criteria are criteria under the dimension “Completeness of facilities”, which means that
experts agree that the first and foremost task to improve bikeability is to build good facilities
for bicycle use.
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Table 6. Weighted results from the Bayesian BWM calculation.

Dimension Local Weight Criterion Local Weight Global Weight Rank

Completeness
of facilities (D1)

0.4003 Width of bicycle lanes (C11) 0.0753 0.0301 2
Degree of separation between bicycle lanes
and car lanes (C12) 0.0728 0.0291 3

Degree of separation between bicycle lanes
and sidewalks (C13) 0.0724 0.0290 4

Bicycle lane pavement material, leveling,
and maintenance (C14) 0.1139 0.0456 1

Sidewalk pavement material, leveling, and
maintenance (C15) 0.0546 0.0219 7

Installation density of public bicycles (C16) 0.0510 0.0204 8
Density of bicycle lane network (C17) 0.0603 0.0241 6

Environmental
safety and
amenity (D2)

0.3455 Degree of greenery (C21) 0.0320 0.0111 15
Perception of air quality (C22) 0.0404 0.0140 13
Traffic flow (C23) 0.0566 0.0196 10
Perception of buses stopping and leaving
on the road (C24) 0.0540 0.0187 11

Perception of the speed of surrounding
vehicles (C25) 0.0587 0.0203 9

Perception of mixed traffic conflicts at
intersections (C26) 0.0768 0.0265 5

Degree of illegal parking on curbs and
sidewalks (C27) 0.0527 0.0182 12

Institutional
promotion and
education (D3)

0.2542 Degree of promotion of bicycle laws and
regulations (C31) 0.0344 0.0087 17

Degree of promotion and dissemination of
bicycle policies (C32) 0.0420 0.0107 16

Degree of promotion of bicycle riding
education (C33) 0.0520 0.0132 14

The most important dimension is “Completeness of facilities (D1)”, under which
the criteria of “Bicycle lane pavement material, leveling, and maintenance (C14)”, “Width
of bicycle lanes (C11)”, and “Degree of separation between bicycle lanes and car lanes
(C12)” are more important. The second important dimension is “Environmental safety
and amenity (D2)”, under which the criteria of “Perception of mixed traffic conflicts at
intersections (C26)”, “Perception of the speed of surrounding vehicles (C25)”, and “Traffic
flow (C23)” are more important. The third important dimension is “Institutional promotion
and education (D3)”, under which the criterion “Degree of promotion of bicycle riding
education (C33)” is more important.

4.3. Using the Modified VIKOR to Calculate Urban Bikeability Performance

After obtaining the criteria weights, this study used Taipei City and New Taipei City
as the cases of the empirical study. We applied modified VIKOR to examine the bicycle
riding environment in both cities, and analyzed the difference between the performance
and the ideal values in both cities to understand the improving priorities. In this study,
experts were asked to evaluate the bikeability of Taipei City and New Taipei City on various
criteria, and the scores of each bikeability criterion were averaged under each expert’s
evaluation as shown in Table 7. Through Equations (11)–(13) in Section 3.3, these scores
were first normalized, and then the weights calculated by Bayesian BWM in Section 3.3 were
substituted into the normalized performance matrix to calculate the difference between the
current performance and the ideal values in both cities, and then the priority improvement
for each bikeability criterion was ranked (as shown in Table 8).
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Table 7. The performance of bikeability in two cities.

Criterion Taipei City New Taipei City

Width of bicycle lanes (C11) 76 53
Degree of separation between bicycle lanes and car lanes (C12) 73 47
Degree of separation between bicycle lanes and sidewalks (C13) 63 43
Bicycle lane pavement material, leveling, and maintenance (C14) 76 58
Sidewalk pavement material, leveling, and maintenance (C15) 80 66
Installation density of public bicycles (C16) 84 74
Density of bicycle lane network (C17) 73 52
Degree of greenery (C21) 68 48
Perception of air quality (C22) 60 51
Traffic flow (C23) 53 74
Perception of buses stopping and leaving on the road (C24) 59 72
Perception of the speed of surrounding vehicles (C25) 46 61
Perception of mixed traffic conflicts at intersections (C26) 48 67
Degree of illegal parking on curbs and sidewalks (C27) 46 67
Degree of promotion of bicycle laws and regulations (C31) 48 46
Degree of promotion and dissemination of bicycle policies (C32) 58 53
Degree of promotion of bicycle riding education (C33) 51 47

Table 8. Improving priorities of bikeability in two cities.

Criterion
Gap Improvement Priority

Taipei
City

New Taipei
City

Taipei
City

New Taipei
City

Width of bicycle lanes (C11) 0.015 0.030 8 5
Degree of separation between bicycle lanes and car lanes (C12) 0.016 0.032 7 4
Degree of separation between bicycle lanes and sidewalks (C13) 0.023 0.035 3 3
Bicycle lane pavement material, leveling, and maintenance (C14) 0.024 0.042 1 1
Sidewalk pavement material, leveling, and maintenance (C15) 0.009 0.016 12 11
Installation density of public bicycles (C16) 0.007 0.011 17 15
Density of bicycle lane network (C17) 0.014 0.024 10 10
Degree of greenery (C21) 0.007 0.012 16 14
Perception of air quality (C22) 0.013 0.016 13 12
Traffic flow (C23) 0.023 0.013 5 6
Perception of buses stopping and leaving on the road (C24) 0.019 0.013 4 7
Perception of the speed of surrounding vehicles (C25) 0.028 0.020 6 9
Perception of mixed traffic conflicts at intersections (C26) 0.038 0.024 2 2
Degree of illegal parking on curbs and sidewalks (C27) 0.025 0.015 9 8
Degree of promotion of bicycle laws and regulations (C31) 0.032 0.034 14 17
Degree of promotion and dissemination of bicycle policies (C32) 0.033 0.037 15 16
Degree of promotion of bicycle riding education (C33) 0.056 0.061 11 13

The first three improving priorities for the Taipei City and New Taipei City are same,
which include “Bicycle lane pavement material, leveling, and maintenance”, “Perception
of mixed traffic conflicts at intersections”, and “Degree of separation between bicycle
lanes and sidewalks”. Therefore, this study classifies them as the “primary category for
improvement”. In both cities, the improvement order of criteria 4 to 10 differs only in order.
It can be seen that these 7 criteria are all criteria that both cities must continue to work
on. This study classifies these seven criteria as the “secondary category for improvement”.
In addition, the criteria in the order of improvement 11 to 17 are different in ranking, but
they can still improve the overall urban bikeability through continuous efforts, so they are
classified as the “fundamental category for improvement”.
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5. Discussion

This section discusses the results of the study, firstly, the constructed bikeability
evaluation framework is discussed, and then, based on the results of the difference analysis,
suggestions for improving bikeability in the urban areas of Taipei City and New Taipei City
are proposed.

5.1. Bikeability Evaluation Framework

From the above analysis, it can be found that the dimensions of evaluating bikeability
can be divided into three dimensions: completeness of facilities, environmental safety and
comfort, and institutional promotion and education. The framework obtained from our
survey is similar to Lowry et al.’s [45]. The difference is this study additionally drafted
the dimension of institutional promotion and education, which clearly point out that
government authorities should actively build bicycle-related facilities, provide a bicycle-
friendly environment, enhance the safety of the riding environment, effectively publicize the
bicycle-related regulations that bicyclists should follow, and promote proper bicycle riding.
Overall, most of the top 10 weighted criteria fall under the dimension “Completeness of
facilities (D1)”. From the perspective of “Completeness of facilities”, the “Bicycle lane
pavement material, leveling, and maintenance (C14)”, “Width of bicycle lanes (C11)”, and
“Degree of separation between bicycle lanes and car lanes (C12)” are the more important
criteria, indicating that experts believe that the improvement of physical bicycle facilities
in urban areas should give priority to the anti-slip, durable, and leveling of bicycle lane
pavement, and that the existing width and separation of bicycle lanes should be adjusted.
This result is similar to the results obtained by McNeil [31] using the city of Portland
in the United States, and Winters et al. [6] using the city of Vancouver in Canada as the
empirical research.

In terms of Environmental safety and amenity, the criteria of “Perception of mixed
traffic conflicts at intersections (C26)”, “Perception of the speed of surrounding vehicles
(C25)”, and “Traffic flow (C23)” are more important, indicating that experts believe that
while riding a bicycle, the flow and speed of surrounding cars and motorcycles are factors
that greatly affect bicyclists’ sense of safety and comfort. Many empirical studies, such as
the city of Isparta in Turkey [5], the city of Villacidro in Italy [26], and the state of Florida
in the United States [9], show that safety and accident rates are the main factors affecting
the willingness to use bicycles. Therefore, the proportion of road buses, the speed of
surrounding vehicles, the feeling of mixed traffic conflict at intersections, and the degree of
parking on roadsides and sidewalks are critical criteria for cyclists. For example, the door
opening incident caused by parking on the side of the road, the oppressive feeling brought
to the rider when the bus stops are all the factors that cyclists care [5,9,26,28].

The majority of literature mainly focus on safety, completeness of facilities, and the
degree of convenience to destination. This study proposes an additional dimension of
institutional promotion and education, in which the criterion of “Degree of promotion of
bicycle riding education (C33)” is an important issue. This shows that the bicycle riding
safety education activities and lectures will influence whether the concept of bicycle riding
is correct or not, which in turn affects urban bikeability.

5.2. Gap Analysis and Model Comparison

According to the findings, the three criteria that need urgent improvement in both
Taipei City and New Taipei City are “Bicycle lane pavement material, leveling, and mainte-
nance (C14)”, “Perception of mixed traffic conflicts at intersections (C26)”, and “Degree of
separation between bicycle lanes and sidewalks (C13)”. The results are echoed in [45,46].
It is suggested that the government authorities should replace the bicycle lane pavement
with asphalt concrete or concrete with better water drainage and anti-slip properties to
facilitate the safety and comfort of bicyclists and improve intersections with the concept
of protected intersection to achieve the effect of traffic diversion and conflict relief. By
designating dedicated bicycle lane markings, signs, colored paving, and setting up physical
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dividers with height differences, the right-of-way of bicycles, pedestrians, automobiles,
and motorcycles can be effectively separated to improve bikeability.

Taipei City also needs to actively improve the aspects of “Perception of buses stopping
and leaving on the road (C24)”, “Traffic flow (C23)”, “Perception of the speed of surrounding
vehicles (C25)”, “Degree of illegal parking on curbs and sidewalks (C27)”, by adjusting
traffic signals promptly to control the speed of vehicles, strengthening the enforcement of
illegal parking on curbs and sidewalks, and designing slotted islands with the concept of
protected intersections, to divert motorized vehicles, and relieve the pressure caused by the
process of buses stopping and leaving on the road, as well as the feeling of traffic flow and
the speed of surrounding vehicles. New Taipei City should actively improve the aspects
of “Degree of separation between bicycle lanes and car lanes (C12)” and “Width of bicycle
lanes (C11)”, and actively strengthen the hardware facilities by building facilities to separate
bicycles and motor vehicles, checking the width of bicycle lanes, and expanding the bicycle
lane network. Besides, both cities need to appropriately introduce bicycle riding education,
policy promotion, and law enforcement, as well as continuously maintain street lighting
and greenery, in order to improve the overall urban bicycle riding environment. At the same
time, they should also introduce corresponding bicycle riding education (e.g., riding safety
education, safety equipment wearing education, etc.) for different age groups to educate
bicyclists on how to ride safely and correctly, and additionslly, they should also actively
expand the density of public bicycle facilities to achieve the effect of encouraging bicycling.
Moreover, street lighting, planting and greenery must be continuously maintained to
improve the overall bikeability in the urban areas through continuous maintenance and
construction of related projects.

To validate the robustness of our results, a comparison between our results and other
MCDM methods was conducted as shown Table 9. The TOPSIS is based on the concept
of Euclidean distance. The COPRAS is founded on the utility function. The CoCoSo
method incorporates three different compromise aggregation functions to calculate the final
ranking index. The ranking for all methods is the same, which indicates the reliability of our
model. However, the original VIKOR shows zero gap for Taipei city that is not reasonable.
This is because the original VIKOR uses relatively good concept as the benchmark, our
modified model applies absolutely good concept as the benchmark. These results show the
superiority of the proposed modified VIKOR.

Table 9. Comparison with other methods.

VIKOR Modified
VIKOR TOPSIS COPRAS COCOSO

Taipei City 0 (1) 0.070 (1) 0.64 (1) 0.19 (1) 5.63 (1)
New Taipei City 1 (2) 0.085 (2) 0.36 (2) 0.16 (2) 1.22 (2)

Note: The parentheses represent the ranking.

6. Conclusions and Remarks

With the rise of global awareness of energy saving and carbon reduction, the develop-
ment of green transportation has become the main policy in various countries. Encouraging
bicycle riding is the core implementation strategy, and the important factor that affects
people’s willingness to ride is the overall environment’s bikeability. It is necessary to estab-
lish a complete evaluation framework of urban bikeability. This study applied a hybrid
model to investigate the bikeability of urban bicycle systems. The results indicate that
completeness of facilities (D1) is the most important dimension with weight 0.40 and bicycle
lane pavement material, leveling, and maintenance (C14) is the most essential criterion
with weight 0.045. The contribution of this study is to propose a bikeability evaluation
framework, collect opinions of experts from various fields, obtain the importance of the
dimensions and criteria, and conducted the gap analysis for both cities. We also provide
improving suggestions according to the analysis results. The results show that the overall
bikeability of Taipei City is better than that of New Taipei City, but there are still many



Axioms 2023, 12, 155 17 of 19

areas for improvement in both cities. This study suggests that both cities should replace
the pavement with asphalt concrete or concrete with better water drainage and better slip
resistance as soon as possible. They need to adjust the existing intersection design with
the concept of protected intersections and designate special bicycle lane markings and
signs. Except those strategies, paint colorful pavement, set up physical dividers with a
height difference, adjust signs to control the speed of vehicles promptly, strengthen the
enforcement of illegal parking on curbs and sidewalks, expand the bicycle lane network,
introduce bicycle riding education for different age groups, and actively expand the density
of public bicycle installations, and continuously maintain street lighting and greenery can
improve the overall urban bikeability.

As with all methodologies, the introduced model also has some limitations. Whether
the evaluation criteria selected by the collective selection of experts is consistent with
the criteria identified by the general public still needs in-depth research. This study only
analyzes the qualitative evaluation criteria. If quantitative data can be combined, a more
complete analysis results can be reached. This study takes the whole urban area as the
evaluation unit. If the evaluation can be carried out for smaller administrative regions, it
should be able to explore more insight implications.

Although the preliminary results of this study on the evaluation of bikeability of urban
bicycles have been obtained, we still have the following suggestions for the future studies:

1. In the future, when selecting important criteria, the survey can be conducted for
different stakeholders to extract the essential criteria of bikeability.

2. Other methods can also be used to obtain the weights of interdependent dimensions
and criteria.

3. Fuzzy theory or Grey theory can be applied to solve the uncertainty problem caused
by discrete data and ambiguous information of experts’ opinions.
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